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Abstract

Sprouting angiogenesis - the growth of new capillaries from existing vessels - is
essential during bone regeneration, as its impairment has been linked to poor bone healing
outcomes. The success of bone tissue engineering approaches, such as 3D-printed scaffolds,
likewise relies on achieving adequate vessel infiltration. While mechanical and structural
cues such as external loading, cell-generated traction forces and scaffold architectural
features are all thought to influence angiogenesis, their specific contributions and
interactions remain largely unknown. The aim of this thesis was therefore to investigate the
individual and combined role of mechanical and structural cues in regulating angiogenesis
during bone regeneration.

To achieve this, multi-scale computer models of the mechano-regulation of angiogenesis
were developed, replicating different in vitro and in vivo experiments. Finite element
models at the tissue scale were used to predict the mechanical environment, while agent-
based models were developed to simulate cell activities. First, a computer model of the
mechanical crosstalk between endothelial and stromal cells within anisotropic scaffolds in
vitro was developed. Second, the model was extended to simulate angiogenesis and cell
organisation during early bone healing under external fixators of different stiffness. Finally,
a mechanobiological computer model of angiogenesis and bone regeneration during
scaffold-aided bone healing was developed, considering two different 3D printed-scaffold
designs.

Comparison of in silico predictions with experimental data allowed to identify several
mechanobiological principles behind angiogenesis during bone healing. Durotaxis, the
tendency of cells to migrate toward stiffer regions, appeared to guide vessel and cell
organisation within aligned pores. Strain levels induced by cell traction forces could explain
vessel elongation through the scaffold pores, while the spatial distribution of cell traction
forces appeared to govern vessel branching. In vivo-like external loads were found to
overrule cell-cell interactions mediated by cell traction forces during early bone healing,
with the principal strain magnitude and orientation modulating vessel patterning within
the healing region. Finally, pore size, porosity and surface area-to-volume ratio emerged as
key regulators of the local mechanical environment, angiogenesis and bone regeneration

within scaffolds.



Future work should aim to further corroborate and generalise the current findings by
extending the models across experimental settings. The knowledge gained could be used
to inform the development of treatment strategies to enhance angiogenesis and, ultimately,

bone healing.
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Chapter 1: Introduction

Introduction

1.1 Clinical motivation

Sprouting angiogenesis is the growth of new capillary vessels out of pre-existing ones,
and it constitutes a fundamental physiological process during the development and
regeneration of many tissues, including bone [1]. Bone is a highly vascularised tissue with
the remarkable capacity to regenerate after injury [1]. After a bone injury, blood vessels
crossing the fracture line are disrupted, and the vascular network needs to be re-established
to allow oxygen, cells and growth factor supply. The lack or inhibition of angiogenesis
results in delayed healing or even a non-union (i.e., fractures that do not heal) [2, 3]. More
precisely, non-unions account for approximately 10% of all fractures, but this rate increases
to 46% when fractures are associated with significant vascular impairments [4].

Vascularisation also plays a crucial role in bone tissue engineering approaches, aiming
at developing bone substitutes, such as 3D bone scaffolds, to replace large bone losses.
Despite 3D scaffolds proved to be promising in enhancing tissue regeneration,
revascularisation of large 3D scaffolds is one of the main obstacles to their clinical
application. Vessel invasion is often too slow to provide adequate oxygen levels and
nutrients to the cells, as well as waste removal, resulting in cell death in the interior of large
scaffolds.

There is a clinical need to develop bone regeneration treatment strategies that effectively
target angiogenesis and vessel growth. To tackle this, a comprehensive understanding of
the processes influencing sprouting angiogenesis during bone regeneration is

indispensable. Although it is known that angiogenesis is highly sensitive to the biological,
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chemical and mechanical microenvironments, the regulatory function of structural or

mechanical signals is not fully understood.

1.2 Background

1.2.1 Angiogenesis during bone healing

Upon bone injury, the timely re-establishment of a functional vascular network through
sprouting angiogenesis is essential for supporting effective bone healing. The vascular
response originates from vessels in the periosteum (bone’s outer layer), bone marrow (soft
tissue inside the bone) and adjacent tissues, with a stronger response observed from the
periosteum [5]. Bone regeneration is a highly dynamic and complex process in which the
different phases are interwoven and overlap both in time and space. For simplicity, four
main stages are identified to describe the bone healing process, from the fracture opening
to the full restoration of the bone original function [6, 7] (Fig. 1.1 A): inflammatory or

hematoma phase, soft callus phase, hard callus phase and remodelling phase.
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Figure 1.1: Schematic of bone healing and angiogenic processes. (A) Magnified view of the
fracture site illustrating the four main phases of bone healing. (B) Magnified view of a sprouting
vessel at the fracture site depicting the key events of sprouting angiogenesis.

Following bone fracture and blood vessel disruption, a hematoma forms at the onset of
healing (first hours), followed by an inflammatory response. During early inflammation,
immune cells are recruited to the injured site and secrete signalling molecules that initiate
the healing process, such as growth factors (e.g., vascular endothelial growth factor, VEGF)
that attract directional sprouting. Endothelial cells (ECs) within existing blood vessels
migrate into the extra-cellular matrix (ECM) and form sprouts that elongate and eventually
mature into new vasculature according to the following steps (Fig. 1.1 B): (i) a “tip” EC is
selected; (ii) “tip” cell extends filopodia (membrane protrusions) sensing the haptotactic
(e.g., fibre guidance), chemotactic (e.g.,, VEGF gradient) and mechanical cues in the
environment and leads the newly formed sprout composed of following and proliferating

“stalk” ECs; (iii) the newly formed sprout, or branch, can then connect with another sprout
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in a process called anastomosis, which results in the formation of a closed loop allowing
the initiation of blood flow [8]. During the inflammatory phase, several cells, including
Mesenchymal Stromal Cells (MSCs), are recruited to the healing site. Around 7 days post-
fracture, MSCs start differentiating into chondrocytes and osteoblasts, promoting the
formation of a soft callus that stabilises the fracture. Thereafter, cartilage hypertrophy
induces a second wave of vascularisation through sprouting angiogenesis, and the vascular
network continues to be dynamically remodelled until complete bone regeneration is
achieved. The cartilaginous callus is mineralised and resorbed through endochondral
ossification (bone formation from a cartilage template), resulting in the formation of a hard
callus. Lastly, the remodelling phase adapts the mineralised callus to the original bone

shape through a slow process that takes months to years to be completed.

1.2.2 Influence of mechanics on angiogenesis during bone
healing

Mechanics plays a fundamental role during sprouting angiogenesis [9-11]. Through
mechano-sensing mechanisms, ECs within a vessel sense and convert mechanical signals
(e.g. stresses, strains, substrate stiffness) intracellularly into biochemical signals and adapt
their behaviour (e.g. migration, proliferation) [9]. The mechanical environment perceived
by ECs within a bone fracture is highly complex and dynamic. In the clinical scenario of
bone healing, mechanical strains within the ECM are determined not only by the patient’s
physical activity, but also by the gap size, tissue mechanical properties and the mechanical
stability of the fracture fixation system. These can be defined as “external” mechanical cues,
meaning they originate from outside the cell. In addition, ECs and outer-vascular stromal
cells (OVSCs, a heterogeneous class of cells that make up the connective tissue, e.g.
fibroblasts, MSCs [12]), pull on the ECM to move forward during migration, thereby
contributing to the ECM deformation [13, 14]. These can be defined as “cell-induced”
mechanical cues, as they are produced by the cells themselves. Several experimental studies
have attempted to shed light on the role of external and cell-induced mechanical cues on
angiogenesis, and relevant findings are summarised in the next paragraphs. However, how
these dynamic mechanical signals acting at different scales (cells and tissues) interact to

drive sprouting angiogenesis during bone healing remains largely unknown.
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1.2.21 Influence of external mechanical cues on angiogenesis

Experimental studies have shown that externally applied boundary conditions influence
vessel sprouting, elongation and alignment during angiogenesis. Specifically, intermediate
levels of mechanical strains foster angiogenesis while too high mechanical strains hinder
vessel growth and sprouting [15-18]. In order to minimise the stress experienced by the
cells, vessels align orthogonal to the load direction in highly strained regions [19-22]. In
addition, the mechanical properties of the substrate, such as the local stiffness, are sensed
by cells and impact their response. For example, both ECs and OVSCs tend to migrate and
reorient towards stiffer regions, a behaviour known as the durotaxis phenomenon [9, 23]. It is
important to mention that ECM fibres, including fibronectin and collagen, offer topological
cues that direct cell migration and vessel growth through contact guidance [24]; however,

this specific aspect was not directly addressed in this thesis.

1.2.2.2 Influence of cell-induced mechanical cues on angiogenesis

On a microscopic level, migrating cells exert appreciable traction forces on the ECM and
the induced ECM deformation can impact the behaviour of surrounding cells. OVSCs are
thought to support vessel formation and organisation [25] and cell traction forces appear to
be key in this interaction. Inhibition of OVSC traction forces resulted in a damaged vascular
network [26], while an increase in cell traction forces promoted sprout formation [27]. These
experimental observations suggest that a complex mechanical interplay exists between ECs
and OVSCs via ECM deformation; however, their role in angiogenesis during bone healing

remains to be elucidated.

1.2.3 Angiogenesis within scaffolds to treat large bone defects

1.2.3.1 Bone scaffolds as a treatment for large defects

Bone defects exceeding a critical size, also known as large defects, result in non-unions
[28]. Current treatment approaches such as autologous bone grafting, Masquelet technique
and distraction osteogenesis present several drawbacks: additional surgeries, limited
available amount of bone, infection risks, pain and donor site co-morbidities [28, 29]. In the
last decades, tissue engineering research has focused on bone scaffolds as a treatment

alternative. Bone scaffolds are 3D structures capable of enhancing the endogenous bone
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regeneration capacity, which are implanted into a bone defect, usually in combination with
a fixation system to bear the load. Although several preclinical and clinical studies have
shown encouraging results in terms of bone regeneration within scaffolds [30-37], the lack
of a functional vascular network in the interior of large scaffolds limits their clinical
translation. Oxygen diffusion is limited to a distance of approximately 100-200 pm from a
blood vessel. Therefore, without adequate vascular perfusion, newly formed tissue lacks

nutrients and undergoes necrosis.

1.2.3.2 Influence of structural cues on angiogenesis

The structure design of bone scaffolds offers a promising approach to promote
angiogenesis without the risks associated with biological approaches. Geometrical
properties of the scaffolds, such as pore size, porosity, surface area and surface area to
volume ratio, are all known to affect angiogenesis and bone regeneration [34, 38-49].
Medium-sized pores (470-590 um) were reported to promote vascularisation compared to
both larger pores (>590 um) [42] and smaller pores (<400 pm) [46]. However, smaller pores
and thus a higher available surface area were shown to be beneficial for cell attachment
[47]. A high surface area to volume ratio is considered advantageous for bone regeneration,
by optimising cell attachment [48] and cell migration [50]. Although some studies found
that pores larger than 300 pm enhanced cell proliferation and migration [41], other
experimental work found no significant correlation between cell proliferation and pore size

[42, 45]. High porosity levels (70-80%) supported greater cell proliferation, differentiation
[51] and vessel infiltration [52] compared to lower porosity values (60%).

However, these studies are often limited to a single parameter variation, ignoring the
interdependency of these parameters. For example, the scaffold porosity alters its
mechanical stiffness and thus affects the mechanical strains induced within the healing
region. Due to the complexity of these interactions and contradicting results reported in
these studies, it is difficult to derive conclusions on how to tune scaffold parameters to

promote bone and vessel formation.
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1.3 State of the art

1.3.1 In silico models of angiogenesis

Biological, chemical and mechanical cues likely have synergistic effects on angiogenesis,
which are challenging to investigate through experimental approaches alone. In silico
methods allow to systematically analyse the independent effect of various factors and thus
test hypotheses in ways not possible in the laboratory. Moreover, most experimental
methods have limited temporal resolutions, often providing data at only 1 or 2 time points,
which is insufficient to fully understand dynamic processes such as sprouting angiogenesis
during bone healing. Yet in silico approaches allow to analyse the system of interest at time
points not sampled during the experiment.

Depending on the scientific question that the model seeks to address, two main
approaches have arisen when modelling angiogenesis. In continuum models, angiogenesis
is approximated as a set of processes described as continuous in space and time usually by
solving systems of differential equations. These models are not suitable for studying the
morphology of the growing vascular network since the cell-level details are overlooked. In
discrete models, ECs and their behaviour (e.g. proliferation, migration) are explicitly
represented. For example, in agent-based models, each endothelial cell is treated as an
individual entity, called “agent”, with computational algorithms defining sets of rules that
dictate its behaviour.

The first computer models of sprouting angiogenesis emerged in the mid-1970s to
investigate vessel sprouting in response to some generic tumour growth factors [53]. Over
the past decades, in silico models of angiogenesis have provided insights into how
biochemical signals, such as growth factors, influence the angiogenic process [54, 55]. For
instance, these models have allowed gaining a better understanding of the regulation of
intracellular signalling pathways governing tip/stalk cell selection [56-58]. Although the
role of mechanical and structural signals on angiogenesis has traditionally received less
attention compared to biochemical cues, a few computer models of mechanics-driven
angiogenesis have been developed in recent years. These models are categorised in the
Section below (1.3.2) based on the mechanical factors they consider: cell-induced traction
forces and external loads. Computer models of angiogenesis within scaffolds are

summarised in Section 1.3.3.
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1.3.2 In silico models of mechanics-driven angiogenesis

1.3.21 Cell-induced mechanical cues

Only a few computer models of sprouting angiogenesis explicitly included cell-induced
traction forces. Santos-Oliveira and colleagues [59] showed that tip EC traction forces direct
sprout elongation and trigger stalk cell proliferation, essential to support continuous vessel
growth. Stephanou et al. [60] identified a limited range of traction forces for which a
vascular network can develop. Van Oers and colleagues [61] demonstrated that cell traction
force-induced matrix strain can explain in vitro angiogenesis. However, these models were
only partially validated and not compared to dedicated in vitro experiments. A coupled in
silico/in vitro approach was presented Edgars et al. [62]. By introducing a more detailed
description of ECM fibres and viscoelastic properties, they were able to show that tip cell
traction forces align and compact ECM fibres around the sprout tip, which in turn promotes
directional sprout elongation and patterning. All these models allowed to identify key
mechanisms behind the cell-matrix mechanical interplay during in vitro angiogenesis;

however, neither the effect of external loads nor the presence of OVSCs was considered.

1.3.2.2 External mechanical cues

The role of external mechanical loads, boundary conditions and matrix topology on
angiogenesis has been investigated by several computational studies often coupled to in
vitro experiments. Burke and Kelly [63] found that dynamic external loading leads to
increased EC migration, proliferation and biased migration in the direction perpendicular
to the applied strain. Edgar et al. [62] showed that boundary conditions and externally
applied loads influence the vessel growth direction and alignment. A few studies have
focused on the interaction between matrix mechanics and angiogenesis. Specifically, ECM
fibre organisation was shown to impact vessel alignment and branching [64-66]. In the
specific context of computer models for bone healing, a description of the angiogenic
process has been traditionally included to incorporate the effect of oxygen supply by the
vascular network [67-69] rather than including a description of its mechano-regulation.
Checa and Prendergast [70] coupled an algorithm for the mechano-regulation of
angiogenesis with a model of bone regeneration for the first time. By including a mechanics-
dependent rate of vessel growth, they were able to show that high mechanical loads cause

slower vascular development and delayed healing. However, the model was not
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quantitatively validated against a dedicated in vivo study. Building upon this model, Oreilly
and colleagues [71] developed a computer model of bone regeneration including
mechanics-driven angiogenesis. In particular, their model accounted for the influence of
principal strain direction on vessel growth orientation, although the rate of vessel growth
was assumed to be constant. These studies have provided valuable insights about the
influence of external mechanical signals on the process of sprouting angiogenesis; however,

the role of cell-induced mechanics has been overlooked so far.

1.3.3 In silico models of scaffold-aided angiogenesis

In silico models have allowed to systematically investigate the effect of scaffold
architectural features on angiogenesis and bone regeneration. Mehdizadeh et al. [72]
developed a computer model of angiogenesis within porous scaffolds and found that larger
pore size, high interconnectivity and porosity support better vascularisation. The model
was further extended to investigate how the degradation behaviour of the scaffold affected
vessel growth [73] but did not include the bone regeneration process. Sun and colleagues
[74] developed a computer model of bone regeneration and angiogenesis within scaffolds
and demonstrated that scaffold porosity played a more dominant role in both processes
compared with pore size. Although these studies have helped to identify some scaffold
features promoting angiogenesis during bone regeneration, the role of mechanical signals
induced within the scaffold was disregarded. On the other hand, a few studies have focused
on how the mechanical environment within the scaffold affected vessel growth and bone
regeneration, overlooking the role of structural and geometrical signals. Checa and
Prendergast [75] used a computer model of tissue differentiation and angiogenesis within
a scaffold to investigate how cell seeding and mechanical loading affected angiogenesis and
bone regeneration. This model was adapted by Sandino et al. [76] to investigate
angiogenesis and bone regeneration within an irregular scaffold morphology. They found
that excessive strains within the scaffold can inhibit osteogenesis by reducing
vascularisation. Similarly, Wang et al. [77] presented a model of bone regeneration within
a scaffold including angiogenesis and proposed a synergistic effect between mechanical
stimulation and VEGF in promoting bone regeneration and angiogenesis. A comprehensive
computer model of angiogenesis during scaffold-aided bone regeneration including the

influence of both mechanical and structural cues is still missing. Moreover, although these
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models showed qualitative alignment with existing biological and experimental evidence,
they were not directly validated against experimental data specific to these studies.

In summary, in the last decades computer models of angiogenesis have attempted to
incorporate the effect of mechanical and structural signals, although they usually included
a single aspect rather than analysing the interdependency of these factors. Moreover,
although coupled in vitro/in silico approaches are powerful tools to identify principles
behind the mechano-regulation of angiogenesis, coupling in silico models to in vivo studies
offers a more realistic setting to gain knowledge that can effectively inform the
development of new treatment strategies. In addition, only a few computer models of

angiogenesis have been developed in the context of bone regeneration.

1.4 Thesis objectives and hypotheses

The main goal of this PhD thesis was to investigate the role of mechanical and structural
cues on angiogenesis during bone regeneration through multi-scale in silico models coupled
to in vitro and in vivo experiments. To achieve the overall goal, the following three objectives

were defined (Fig. 1.2):

1. To investigate the mechanical interplay between ECs and OVSCs on sprout
patterning within anisotropic scaffolds

2. Tounderstand the relative contribution of cell-induced and external loads on sprout
patterning at the onset of bone regeneration

3. To investigate the role of mechanical and geometrical cues on sprouting

angiogenesis during scaffold-aided bone defect regeneration

For each objective, key hypotheses arising from experimental findings guided my work:

Hypothesis 1: In vitro results of a coculture of ECs and OVSCs within an anisotropic
scaffold showed a preferential alighment of vessels and OVSCs. Moreover, vessel
patterning differed upon modulating OVSCs traction forces. I hypothesised that durotaxis
(the preference of cells for stiff environments) can explain vessel and cell alignment,
whereas OVSCs mechanics and morphology regulate vessel sprouting,

Huypothesis 2: A mouse osteotomy stabilised with external fixators exhibited variations in
vessel density and alignment after 7 days, depending on the stability of the fixation system

(rigid vs. semirigid). I hypothesised that external loads primarily drive angiogenesis over

10



Chapter 1: Introduction

cell-induced mechanics, and the strain magnitude and orientation induced within the
healing region can explain vessel patterning during early bone healing.

Hypothesis 3: Experimental data of large bone defects in rats augmented with scaffolds
showed that scaffolds with different architectures led to different levels and patterns of
bone regeneration and revascularisation. I hypothesised that not only the scaffold
architecture but also the induced mechanical environment within the scaffold pores

orchestrates bone regeneration and angiogenesis.
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Figure 1.2: Schematic overview of the three thesis objectives. Each objective of this thesis
explores the interplay between two cues (mechanical or geometrical) that regulate angiogenesis: 1)
scaffold architecture and cell-traction forces, 2) cell traction forces and external loads, 3) external
loads and scaffold architecture.

1.5 Thesis outline

Chapter 1 introduced the clinical motivation for this work, together with the scientific
background, state of the art, and the three objectives of the thesis. Chapter 2 describes the
computer models and algorithms developed in this thesis, first outlining the general
framework common to all models and then detailing the three different models tailored to
replicate the respective experiment. The results obtained for the different thesis objectives
are presented and discussed in three different chapters: in silico modelling of the mechanical

interaction between ECs and OVSCs on sprout patterning within scaffolds in Chapter 3, in

11
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silico modelling of the relative contribution of cell-induced and external loads on sprout
patterning at the onset of bone regeneration in Chapter 4, and in silico modelling of the role
of mechanical and geometrical cues on sprouting angiogenesis during scaffold-aided bone
defect regeneration in Chapter 5. Finally, Chapter 6 summarises the main conclusions and
provides perspectives for future research. An overview of the thesis structure is depicted

in Figure 1.3.

Chapter 1: Introduction

Clinical motivation, Background, State of the art
Chapters 3-5: Results and Discussion

l A
Chapter 2: Methods In silico investigation of
General computational framework —_— stromal cell-driven sprouting
angiogenesis within an
anisotropic scaffold
B

In silico investigation of the
mechano-regulation of
stromal cell and vessel

organisation during early
bone healing

Chapter 3

Chapter 4

In silico investigation of
angiogenesis and bone
regeneration during
scaffold-aided bone healing

Chapter 6: Conclusions
Achievements and future work

Chapter 5

Figure 1.3: Thesis outline. (A) predicted cell (green) and vessel (red) organisation within a
scaffold pore, (B) predicted early vessel patterning within the healing region, (C) predicted vessel
infiltration within a scaffold.

12
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Methods

This chapter will describe the methods used in the thesis. Three computer models were
developed to address the three research questions outlined in the previous chapter. Despite
relying on the same computational framework coupling mechanical signals to biological
processes, described in Section 2.1, each computer model replicates a different experimental
setup. The computer model developed for each objective will be detailed in a separate

Section. The specific features of each one of the three computer models are summarised in

Table 2.1.
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2.1 Multi-scale in silico models of angiogenesis
coupling mechanics and biology

2.1.1 General computational framework

Multi-scale in silico models of the mechanobiological regulation of angiogenesis were
developed to investigate the mechanical regulation of angiogenesis in the context of bone
regeneration. To achieve this, Finite Element (FE) models at the tissue scale, investigating
the mechanical environment, were coupled to Agent-Based Models (ABMs) at the cell scale,
describing the cellular activity. FE models were built through the commercial finite element
solver Abaqus (Abaqus 3DEXPERIENCE R2019x) to replicate the geometry, tissue
properties, loading and boundary conditions of the experimental setup. ABMs consist of
algorithms, written in C++, describing how various agents (i.e., cell types) respond to
mechanical stimuli according to sets of rules derived from the available literature and/or
findings from the dedicated experiments. The two model layers accounting for biology and
mechanics are coupled iteratively to represent the mechanobiology of angiogenesis in bone
regeneration. A schematic of the flow of information between the ABMs and FE models is
depicted in Figure 2.1. Initially, the ABM space is seeded with cells so as to replicate the
initial condition of the simulated experiment. The output of the ABM is the cell distribution
and organisation within the domain, which informs the FE models in terms of loading
conditions (cell traction forces) or tissue properties based on the cell distribution. Abaqus
analysis is executed automatically as a BATCH process and the output is the mechanical
environment within the simulated domain. The outputted mechanical signals (stresses,
strains, fluid flow velocity) are read by the ABM and influence cell activities. The updated
cell distribution and organisation (ABMs outputs) affect loading conditions or tissue
properties defined in the new FE model. Iterations continue until the end of the simulation,
so as to replicate the total duration of the experiment, with one iteration representing from
20 minutes to 1 day of real time, depending on the temporal scale of simulated events.

Model predictions were compared to the respective experimental study.
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Figure 2.1: Computer model general framework. ABM boxes indicate steps performed within
the agent-based model, FEM box indicates steps performed by the finite element model. Arrows
represent the flow of information between the two model layers.

2.1.2 Baseline cell activity algorithms

The baseline cell activities included in each computer model, as summarised in Table
2.1, were derived from the available literature. Even though most cellular activities are
shared, each computer model includes specific cell behaviours related to the distinct
experimental conditions. For example, cell differentiation is included in the computer
model simulating the full bone healing process only, since the in vitro experiment included
already differentiated cells (fibroblasts and ECs), while the early bone healing model
simulates only the first week of healing, during which differentiation has not yet started.
The implementation details for each computer model are presented in the respective

Sections.

2.1.21 Agents

The ABMs consisted of 2D or 3D lattice grids of potential positions for agents (Fig. 2.2).
Each agent represented an individual cell. Vessels were modelled as a sequence of ECs

occupying subsequent lattice points, with a tip EC leading the vessel.
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In the 2D ABMs, two types of agents (i.e., cells) were included: OVSCs (e.g. fibroblasts)
and ECs. Both OVSCs and tip ECs were assumed to apply traction forces. OVSCs, such as
fibroblasts, are usually considered to behave like active force dipoles [78, 79]. The
configuration of traction forces exerted by ECs was derived from 3D Traction Force
Microscopy (TFM) data of small angiogenic sprouts composed of 2-3 ECs. These data were
complemented with finite element analyses to identify the traction force distribution that
most accurately reproduced the experimentally measured matrix deformations (Appendix
B.1). The contractile behaviour of tip ECs was best approximated by an active force dipole
as well. Two traction forces were applied onto the tip ECs and OVSCs lattice points adjacent
to each cell core, aligned along the dipole direction and directed towards the cell core (Fig.
2.2). Stalk ECs were assumed to exert no traction forces since negligible ECM deformations
have been observed experimentally near stalk cells as compared to those generated close to
the sprout tips [57,58]. Both tip ECs and OVSCs could assume four possible orientations in
the plane, measured counterclockwise from the x-axis: horizontal or 0° (along the x-axis),
vertical or 90° (along the y-axis), diagonal right or 45° and diagonal left or 135°.

In the 3D ABMs, cells were modelled as volumetric entities occupying positions within
the 3D lattice grid (Fig. 2.2). Cell types known to be relevant throughout the bone healing

progression were included in the model: MSCs, fibroblasts, chondrocytes, osteoblasts, ECs.
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Figure 2.2: Schematic of the agent-based models. The 2D (left) and 3D (right) lattice grids
are shown, highlighting how cells are represented for each dimensionality. The baseline cellular
activities included in the models are illustrated.

2122 Cell migration

Baseline cell migration was implemented as a random walk. Essentially, at each
iteration, a new position was randomly picked for each migrating cell among its adjacent

neighbour locations. If the position was free, the cell was moved there.

2.1.2.3 Cell reorientation

Cell re-orientation was modelled as driven by durotaxis [80] since OVSCs, like fibroblasts,
have been reported to probe the local deformation [9] and to change their position and
orientation towards areas of highest stiffness (durotaxis) [23]. To implement this, an
intermediate status was introduced within each iteration, allowing fibroblasts to jump to a
temporary random location with a random orientation. An intermediate FEA was run to
compute the deformation induced by cell contractile activity in the temporary
configuration. At the end of the intermediate step, cells measure the local effective stiffness
and either adopt the intermediate configuration (if the effective local stiffness is higher than

in the previous configuration) or not.
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2.1.24 Cell differentiation

“Mature” MSCs aged at least 6 days, considered to be the maturation age [75], were
implemented to differentiate. MSCs differentiation into fibroblasts, chondrocytes, and
mature or immature osteoblasts was governed by the mechano-regulation theory proposed
by Prendergast et al. (1997), which relates phenotype commitment to the local mechanical
stimulus, defined by octahedral shear strain and fluid flow velocity [81]. ECM deposition
was not directly modelled; however, its effect was incorporated during MSCs
differentiation as the newly created cell type will further deposit its corresponding ECM.
The model also includes a resorption zone, where tissue is resorbed and cells are removed

from the lattice grid.

2125 Cell proliferation and apoptosis

To implement cell proliferation and apoptosis, at each iteration, the total number of cells
was tracked and the number of cells to proliferate and undergo apoptosis was computed.
Cells that would undergo proliferation were then randomly picked until the number was
reached, and a new random position adjacent to the original cell was chosen for the
daughter cell. Subsequently, cells that would undergo apoptosis were randomly selected

and removed from the lattice grid.

2.1.2.6 Angiogenesis

To model angiogenesis, three main events were considered: (1) sprout elongation, (2) the
formation of a new sprout from an existing one (branching), and (3) the fusion of the sprout
tip to another sprout (anastomosis). Vessel growth direction was determined by the leading
tip ECs, known to probe the surrounding environment through filopodia (cell membrane
protrusions) and respond to guidance cues by determining the directionality of vessel
growth [82], while following stalk cells proliferate and occupy the positions left empty. The
vessel growth rate was assumed to be higher during the first 15 days, in agreement with
the experimental observation that vessels grow faster during the early healing phase [83].
Vessel branching was modelled as a stochastic process where the probability of a sprout to
branch out from a parent vessel is proportional to the vessel length, based on Checa &

Prendergast, 2009 [70]. When the leading tip EC encounters an EC belonging to another
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vessel or its own segment, the two vessel segments fuse in the process of anastomosis and

the EC loses its tip phenotype.

22 In silico model of stromal -cell-driven
sprouting angiogenesis within an anisotropic

scaffold

The first objective of this thesis was to investigate the mechanical interplay between ECs

and OVSCs on sprout patterning within an anisotropic scaffold.

2.2.1 Simulated in vitro experiment

A cylindrical collagen scaffold (diameter=4 mm, height=3 mm, axial stiffness=4 kPa) was
fabricated with highly aligned channel-like pores (Fig. 2.3 A) with an average diameter of
101430 pm. The scaffold was co-seeded with ECs (1 part, human umbilical vein endothelial
cells) and fibroblasts (5 parts, primary human dermal fibroblasts) embedded within a fibrin
gel, at an overall concentration of 7500 cells/mm3. After 1 week of culture, chemical
modulators of cell traction forces were administered to investigate the effect of changes in
cell mechanics on sprouting angiogenesis. The scaffolds were kept in culture with chemical
modulators for another week, for a total experimental time of 2 weeks. Specifically, the
following chemical modulators were used: (1) LPA, known to increase cell traction forces;
(2) Y-27632, known to decrease cell traction forces; (3) nitro-blebbistatin, another inhibitor
of cell traction forces. In the remaining of the thesis, the chemical modulators will be
referred to as “LPA+”, “Y27-", and “Blebb-", respectively, with the positive or negative
sign indicating their effect on cell traction force magnitude. “Ctrl” refers to the control
experiment, without any chemical modulator. Traction force magnitude and distribution
exerted by cells in the different cases were calculated through 2D TFM experiments (Fig.
2.3 B). Histological images of the middle section of the scaffold were analysed in terms of

cell alignment and vascular morphological features after 1 and 2 weeks.
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LPA+ Y27- blebb-

Figure 2.3: In vitro macroporous scaffold and 2D TFM data. (A) Macroporous scaffold with
magnifications illustrating the struts and walls. Scale bar 500 um. (B) Reconstructed stress
magnitude maps with overlaid displacement vectors (black arrows) from Traction Force Microscopy
data of individual cells, either untreated (control) or treated with LPA+, Y27-, blebb-. Scale bar
50um.

2.2.2 Model-specific computational framework

A mechanobiological computer model of stromal cell-driven sprouting angiogenesis
within the macroporous collagen scaffold was developed. The computational framework
described in Section 2.1 was adapted to iteratively integrate mechanical signals, generated
by cell contractile activity within the scaffold pores, with the cell biological responses,
including cell migration, re-orientation and vessel growth. The simulations were run for 42
iterations, each one corresponding to 8 hours, to cover the 14 days of the experiment. The

two model layers accounting for the mechanics and the biology are detailed in the following

paragraphs.

2.2.3 Finite Element Model (mechanics)

FE models were built to predict the mechanical environment within the scaffold pores.
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2231 Geometry

The mid-cross-section of the macroporous collagen scaffold was modelled based on the
experimental average dimensions (Fig. 2.4). A 4mm x 3mm rectangular area, consisting of
100 pm-apart collagenous walls defining the channel-like pores and connected by strut
elements, was replicated. The average wall and strut thicknesses (2.3 pm) were measured
experimentally [84] (Fig. 2.4). The number of struts per pore was calculated based on the
average strut density (3626 struts/mm?, [85]) and resulted in 2.5 struts/pore. Therefore,

pores featuring 2 or 3 struts were alternated (Fig. 2.4).

| Strut

<+ Wall
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Figure 2.4: In silico macroporous scaffold. In silico geometry of the scaffold with a
magnification showing struts, walls and their cross-sections. All measures are in um. Scale bar 500
um.

2232 Mesh

Collagenous walls and struts were modelled as beam elements (Abaqus element type
B21). Beam elements discretising the walls were assigned a rectangular profile since they
represent the wall's longitudinal section, while those discretising the struts were assigned
a circular profile. The space filled by fibrin gel within the scaffold pores was discretised
with 4-node plane strain solid elements (Abaqus element type CPE4R). Plane strain
elements were used as the geometry is extended in the out-of-plane direction and the
section modelled lies in the central region, away from boundaries where 3D effects may be
significant. Beam and solid elements shared common nodes to ensure proper mechanical
coupling between the scaffold walls and the substrate. A custom MATLAB script (R2020b)

was used to generate the Abaqus input file (*.inp), enabling a precise definition of nodal
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positions and element connectivity. The distance between adjacent nodes was set to 0.01
mm and a mesh convergence analysis was performed to ensure the robustness of the results

(Appendix A.1).

2233 Material properties

Both the collagen forming the scaffold and the fibrin gel filling its pores were assumed
to behave as linear elastic materials. The collagen elastic modulus was back-calculated to
obtain a scaffold mechanically equivalent to the real one along the axial direction [84].
Essentially, a mono-axial compression test was performed in silico along the scaffold axial
direction and the collagen elastic modulus that allowed to match the scaffold’s axial
stiffness was 1740 kPa, which is in the range of the elastic modulus of collagen walls
measured by means of atomic force microscopy in an analogous scaffold [85]. The elastic
modulus of the fibrin gel was assumed to be 1 kPa [86]. All material parameters are reported

in Table 2.2.

. Young's modulus . , .
Material (MPa) Poisson’s ratio
Collagen (macroporous scaffold) 1.74* 0.3
Fibrin gel 0.001a 0.167

a[86], *estimated.

Table 2.2: Material properties.

2234 Loading and boundary conditions

The bottom edge of the scaffold cross-section was fixed in y (Fig. 2.4) with the central
node fixed in all the degrees of freedom, to allow the scaffold to expand and contract
horizontally (along x, Fig. 2.4) throughout the simulated experiment. Fibroblast and tip ECs
traction forces were modelled as concentrated loads (*CLOAD). To verify whether
fibroblasts behave as active force dipoles also upon chemical modulators, preliminary
simulations replicating the TFM experiments in the different scenarios (Ctrl, LPA+, Y27-,
Blebb-) were performed by assigning either a dipole or an isotropic force configuration to
fibroblasts. The goal was to assess whether non-axial force components were still negligible,
and therefore the cell could be approximated as a dipole, or a more isotropic representation
was needed. Note that, since the TFM gel is stiffer than fibrin gel (12.3 kPa vs. 1kPa) and
traction forces are known to vary with substrate stiffness [87], traction force values

measured experimentally were scaled proportionally. Traction force alterations induced by
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the chemical modulators were incorporated into the computer model after 1 week to be

consistent with the experiment.

2.2.4 Agent-based model (biology)

ABMs aimed at describing cell and vessel organisation within an anisotropic scaffold.
Coordinates of finite element nodes were used to create the 2D lattice grid of potential
positions for cells and traction force application points. Therefore, the distance between

lattice points was equal to 0.01 mm.

2241 Cell phenotypes and seeding

Consistent with the experimental setup, two cell types were included in the ABM:
fibroblasts and ECs. Vessels were assumed to have a constant diameter of 10 pm, with a tip
EC spanning distance (distance between cell traction force application points) of 20 pm,
while the fibroblast spanning distance was assumed to be 60 microns, in agreement with
cell dimensions retrieved from images of the cultured cells within the scaffold. In the
computer model, this was implemented by applying traction forces at the nodes directly
adjacent to the cell core for ECs, and three positions away from the core for fibroblasts.
Fibroblast and endothelial cells were seeded only within the central pore of the scaffold, to
reduce the computational cost of the simulation, as follows: 5 parts of fibroblasts (n=100)
and 1 part of endothelial cells (n=20) were randomly co-seeded within the pore so as to

occupy 5% of available positions, in agreement with the experimental initial cell density.

2242 Cell activity

Fibroblast activities

Fibroblast migration and re-orientation were modelled as driven by durotaxis [80]. In case
no available positions are present surrounding a migrating cell, the cell does not migrate
(contact inhibition). The fibroblast migration rate was set to 1.25um/h, based on the average
fibroblast migration speed measured within a similar scaffold [88]. Fibroblast proliferation

and apoptosis were not observed in vitro and were therefore excluded from the model.
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Angiogenesis

Experimental observations indicated that angiogenesis began within the scaffold around
days 3 to 4; therefore, ECs were modelled to be quiescent during the first 3 days. From day
4, vessels could elongate, branch and undergo anastomosis. Analogous to fibroblasts, tip
EC migration and re-orientation were modelled as driven by durotaxis, based on the
experimental literature [9], with a similar implementation as explained in Section 2.1.2.3.
The baseline rate of vessel growth was assumed to correspond to the fibroblast migration
rate, as experimental observations indicated comparable infiltration speeds of cells and
vessels in the scaffold. Mechanical strains are known to affect endothelial cell proliferation
and thus the rate of vessel growth [15-18]. Therefore, the rate of vessel growth was
implemented as strain-dependent and assumed to double its value for strain magnitude
between 5% to 10%. Strains above 30% were assumed to hinder vessel growth, according
to the reduced vascularity observed experimentally above this strain value [89]. In an
attempt to explain experimental results and better understand how fibroblast mechanics
and morphology affect vessel sprouting, it was hypothesised that vessel branching is
triggered by orthogonal forces, generated by the fibroblast's contractile activity, acting on
the vessel body. Therefore, a branching event could happen at a specific location along the
vessel if principal strains acting on that EC are orthogonal to both adjacent vessel segments.
To implement this, the dot products between the principal strain vector and the orientation
of the two vessel segments adjacent to the EC of interest were computed at each iteration.
When both products fell below a threshold of 102, the new sprout branched out along the

direction of principal strains.

2.2.5 Output analysis and visualisation

Stochastic elements are included in the computer model, such as the initial random cell
seeding and orientation assignment and the migration and re-orientation rules. Therefore,
20 realisations were run for each simulated scenario to allow statistical analyses. In vitro
and in silico data are reported as mean + standard deviation, while dots represent the
individual measurements.

Histology-like images were generated from in silico results in Matlab (R2020b) for each
scenario simulated and compared to in vitro histological images of the middle section of the

scaffold. Cell and vessel orientation with respect to the pore long axis was computed in
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Matlab (R2020b) and qualitatively compared to the experiment due to the lack of data.
Relevant vascular morphological features were quantified in Matlab (R2020b) and
compared with the experimental data for each simulated scenario: the number of branches

per vessel, the average vessel length and the total network length.

2.2.6 Statistics

Significance was tested by the Mann-Whitney U test implemented in Matlab (R2020b),
complemented with Bonferroni correction for comparison of multiple groups n>2. The level

of significance was defined as p <0.05.

2.3 In silico model of stromal cell and vessel
organisation during early bone healing

The second objective of this thesis was to unravel the relative contribution of cell-
induced and externally applied loads on sprout patterning at the onset of bone

regeneration.

2.3.1 Simulated in vivo experiment

A 0.7-mm bone defect was created in the left femur of mice [90, 91]. The bone fragments
were stabilised by either rigid or semirigid external fixation systems (MouseExFix 100 %
and 50%, RISystem), mounted with 4 screws. Mice (n=4 per fixation system type) were
sacrificed 7 days post-surgery and histological images of the bone longitudinal section
within the healing region were produced to identify vessels and quantify microvascular

network parameters.

2.3.2 Model-specific computational framework

A mechanobiological computer model of stromal cell and vessel organisation during the
early stage of bone healing was developed. The computational framework described for the
first model (Section 2.2.2) was adapted to replicate a mouse small defect stabilised using
fixators with different stiffness. FE models to predict the mechanical environment within

the healing region were coupled to ABMs, describing cellular behaviours at the onset of
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bone healing, such as cell migration, re-orientation, proliferation, apoptosis and vessel
growth. One iteration represents a time step of 20 minutes in a cascade of mouse bone
healing. Simulations were performed so as to replicate the first week post-fracture. The two
model layers accounting for the mechanics and the biology are detailed in the following

paragraphs.

2.3.3 Finite Element Model (mechanics)

FE models were developed to compute the mechanical environment within the healing
region of a mouse bone defect stabilised with a rigid or semirigid fixator and subjected to
in vivo-like loading. A 2D model of the healing region was derived from a previously
developed and validated 3D FE model of a similar experimental setup [92], adapted to

mimic the current in vivo experiment (Fig. 2.5 A).

2331 Geometry

A 2.5 mm x 2.5 mm region within the mid-longitudinal section of the healing region was
replicated (Fig. 2.5 A). The model includes the cortical bone ends, the bone marrow cavity
and the 0.7-mm defect gap (Fig. 2.5 B). The external fixators, for both a rigid and semi-rigid
fixation system, were virtually simulated using corresponding boundary conditions

retrieved from the 3D model, as explained below (Section 2.3.3.4).
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Figure 2.5: In silico geometry of the mouse osteotomy stabilised with external fixators.
(A) 3D in silico model of the mouse osteotomy with a rigid (top) and semirigid (bottom) fixator,
alongside a longitudinal section view (right). The black box represents the region actually simulated
in this study. (B) 2D in silico model of the mouse osteotomy illustrating the dimensions and applied
displacement boundary conditions (Ux: displacement along the x-axis; Uy: displacement along the
y-axis). All measures are in mm.

23.3.2 Mesh

The models were meshed through a regular grid of 4-node plane strain elements
(Abaqus element type CPE4), similar to the approach described in Section 2.2.3.2. A mesh
convergence study was conducted for the 3D finite element model and resulted in an
optimal average characteristic element size of 0.1 mm [92]. However, the distance between
adjacent nodes was set to 0.01 mm to capture the mechanical effect of cell traction forces at

the p-scale.

2.3.3.3 Material properties

Linear elastic material properties were assigned to the tissues comprised within the
healing region, as reported in Table 2.3. The gap and the area surrounding the cortices were

assumed to be filled with granulation tissue at the onset of healing, bone marrow properties
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were assigned to the marrow cavity and cortical bone properties to the cortical bone ends

(Fig. 2.5).

Material (Yl\(/)[lll,g)g, s modulus Poisson’s ratio
Granulation tissue 0.2a 0.167a
Cortical bone 5000 a 03a
Bone marrow 2a 0.167a
a[93]

Table 2.3: Material properties.

23.3.4 Loading and boundary conditions

Traction forces exerted by the cells and boundary conditions mimicking the bone
fragments' movements during in vivo-like loading under external fixators were included in
the model. Similar to the model of stromal cell-driven sprouting angiogenesis within
scaffolds (Section 2.2.3.4), both OVSCs and tip ECs traction forces were modelled using
concentrated loads. The total traction force magnitude exerted by tip ECs and OVSCs was
derived from the experimental literature [94, 95] on softer substrates. Based on the linear
relationship between the substrate elastic modulus and traction force magnitude [94], the
total traction force values were scaled proportionally for the granulation tissue stiffness and
resulted in 32 x 10-¢ N for OVSCs and 20 x 10 N for tip ECs.

The displacement profiles of the cortices during in vivo-like loading under the two
different fixators were recorded from the 3D model along the two orthogonal axes of the
mid-longitudinal plane. The displacement profiles were applied as displacement boundary
conditions (Ux, Uy, Fig. 2.5 B) to the cortical bone fragments of the 2D model. Since a
negligible tissue formation was experimentally measured during the first week post-
fracture [96], displacement boundary conditions to account for the fixators and the external

loading were considered acceptable.

2.3.4 Agent-based model (biology)

ABMs were developed to describe cell and vessel organisation during early bone
healing. Similar to the model of stromal cell-driven angiogenesis within anisotropic
scaffolds, coordinates of finite element nodes spaced 0.01 mm were used to create the 2D

lattice grid of potential positions for cells and traction force application points.
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2341 Cell phenotypes and seeding

The ABM includes two types of agents: OVSCs and ECs forming the vessels. At the
beginning of the simulation, ECs were initialised on 10% and 1% of lattice points in the
periosteum (external to the cortical bone) and bone marrow, respectively, considering that
a dominant vascular response is known to come from the periosteum [5, 97], while a
diminished vessel ingrowth is generally observed from the medullary cavity [98] during
early bone healing. Additionally, to mimic vessel ingrowth from surrounding soft tissues,
ECs were virtually placed along a circumference of 4 mm-diameter representing the callus
perimeter (Fig. 2.6). This boundary progressively contracted at the vessel growth rate,
allowing ECs to occupy lattice points with a 0.5% probability, provided local EC density
remained below 10% [99]. OVSCs were assumed to fill 20% of lattice points within the bone
marrow and periosteum [100]. Vessels were assumed to have a diameter of 10 pm while tip
ECs and OVSCs spanning distance (distance between traction force application points) was

assumed to be 20 um [101].

Figure 2.6: Schematic representation of the initial seeding locations within the healing
region. Regions seeded with both ECs and OV SCs are represented with a green-red pattern, the red
continuous line indicates regions seeded with ECs only. The exact seeding percentages are provided
in the main text. The black square outlines the simulated domain.
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2.3.4.72 Cell activity

OVSCs activities

Immediately after fracture, growth factors are released at the injured site to recruit cells

and initiate the healing process. To simulate directed OVSC migration towards the fracture,
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cell migration was modelled as a biased random walk favouring areas of lower cell density
during the first 4 days post-surgery. Afterwards, to include cell preference for stiffer
environments (durotaxis), OVSCs migration and re-orientation were further biased by a rule
dependent on the local stiffness (Section 2.1.2.3). To correctly capture the dynamic
biological response during bone healing, OVSC proliferation and apoptosis were included
in the model. Since OVSCs were restrained to the 2D plane, proliferation and apoptosis
rates retrieved from the literature [92] were corrected to account for daughter cells that, in
3D, could be placed out of the plane. Therefore, rates were divided by a factor of 2.25,
corresponding to the ratio of accessible lattice points in 3D (18) vs. 2D (8). All cell activity

rates are reported in Table 2.4.

Cell type Proliferation Apoptosis | Migration speed | Vessel growth rate
rate (day~) rate (day?!) | (um.h?) (um.h-1)

OVSC 0.24a 0.02a 30p -

EC - 15¢

aadapted from [101], *[102], <[103].

Table 2.4: Cell activity parameters.
Angiogenesis

The angiogenesis algorithm used in the previous model (Section 2.2.4.2) was expanded
to account for the influence of externally applied loads. The growth direction at the EC tip
was determined based on three options, weighted by assigned probabilities: at each
iteration, the vessel can grow (1) according to a strain-based rule (20%), (2) towards the
direction of the previous iteration to account for directional persistence of vessel growth
(40%), (3) towards a random direction (40%). A parameter sweep analysis was carried out
to estimate the values of these probabilities in order to obtain the combination of values
that better matched experimental data in terms of sprout patterning (Appendix B.2). The
strain-based rule describing the mechano-response of tip ECs during early bone healing
was established according to the experimental evidence. Vessels were assumed to grow
along the absolute maximum principal strain (EPqx qps) directions where shear strains,
known to be detrimental to angiogenesis [104], are 0. It was hypothesised that vessels grew
along the principal strain direction for strain values <5%, identified as the upper limit strain
value for bone growth [105]. Vessels were assumed to gradually avoid the direction of
maximum principal strains and align fully perpendicular for strains above 10%, as a
structural response to minimise the stress experienced by the cells [19-22, 106]. Vessel

growth direction (Bvessel) according to the strain-based rule is described by equation 2.1:

31



Chapter 2: Methods

Ovesset=KOep,qy aps ¥ (1= K)O1EP, 0 ot (2.1)
1' EPmax_abs <5%

with K = 1‘”‘55# 5% < EPrmax abs < 10% ;
0, EPpax aps = 10%

EPpax_abs= absolute maximum principal strain; 8gp . = absolute maximum principal

strain direction; 6, gp = perpendicular to the absolute maximum principal strain

max_abs
direction.

Moreover, vessel growth was inhibited for strain values >30%, according to the reduced
vascularity observed under cyclic compressive strains >30% at the early stage of healing
[89]. To better capture the 3D nature of the callus within a 2D model, vessels were allowed
to virtually grow in the 3D space. To achieve this, every 15 iterations, representing the
estimated in-plane persistence time [72], tip ECs could migrate to any of the 17
neighbouring positions (7 in-plane, 10 out-of-plane). Assuming each section experienced

the same, an equal number of tip ECs re-entered the 2D simulated domain in the same

iteration, at random locations.

2.3.5 In silico experiments

In silico experiments were carried out to better understand the relative contribution of
each mechanical signal (cell traction forces vs. external loads) to sprout patterning at the
onset of bone healing. Therefore, mechanical signals were selectively removed from the
model as explained below. In the remaining of the thesis, “Baseline” will refer to the

mechano-biological rules explained above.

2351 Inhibition of tip ECs mechano-response

To better understand how an altered tip EC mechano-response affects sprouting
angiogenesis, we assumed that tip ECs response to mechanical signals was hampered by
setting the probability to follow the strain-based rule equal to 0 and raising the probability
to follow a random direction to 60%. Hereafter, this configuration will be referred to as

“EC_MR_KO”.
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2.35.2 Inhibition of OVSCs traction forces

To better understand the contribution of cell-induced mechanics and external loads on
sprout patterning, OVSC traction forces were first inhibited by setting their magnitude
equal to 0 N. Hereafter, this configuration will be referred to as “OVSC_TF_KO”.

2.3.5.3 Unloading

To assess the role of mechanical communication at the cellular level, the cortices were
fully constrained in all degrees of freedom, thereby unloading the defect. As a control,
OVSC traction forces were inhibited in the unloaded configuration and results were
compared to the unloaded scenario with active cell forces. Hereafter, these configurations

will be referred to as “Unloading baseline” and “Unloading OVSC_TF_KO”, respectively.

2.3.6 Output analysis and visualisation

The model includes elements of stochasticity, such as the initial random cell seeding, the
migration rule for OVSCs, and the random probability dictating vessel growth direction.
Therefore, 6 realisations for each simulation were performed to allow statistical analysis. In
silico and ex vivo results are reported as mean * standard deviation.

The predicted sprout patterning from the “Baseline” model at day 7 was compared to
the in vivo experimental results at the same time point. Histology-like images of the mid-
longitudinal section of the healing region were generated from in silico results in Matlab
(R2020Db) to resemble the experimental Endomiucin staining where vessels are coloured red.
Ex vivo and in silico histological images were compared qualitatively and quantitatively.
The vessel density was computed through the Fiji plugin “Vessel analysis” [107] within
three regions of interest (ROIs) for both in silico and ex vivo data: defect gap, bone marrow
cavity and periosteum. The plugin allowed to obtain the vessel length density ratio, that is
the ratio of the skeletonised area to total area within each ROI, thereby disregarding the
influence of vessel diameter that is constant in the computer model. The vessel orientation
distribution was calculated through the Fiji plugin “Directionality” for both in silico and ex
vivo data, within the same three ROIs. The plugin produces a histogram displaying the
percentage of vessel structures in each direction from 0° to 180°, with respect to the x-axis
(perpendicular to the bone long axis, Fig. 2.5). The output of the plugin was post-processed
by grouping these values into 20°-wide bins. To highlight any preferential orientation
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within each ROI, the average percentages of vessels aligned along the bone long axis
direction (80°-100° bin), perpendicular to the bone axis (0°-20° and 160°-180°) or all the other
directions were compared. Further vascular morphometric features were quantified in
Matlab (R2020b) when comparing the baseline and the EC_MR_KO models: the average
vessel lengths and the number of self-intersecting vessels that generate closed loops.
OVSCs orientation analysis was performed in Matlab (R2020b) by computing the

percentage of cells aligned along each discrete possible direction in the plane.

2.3.7 Statistics

Experimental and simulation results were first tested for normal distribution through
the Shapiro-Wilk normality test. The statistical significance of the vessel density between
either different ROIs or experimental and simulation results within the same ROI was
assessed through a two-tail student t-test implemented in Matlab (R2020b). The statistical
significance of the percentage of vessel structures aligned along a preferred direction as
compared to all other directions was assessed within each ROI both for in silico and ex
vivo results. Due to the non-normal distribution of certain datasets, the Kruskal-Wallis H
test was carried out to compare n>2 groups. In case a significant difference between groups
was detected, the post-hoc non-parametric Mann-Whitney U-test was performed in Matlab
(R2020b) for pairwise comparisons, complemented by Bonferroni correction. The level of

significance was defined as p < 0.05.

24 In silico model of angiogenesis and bone
regeneration during scaffold-aided bone healing

The third objective of this thesis was to investigate the role of mechanical and
geometrical cues on sprouting angiogenesis during scaffold-aided bone defect

regeneration.

2.4.1 Simulated in vivo experiment

A 4.8-mm bone defect stabilised with an internal PEEK fixation plate was realised in the
rat femur and augmented with 3D printed scaffolds fabricated by either Fused Deposition
Modelling (FDM) or Melt Elctrowriting (MEW), with n=9 per scaffold type [108]. Scaffolds
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were made of polycaprolactone (PCL) with a nano-needle hydroxyapatite (nnHA) coating
and were designed to have a comparable total surface area. FDM scaffolds resulted in
higher pore size (1.2 mm vs. 0.6 mm) but lower porosity (76.1% vs. 97.6%) and surface area-
to-volume ratio (18.04 mm?2/mm3 vs. 201.31 mm?/mm3) as compared to MEW scaffolds.
The healing progression was assessed through in vivo pCT at 6 and 12 weeks post-surgery.
Animals were sacrificed at week 12 and histological analyses were conducted to study

tissue formation and vessel ingrowth.

2.4.2 Model-specific computational framework

A previously developed and validated multi-scale computer model for scaffold-aided
bone regeneration [109] was adapted to replicate the in vivo experiment consisting of a large
rat bone defect stabilised with an internal fixator and augmented with FDM and MEW
scaffolds, detailed in the previous Section (2.4.1). The computer model was expanded to
include a description of the mechano-regulation of angiogenesis and its crosstalk with
cartilage and bone formation. FE models at the tissue level, to determine the mechanical
environment within the scaffolds, were coupled to ABMs at the cell level, describing
biological processes occurring throughout the whole healing process, such as cell
proliferation, migration, differentiation, apoptosis and vessel growth. Simulations were
performed so as to replicate 12 weeks post-fracture, with one iteration corresponding to one
day of bone healing. A detailed description of the two model layers is provided in the
following paragraphs.

2.4.3 Finite Element Model (mechanics)

FE models were built to predict the mechanical environment within the FDM and MEW
scaffolds.

2431 Geometry

FE models of the experimental large bone defect stabilised with a PEEK internal fixation
plate and augmented with PCL scaffolds were developed. The intact bone (30 mm long)
was modelled as a hollow cylinder of diameter 4.5 mm containing the bone marrow, with

a cortical bone thickness of 1 mm based on nCT images. The bone defect was replicated by
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opening a 4.8-mm-wide gap in the middle of the intact bone using the Abaqus Boolean cut
operation. The callus was defined based on histological data [110] and was modelled by
revolving a circular arc with a maximum width of 3.25 mm at its midpoint, overlapping the
adjacent bone segments by 1.1 mm on either side. The fixation plate and screws were
designed according to technical drawings (Fig. 2.7), with the screw body approximated as
a cylinder (Fig. 2.7 A). Scaffolds were modelled in Abaqus (Abaqus 3DEXPERIENCE
R2019x) according to the CAD files (Fig. 2.7 B).

A B

3D 2D cut

Top view

I Cortical bone PCL
Bone marrow [istainless steel
Granulationtissue [IEMPEEK

=4 '

Figure 2.7: In silico geometry of the rat large bone defect augmented with 3D printed
scaffolds. (A) 3D in silico model of the rat large bone defect augmented with a 3D printed scaffold
and stabilised with an internal fixation plate (left), alongside the longitudinal section view (right).
(B) 3D in silico model of the FDM and MEW scaffolds. All measures are in mm.

2432 Mesh

The callus, cortical bone and bone marrow were assumed to behave as poro-elastic
materials and were discretised with element types supporting coupled fluid flow and
mechanical stress analysis (Abaqus element type C3D10MP). The internal fixation plate,
FDM scaffold and screws were meshed using 3D quadratic tetrahedral elements (Abaqus
element type C3D10), while MEW struts were meshed using quadratic beam elements

(Abaqus element type B32). The callus and scaffold regions were meshed with an average
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element size of 0.2 mm, whereas a coarser mesh of 0.5 mm was applied to the rest of the
model. A mesh convergence study was conducted to balance computational cost with

accuracy (Appendix A.2).

2433 Material properties

Poro-elastic material properties were assigned to the intact cortical bone, bone marrow
and the granulation tissue initially filling the callus, as well as to the regenerating tissues
formed throughout the healing process, including fibrous tissue, cartilage, immature and
mature bone (Table 2.5). The internal fixation plate (PEEK), screws (stainless steel) and
scaffolds (PCL) were modelled as linear elastic materials (Table 2.5). During the simulation,
callus FE material properties were determined through a rule of mixtures based on the
proportions of cell types within each element [111], and averaged over the last 10 iterations

to reflect delayed ECM deposition [112].

Young/'s . o1 Bulk Bulk
Material modulus Poisson’s | Permeability | modulus | modulus
i 14 s m4 i fluid
(MPa) ratio (104 s m¥N) | grain
(MPa) (MPa)
Granulation tissue | 0.22 0.1672 1a 23004 23004
Fibrous tissue 2a 0.167a 1a 23002 23002
Cartilage 10a 0.3a 0.5a 3700 2300
Immature bone 1000 03a 102 139402 23004
Mature bone 5000 2 0.3a 37a 139402 23002
Cortical bone 5000 2 0.3a 0.001a 139202 23002
Bone marrow 2a 0.167a 1a 23002 23002
PEEK (fixation 3800 03 i i i
plate)
Stainless steel 210000 03 i i i
(screws)
PCL (3D printed
scaffolds) 350° 0.3 i i i

a[93],® [113-119]
Table 2.5: Material properties.
2434 Loading and boundary conditions

A combination of compression and bending load, corresponding to the peak loads
experienced during normal walking conditions in rats, was applied on the intact bone
proximal end: a 6 body weight (BW) proximal-distal compression load and an

anteroposterior and a medial-lateral 10.7 BW mm moment at the femur mid-point [120].
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Considering the average rat weight of 0425 kg, this resulted in a proximal-distal
compression load of 25 N and two tangential forces of 3 N applied to the proximal bone
surface in the anteroposterior and medial-lateral directions. The distal bone surface was
fully constrained. A pore pressure boundary condition was set to zero on the external
surface of the callus domain.

The callus and FDM scaffold meshes were merged to avoid costly constraint definitions.
For the MEW scaffold, merging was not feasible due to differing element types and
associated degrees of freedom, therefore, beam elements were embedded within the 3D
callus mesh by using the Abaqus *EMBEDDED ELEMENT constraint which kinematically

linked the beam nodes to the surrounding solid elements.

2.4.4 Agent-based model (biology)

ABMs were developed to simulate the biological processes taking place throughout bone

healing. A 3D lattice grid with 20 um spacing was defined over the entire healing region.

2441 Cell phenotypes and seeding

The ABM included the following agent types (cell phenotypes): MSCs, fibroblasts,
chondrocytes, immature osteoblasts, mature osteoblasts and ECs. Initially, only MSCs and
ECs were assumed to be present at the fracture site. To simulate the MSCs and vessel
invasion from the bone marrow cavity and periosteum (the region surrounding the intact
bone extremities), 30% [100] and 2% [91] of available positions within the bone marrow
close to the defect and the periosteum were filled with MSCs and ECs, respectively. All cells

were assumed to have a diameter of 20um [101].

2442 Cell activity

OVSCs activities

MSCs and fibroblasts were the only cells assumed to migrate. To replicate the cell
surface-guided migration observed experimentally in scaffolds [121, 122], cell migration
was conditioned by the presence of an adjacent surface, i.e. either previously deposited
tissue (bone, cartilage, fibrous tissue) or scaffold. Essentially, for a cell to move to a new

position, that position not only had to be free but was also required to have a neighbouring
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lattice position occupied by deposited tissue or scaffold. MSCs were implemented to
differentiate with an initial rate of 0.3 per day. To replicate the surface-guided ECM
deposition observed experimentally [122, 123], i.e. ECM deposition needs a pre-existing
substrate to adhere to, MSCs were allowed to differentiate into a new cell phenotype only
when at least one of the adjacent neighbour lattice positions was an existing surface
(previously deposited tissue or scaffold). Cells were modelled to proliferate and undergo
apoptosis, and those processes were influenced by the local mechanical stimulus. This
meant counting the number of cells of each phenotype in every FE and computing the
number of proliferating cells when the local mechanical stimulus favoured that phenotype,
or the number of apoptotic cells when it did not. All cell activity rates are derived from the
literature and are reported in Table 2.6. To simulate the reduced biological activity observed
in large bone defects [29], particularly impacting cell proliferation and differentiation [122],
a 15-day latency period was introduced after which cell proliferation and differentiation

rates were decreased (Table 2.6).

Proliferation | Apoptosis | Differentiation Migration | Vessel
Cell type rate (day~) rate (day?) | rate (day?) speed growth rate
(pmh?t) | (um.h7)
<15 =15 <15 215 <15 | 215
days | days days days days | days
MSC 0.6a | 03> |0.05 032 0.15v 30¢ - -
Fibroblast | 0.552 | 0.28> | 0.052 - - 30¢ - -
Chondro- | 5. 1010 |01 - - - - -
cyte
Osteoblast | 0.3 0.15 | 0.162 - - - - -
EC - - - - - - 154 | 0.6*

a[101], ®[109, 122], ¢[102], 4[103], *Estimated to obtain a final vessel density comparable to
the experiment.

Table 2.6: Cell activity parameters.
Angiogenesis

The ABM was complemented with a description of the mechanobiological regulation of
angiogenesis and its interaction with the bone regeneration process. The algorithm is
similar to the one presented for the early bone regeneration model (Section 2.3.4.2),
extended to account for the out-of-plane dimensions. During bone healing, hypertrophic
chondrocytes (i.e. mature chondrocytes aged at least 6 days) secrete VEGF [124], known to
induce directed ECs migration [125, 126]. To incorporate this aspect into the model, the

direction of vessel growth at each iteration was determined based on the following
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probabilistic rule: (1) following the strain-based rule (20%) described in Section 2.3.4.2, (2)
directed towards high concentrations of hypertrophic chondrocytes (40%), (3) towards a
random direction (40%). The vessel rate of growth was assumed to be dependent on local
strain levels [10, 15-18], reaching the maximum value, reported in Table 2.6, for strains
between 5% and 10% and linearly decreasing until O for strains above 30 %, known to hinder
vessel growth [89]. The maximum vessel growth rate was reduced after 15 days, consistent
with experimental findings reporting a faster vessel infiltration during the early healing
phase [83]. Oxygen influences MSC differentiation, with hypoxic conditions favouring
cartilage formation and higher oxygen levels promoting bone formation. Given the limited
diffusion range of oxygen from blood vessels (approximately 100-200 um) [127], the extent
and morphology of the vascular network can highly impact bone regeneration. This aspect
was simulated by allowing MSCs differentiation towards chondrocytes in bone-favoured

regions that were more than 100 pm away from the nearest blood vessel.

2.4.5 In silico experiments

To better isolate the contribution of FDM and MEW architectural features on vessel
growth, the growth rate of vessels was made independent of mechanical signals: the growth
rate was set to its maximum value, corresponding to strain levels between 5% and 10%, and
was kept constant regardless of the mechanical environment.

To assess the contribution of each vascular source independently, simulations were
performed where vessel sprouting was allowed exclusively either from the bone marrow
or from the periosteum.

Finally, although vessels were assumed to have a fixed diameter of 20 pm, experimental
observations indicated the presence of larger vessels within the FDM scaffold [108].
Therefore, additional simulations were carried out assuming a vessel diameter of 40 um, to
assess whether larger vessels would be more sensitive to pore size differences between the

two scaffold architectures.

2.4.6 Output analysis and visualisation

Five simulations were conducted per scaffold type, and the median simulation based on

the regenerated bone volume was selected to generate all 2D and 3D visual outputs. When
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quantitatively comparing simulation outputs to the experimental data, the outcomes are
presented as mean * standard deviation.

Simulation results for both MEW and FDM scaffolds were qualitatively compared to the
experimental nCT and histological images. To generate pCT-like images from in silico
results, the predicted 3D lattice was converted into a binary format (1=bone, O=not-bone)
and visualised using the Image] module VolumeViewer plugin [65]. pCT-like images of the
simulated vascular network were generated similarly, by assigning a value of 1 to lattice
points occupied by vessels. To obtain histology-like 2D images, lattice points in the mid-
longitudinal plane were coloured to reflect the predicted tissue, using palettes consistent
with Goldner’s Trichome or Safranin O staining: dark green for bone, pink for fibrous tissue
and red for cartilage. Background tissue colours matched those in the experimental images.

Quantitative comparisons between model predictions and experimental results were
made for the regenerated bone volume and vessel density. Bone volume within the defect
region was calculated by counting the number of lattice points occupied by bone and
multiplying by the point volume (8x10¢ mm?). Vascular density was assessed by post-
processing simulation outputs to mimic the experimental procedures: for each simulation
(n=5), three sections spaced 0.5 mm apart were selected and a central region of interest
(ROI) measuring 2x2.5 mm? was analysed. Vessels containing more than 3 ECs were
counted and the number of vessels per unit area was computed.

To better understand the role of the mechanical environment and scaffold architectural
features on bone regeneration and vessel growth, additional visual outputs and
measurements were made. Absolute maximal principal strain distributions post-surgery
were extracted in the mid-longitudinal plane from the FE simulation and the volumetric
percentages falling within strain ranges known to influence angiogenesis were computed
for both MEW and FDM. In addition, the number of vessels exposed to inhibitory strain
levels (strains >30%) was tracked over time within both scaffolds. To understand the
influence of the scaffold architecture on vessel growth, after decoupling their rate of growth
from the mechanics, the number of vessels blocked by scaffold walls, and thus prevented
from growing further, was tracked over time for both scaffolds. The distribution of the
mechanical stimulus in the mid-longitudinal plane was visualised both post-surgery and
after 12 weeks, for both scaffolds. Each lattice point was coloured based on the predicted
mechanically favoured tissue type, according to Prendergast mechano-regulation theory

[93]. Osteoblast proliferation and differentiation were tracked over time within the healing
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region. Additionally, the percentage of MSCs unable to differentiate into bone due to a lack

of neighbouring surfaces was monitored within both scaffolds over time.

2.4.7 Statistics

Statistical tests were performed on the in silico results and used to compare them with
experimental data, using R (R 4.4.3) in the Posit Cloud environment (Posit Public Cloud,
https:/ /posit.cloud /). All datasets were checked for normality using the Shapiro-Wilk test

and equality of variance through Levene’s test. A two-way ANOVA was performed for
bone volume quantifications with Tukey post-hoc test for pairwise comparisons. A one-
way ANOVA was used for vessel density quantifications with Bonferroni post-hoc test.
Unpaired Welch's t-tests were used to compare in silico vs. in vivo results, due to unequal
variances between the two groups, for both bone volume and vessel density. The level of

significance was defined as p <0.05.
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Chapter 3: In silico investigation of stromal cell-driven sprouting angiogenesis within an
anisotropic scaffold

In silico investigation of stromal
cell-driven sprouting angiogenesis
within an anisotropic scaffold

In this Chapter, results from the computer model of stromal cell-driven sprouting

angiogenesis within an anisotropic scaffold will be presented and discussed.

3.1 In silico prediction of cell and vessel
organisation within an anisotropic scaffold

Computer model predictions of fibroblast and vessel organisation within the scaffold
channel-like pore after 7 and 14 days agreed with experimental observations (Figure 3.1 A-
B). Both in silico and in vitro, fibroblasts and vessels appeared to align mainly along the pore
long-axis direction in each simulated scenario (Fig. 3.1 A-B). The quantification of vessel
and fibroblast alignment showed that about 80% of fibroblasts and about 60% of vessel
structures were aligned along the pore long-axis direction in each simulated scenario (Fig.
3.1 C). This suggested that durotaxis, i.e. the cell preference for stiffer environments, can
explain the orientation of vessels and cells observed experimentally within an aligned

geometry.
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Figure 3.1: Cell and vessel organisation within an anisotropic scaffold. (A) Predicted
vessel and fibroblast organisation after 1 week (control) or 2 weeks under different chemical
modulators. A closer view of the channel-like pore is enclosed in the yellow boxes. (B) Confocal
images of co-culture samples after 1 week (control) or 2 weeks under different chemical modulators.
Vessels were stained in red and fibroblasts in green. Chemical modulators were applied after 1 week.
Scale bar 500 um. (C) Percentage of fibroblasts (top) and vessel structures (bottom) aligned along
the axial direction (pore long-axis) vs. any other direction for each scenario. N=20.

3.2 Local strain levels modulate vessel elongation

The mechanical strains arising within the pore as a consequence of cell contractile
activity were mainly compressive strains (Fig. 3.2). Strain levels predicted within the pore
were related to the experimentally measured effect of chemical modulators on cell
contractility (Fig. 2.3 B). Higher strains were predicted upon LPA+ as a consequence of the
increased cell force magnitude, while lower strains were induced upon Y27- and blebb-,

due to their inhibitory effect on cell contractility.
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Figure 3.2: Modulation of cell forces influences strains within the scaffold. Absolute
maximum principal strain distribution within the scaffold pore for each scenario.

Relevant predicted vessel network parameters were quantified (Fig. 3.3 A-C) and
compared to the in vitro (Fig. 3.3 D-F) results. An increased number of branches per vessel
was predicted between week 1 and week 2 in the control group, similar to in vitro
observations. In vitro results showed a marked rise in the number of branches per vessel
under Y27- treatment that was not predicted by the computer model (Fig. 3.3 A, D). The
computer model predicted longer branches in the presence of LPA+ compared to the
control, whereas both blebb- and Y27- were associated with shorter vessel segments (Fig.
3.3 B, E). This trend reflects experimental results and can be attributed to the levels of
mechanical strains, higher under LPA+ and lower under blebb- and Y27-. The computer
model predicted an increased total network length from week 1 to week 2 in the control
group, which aligns with experimental findings. After 2 weeks, LPA+ was predicted to
induce a mildly longer vascular network, while blebb- and Y27- resulted in shorter
networks (Fig. 3.3 C, F). While this behaviour reflects the mechanical strain levels induced
by each chemical treatment within the pore, it is in contrast with experimental observations
showing a significantly greater total vessel length upon Y27- treatment. So far, the computer
model failed to capture the increased number of branches per vessel and total network

length observed experimentally under Y27- treatment.
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Figure 3.3: Predicted vascular network parameters and comparison with experimental
data. (A-C) Quantification of relevant vessel network parameters from in silico results: the number
of branches per vessel, the average length of an individual branch (in um), total network length as
the sum of all vessels (in mm). N= 20. (D-F) Quantification of relevant vessel network parameters
from in vitro results: the number of branches per vessel, the average length of an individual branch
(in um), total network length as the sum of all vessels (in mm). N = 3 of at least 2 independent
experiments. Significance levels are indicated as follows: # p<0.1, * p<0.05, ** p<0.01, *** p<0.001.

3.3 Chemical modulators induce changes in cell
morphology and force distribution

In addition to altering cell contractility, the applied chemical modulators appeared to
impact cell morphology, in particular under Y27- treatment. Reconstructed cell contours
based on 2D Traction Force Microscopy (TFM) images showed that Y27- treated cells
exhibited a less polarised shape, while all other cases appeared to retain the typical

polarised morphology and associated stress patterns (Fig. 2.3 B). To assess whether
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fibroblast morphological differences resulted in distinct traction force patterns relevant to
the computational model, single-cell simulations were performed using a 2D FE model
replicating the TFM setup. It was examined whether non-axial force components were
negligible, thereby justifying the dipole representation, or if a more isotropic
representation, including other force components, was required upon chemical treatment.
The FE model consisted of a Imm x 1Imm gel, matching the elastic modulus of the
experimental substrate (E=12.3 kPa), discretised with 4-nodes elements (CPE4R) with a
node spacing of 0.01 mm and the four corners constrained in all degrees of freedom (Fig.
3.4 A). One cell was seeded in the middle of the gel and concentrated loads mimicking cell
traction forces were applied to surrounding nodes (Fig. 3.4 A). In the computer model, eight
discrete positions were available around the cell core for force application (Fig. 3.4 B). To
obtain representative force values along each discrete direction, experimentally measured
traction forces were binned in three different groups accounting for the axial (0°-22.5°),
diagonal (22.5°-67.5°) and orthogonal (67.5°-90°) directions, for each cell (Fig. 3.4 B). For
every condition (Ctrl, LPA+, blebb-, Y27-), the median force within each angle group across
all cells was computed. These values were then scaled to represent individual force vectors
around the cell core: halved for the two axial and orthogonal force vectors and quartered

for the four diagonal vectors (Fig. 3.4 B).
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Figure 3.4: Integrating experimentally measured traction force patterns into the
computer model. (A) FE model replicating TFM experiments on single cells (left) and
representative predicted strain distribution from the cell contractile activity (right). (B)
Representation of how traction forces are distributed around the cell core in silico when assuming an
isotropic (top-left) or dipole (top-right) configuration and representation of how traction force values
are computed when assuming an isotropic (bottom-left) or dipole (bottom-right) configuration.

Strain fields resulting from each simulated force configuration (dipole vs. isotropic) were
generated for the control, LPA+, blebb- and Y27-. Qualitatively, dipole and isotropic
configurations produced similar strain distributions in the control, LPA+ and blebb- cases.
In contrast, isotropic Y27- led to a different strain pattern compared to the dipole Y27-
configuration. This was confirmed quantitatively by computing the Relative Error (RE)
between the strain fields of the two force configurations, defined as the ratio of the L? norm
of their difference to the L2 norm of the isotropic force configuration's field. Control, LPA+
and blebb- exhibited low RE values (<6%), confirming that the non-axial force components
contributed very little to the overall strain distribution, while Y27- reported a RE value

>30% (Table 3.1).
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Absolute maximum principal
strains Faxial Forth Fdiag RE
[nN] [nN] [nN]
Isotropic | Dipole | Legend
+0.085
Ctrl 281 26 5 4.50%
-0.1
+0.14
LPA+ 459 7 37 4.04%
-0.17
+0.02
blebb- o0 69 1 8 5.75%
: 0025
+0.004
Y27- 13 3 7 31.41%
-0.005

Table 3.1: Comparison of strain fields generated by isotropic vs. dipole force patterns.
For each simulated scenario, from the left, contour plots of the strain distribution of the two tested
configurations (isotropic vs dipole), the magnitude of each force component, and the relative error
(RE).

3.4 Cell force directionality regulates vessel
sprouting

The computer model was expanded to include the cell-specific morphology and force
distribution: while control, LPA+ and blebb- -treated cells remained dipoles, an isotropic

force distribution (including all force components) was assigned to Y27-. After two weeks,
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a denser and more intricate vascular network was predicted within the pore under Y27-
isotropic compared to Y27- dipole (Fig. 3.5 A). The isotropic cell morphology resulted in a
less aligned orientation of fibroblasts, while vessels showed a similar distribution as for all
other conditions (Fig. 3.5 B). In agreement with in vitro findings, simulations predicted a
significant increase in the number of branches per vessel upon isotropic Y27-, as more
sprouting was driven by cell forces oriented orthogonally to the vessel axis (Fig. 3.5 C). The
average branch length was significantly reduced upon isotropic Y27-, which can be
attributed to not only the lower strain levels induced within the pore but also to the
increased branching frequency, resulting in a higher number of newly formed and shorter
vessels (Fig. 3.5 D). Nevertheless, the total vascular network length was higher under
isotropic Y27- as a direct consequence of the increased number of branches or sprouts (Fig.

3.5 E), consistent with experimental data.
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Figure 3.5: Influence of dipole vs. isotropic force configuration on cell organisation and
angiogenesis. (A) Predicted vessel and fibroblast organisation after 2 weeks for Y27- dipole vs.
isotropic force patterns. A closer view of the pore is enclosed in the yellow boxes. (B) Percentage of
fibroblasts (top) and vessel structures (bottom) aligned along the pore long-axis vs. any other
direction for each scenario. N=20. (C-E) Quantification of relevant vessel network parameters from
in silico results for control, dipole Y27- and isotropic Y27-: the number of branches per vessel, the
average length of an individual branch (in um), total network length as the sum of all vessels (in
mm). N=20. Significance levels are indicated as follows: ** p<0.01, *** p<0.001.
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3.5 Discussion

Understanding how endothelial cells integrate mechanical signals from their
microenvironment is fundamental to advancing bone regeneration strategies. In scaffolds
with highly aligned pores, coculture experiments with ECs and fibroblasts showed
preferential alighment of both vessels and cells along the pore principal axis, suggesting
that scaffold anisotropy guides cellular and vascular organisation. Thereafter, fibroblast
traction forces were chemically modulated: contractility was enhanced using LPA+ and
reduced with blebb- or Y27-. These perturbations altered vessel morphology and
patterning. Specifically, increased vascularity was observed under LPA+ treatment
compared to control and blebb-, as a consequence of the higher fibroblast contractility
under this condition. Surprisingly, however, Y27- treatment produced an even greater
vascularity than LPA+, suggesting that fibroblast-ECs mechanical interactions are not
governed solely by force magnitude. To address this inconsistency and better understand
how scaffold anisotropy and cell-generated forces impact vessel patterning, a computer
model of the mechanoregulation of sprouting angiogenesis in co-culture with fibroblasts
within an anisotropic scaffold was developed, resembling the experimental setup.
Fibroblasts were initially modelled as spindle-shaped cells following the existing literature
and previous computational models [78, 80, 90], while traction force magnitudes under the
different chemical modulators were retrieved from experimental TFM measurements. The
in silico model successfully recapitulated the sprouting process within the scaffold over 14
days and captured the experimentally observed preferential alignment of vessels and cells
along the pore long-axis, driven by durotaxis. Although the predicted vascular network
under chemical modulation of cell forces reproduced several morphological features
observed experimentally, the initial version of the model failed to capture the increased
sprouting observed under Y27- treatment. Therefore, an extended version of the model was
developed that incorporated not only the differences in cell force magnitude induced by
chemical modulators, as measured by TFM, but also the associated changes in cell
morphology and the spatial distribution of forces around the cell body. The refined model
successfully matched experimental results, suggesting that while traction force magnitude
and the induced levels of mechanical strains account for endothelial cell proliferation and
vessel elongation, the directionality of these forces, determined by cell morphology, is a

critical factor in controlling vessel sprouting and branching.
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A few computational models of sprouting angiogenesis have investigated ECs-matrix
interplay mediated by endothelial cell traction forces. Santos-Oliveira and colleagues [59]
introduced a phase-field continuous model in which tip EC traction forces transmit tension
to stalk cells, triggering strain-induced proliferation; the newly added cell relieves the
tension and the cycle repeats, driving continuous sprout extension. Stephanou et al. [60]
developed a hybrid continuous-discrete framework where discrete ECs exert traction
forces on a continuum ECM. They identified a traction force window that allows network
formation and showed that matrix rigidity can further influence ECs migration and
angiogenesis. Van Oers and colleagues [61] coupled a Cellular Potts model of ECs to an FE
model for the substrate and demonstrated a simple mechanical feedback that can explain
sprout formation: ECs pull on the matrix and then follow the stiffer, strained tracks they
create (durotaxis). While these studies proposed key mechanisms of ECs-matrix mechanical
interplay during in vitro angiogenesis, they lack quantitative validation against dedicated
experiments. Edgars et al. [62] developed a hybrid model coupled to dedicated in vitro
experiments, in which discrete sprouts interact with a continuum, fibrous ECM. They
showed that sprout-generated forces deform the ECM and reorient collagen fibres, which
in turn guide vessel growth, thereby explaining the observed alignment under different
geometric constraints. Although this model introduced the effect of geometrical cues, outer-
vascular stromal cells were not modelled. This work presents, for the first time, a computer
model of the mechanical crosstalk between OVSCs and endothelial cells during sprouting
angiogenesis, within a highly aligned geometry, and validated against dedicated in vitro

experiments.

Durotaxis-guided cell and vessel alignment

The computer model predicted a preferential alignment of vessels and fibroblasts along
the pore long axis direction after 2 weeks, consistent with cell and vessel organisation
observed experimentally within the scaffold (qualitative comparison due to lack of
experimental data), supporting durotaxis as a key mechanism underlying the alignment.
Indeed, cell migration and reorientation were modelled through a rule based on durotaxis,
following the available literature [9, 23], where both cells and vessels measured the local
deformation induced by their contractility and preferentially migrated toward stiffer

regions. Noteworthy, these results were independent of the specific chemical modulators.
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Cell traction force magnitude and spatial organisation

Specific morphological vessel features were quantified for both in silico and in vitro
outputs and compared across the different scenarios. The computer model successfully
captured the increased total network length and average branch length under LPA+
treatment, in agreement with experimental observations. This can be explained by the
enhanced fibroblast contractility induced by LPA+, which led to strain levels within the
scaffold pores promoting vessel growth. These findings are consistent with previous
studies demonstrating that mechanical strains affect endothelial cell proliferation and thus
vessel elongation, specifically, vessel growth is particularly favoured for strains between
5% and 10% [15-18, 89]. In contrast, the model failed to reproduce the increased branching
observed experimentally under Y27- treatment, indicating that the levels of mechanical
strains alone cannot explain experimental results and other mechanisms should be explored
and incorporated into the computational framework.

Interestingly, Y27- treatment was found to influence not only the magnitude of cell-
generated forces butalso cell morphology and thus the spatial distribution of traction forces
around the cell body. In particular, stresses induced by the cell contractile activity resulted
more isotropically distributed around the cell body, departing from the classic spindle-
shaped representation. Based on these experimental observations, it was hypothesised that
changes in cell morphology and the associated force spatial distribution contribute to vessel
growth and sprouting, along with matrix strain levels. In particular, it was proposed that
isotropic fibroblasts exerting orthogonal forces on highly aligned vessels may promote
branching events. Upon confirming in silico that non-axial force components upon Y27-
treatment significantly affect the strain field generated by the cell, a more isotropic traction
force distribution was assigned around the Y27- cell body, based on TEM data. After two
weeks, this upgraded model predicted a marked increase in vessel branching in the
presence of isotropic Y27- cells. Moreover, the overall vascular network was longer in the
presence of isotropic Y27- cells as compared to all other cases, as a consequence of the
increased branch formation, matching experimental findings. These results demonstrate
that, beyond force magnitude, the spatial distribution of traction forces, determined by cell
morphology, plays a key role in modulating strain orientation and patterning around
sprouting vessels, ultimately influencing branching behaviour and vascular network

architecture.
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Limitations and future work

A few limitations of the developed computational framework should be mentioned. Due
to the complexity and high level of detail of the collagenous scaffold architecture, only the
mid-section of the scaffold was modelled. Despite this simplified representation, the
modelled scaffold resulted mechanically equivalent to the one used in the experiment,
specifically, the axial stiffness was comparable to the experimentally measured one.
Although this approach served the scope of the study and provided insights into the
mechanical interaction between fibroblasts and vessels, details on the 3D aspects of these
interactions cannot be captured with the current framework. Future work should aim to
incorporate the complete 3D geometry of the scaffold by using strategies relying on beam
and shell elements, as previously proposed by Herrera et al. [85].

Although the refined computer model captured the experimentally observed increase in
total network length under Y27- treatment, the predicted length value is lower than the one
measured experimentally. This discrepancy can be attributed to the fact that the computer
model evaluates the network length within a single pore, whereas the experimental
quantification was performed across the entire scaffold cross-section. Thus, the comparison
can only be considered qualitative.

The computer model did not include a description of ECM fibre deposition and
remodelling. However, a previously published in vitro study with fibroblasts cultured in
the same macroporous collagen scaffold showed the formation of highly aligned ECM
fibres along the pore main axis over 14 days [84]. ECM fibre organisation has already been
associated with cell orientation [128, 129] and is thought to provide contact guidance cues
for vessel growth [130, 131]. Future extensions of the model should incorporate fibroblast-
driven fibre deposition and remodelling, and enrich the angiogenesis algorithm with a rule
for contact guidance. The presence of highly aligned collagen fibres is expected to reinforce,
and not alter, the predicted vessel alignhment. An open question is whether the deviations
in fibroblast morphology and organisation predicted upon Y27- treatment could result in a
more disordered matrix network, thereby contributing to the observed increase in
sprouting.

Lastly, both in vitro and in silico models were designed as simplified systems to isolate
the effects of cell-cell mechanical interactions on angiogenesis. In vivo, cells and vessels
experience more complex and dynamic environments, including biochemical signals,

multidirectional ECM organisation, spatially varying stiffness, blood flow and external
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mechanical loads that affect cell morphology and vascular organisation. Moreover, the in
vitro setup described here reduced morphological variability by promoting cell and vessel
alignment; however, clear differences in sprouting potential still emerged, suggesting that
findings are robust. Further studies are needed to evaluate how cell-generated traction
forces impact vessel patterning in vivo. The following chapters will investigate angiogenesis

in more physiologically relevant conditions.
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In silico investigation of the
mechano-regulation of stromal cell
and vessel organisation during early
bone healing

In this Chapter, results from the computer model of stromal cell and vessel organisation

during early bone healing will be presented and discussed.

4.1 Strain magnitude and principal strain
directions can explain vessel patterning during
early bone healing

Mechanical strains developing within the healing region under both rigid and semirigid
fixators were mainly compressive strains. Higher compressive strains were predicted under
semirigid fixation compared to the rigid fixator (Fig. 4.1 A). The highest average
compressive strains were found between the cortical fragments on the free (non-fixator)
side (rigid fixator: -13.9£1.5%; semirigid fixator: -57.146.2%) compared to the fixator side
(rigid fixator: -11.7+1.2%; semirigid fixator: 46+4.7%). Within the endosteal gap (fracture
space inside the cortical bone), strains were predicted to be -11.1+0.9% and -44.8+3.9% in
the case of rigid and semirigid fixators, respectively. The periosteal region (external to the
cortices) exhibited the lowest compressive strains, still higher on the free side (rigid fixator:
-7.942.2%, semirigid fixator: -32.5+9%) compared to the fixator side (rigid fixator: -6.2+1.7%,

semirigid fixator: -23.9£6.7%). The absolute maximum principal strains were
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predominantly aligned with the bone’s longitudinal axis, consistent with the direction of

the displacement boundary conditions applied at the cortices (Fig. 4.1 B).
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Figure 4.1: Predicted principal strain distribution and orientations. (A) Predicted
minimum principal strain distribution and (B) principal strain directions within the longitudinal
mid-section of the healing region of a mouse defect stabilised with a rigid (top) and semirigid (bottom)
fixator. Black rectangles are overlaid on the cortices.

The predicted revascularisation of the healing region 7 days post-surgery reflected
experimental results, both qualitative and in terms of vessel density in different ROIs.
Under rigid fixation, vessels were predicted to invade the whole healing region, while
under semirigid fixation, the endosteal region was not vascularised, similar to ex vivo results
(Fig. 4.2 A-B). This is reflected by the significantly reduced vessel density within the gap
(ROI1) obtained both in silico and ex vivo under semirigid fixation (Fig. 4.2 C), which can be
linked to the high strain values at the endosteal gap, above 30% (Fig. 4.1 A).

58



Chapter 4: In silico investigation of the mechano-regulation of stromal cell and vessel
organisation during early bone healing

In silico Ex vivo
—_
[e]
s}
©
X
[
o
.50
(o'
—
o
s}
©
X
[
o
.50
R
S
()
(%]
== Vessels Emcn
C . . . . . . .
Rigid Fixator Semirigid Fixator
3 3
—_ P . *
X ® X ) *
> = ROI 2
fy 2 | oo P s = *lml@%! =
Z’ — ... ° g 5 < = i i
L 2 ROI3 I IROI3
[a)] 1 (o 1 ——
@ EXVivo mmemAverageexvivo | 000 (T @ Ex vjyo —/\Verage ex vjyo
0 % In silico === Average in silico 0 % Insilico = ==Average in silico
ROI2 ROI3 ROI2 ROI3

Figure 4.2: Predicted vessel organisation within the healing region and comparison with
experimental data. (A) Predicted vessel organisation on the 7th day post-surgery under rigid (top)
and semirigid (bottom) fixation conditions. (B) Ex vivo vessel organisation on the 7th day post-
surgery under rigid (top) and semirigid (bottom) fixation conditions. Vessels are stained in red
(Emcn, Endomucin). Scale bar 200 um. (C) Scatter plot of experimental vs. predicted vessel density
in ROIs under rigid (left) vs. semirigid (right) fixation conditions. Circles represent experimental
samples (N=4); crosses represent in silico realisations (N=6); solid lines indicate the average
experimental vessel density; dashed lines indicate the average in silico vessel density. Significance
levels are indicated as follows: *p < 0.05, *p <0.01.

The predicted vessel organisation appeared to reproduce the preferential alignment of

newly formed sprouts observed experimentally across the different ROIs (Fig. 4.3). Under
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rigid fixation, vessels were found to align preferentially along the bone’s long axis (90°
direction) within the bone marrow (ROI 2) and in the periosteal region (ROI 3) (Fig. 4.3 A).,
following the direction of absolute principal strains (Fig. 4.1 B). As vessels advanced
towards the gap (ROI 1), increasing strain levels resulted in their gradual reorientation
towards the direction orthogonal to the bone long axis (0° direction) (Fig. 4.3 A). Under
semirigid fixation, vessels organised similarly to the rigid case within the bone marrow

(ROI 2) but took on a preferential 0° direction at the periosteal site (ROI 3) (Fig. 4.3 B).
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Figure 4.3 Comparison of the predicted vessel orientation with experimental data across
ROIs. Vessel orientation analysis ex vivo vs. in silico for the rigid (A) and semirigid (B) fixators.
Zoomed-in ROIs above the bar plots illustrate qualitative differences between ex vivo and in silico
vessel organisation. The colours represent the ROIs, the patterns represent the preferred direction:
90°, 0°, other. N=6. Significance levels are indicated as follows: *p < 0.05, **p < 0.01.
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4.2 Tip EC response to mechanical cues appears
to be key to vessel growth

After inhibiting the tip EC mechano-response, vessel organisation appeared altered
compared to the baseline model (Fig. 44 A). While vessels were predicted to align
preferentially orthogonal to the bone’s long axis direction within the gap in the baseline
model, no remarkable preferential orientation was observed upon the inhibition of tip EC
mechano-response (Fig. 4.4 A). This was confirmed by the vessel orientation analysis of the
EC_MR_KO model: significant differences occurred only between 80°-100° and 120°-140°,
and between 80°-100° and 160°-180°, among the angle bins with a higher percentage of
vessel structures (0°-20°,40°-60°,80°-100°,120°-140°,160°-180°) (Fig. 4.4 B). Analysis of vessel
morphology revealed structural differences upon inhibition of EC mechano-response.
Specifically, vessel length decreased under mechano-response inhibition compared to the
baseline case, from an average length of 85 um to 75 pm (p value < 0.01). This can be
explained by the increased number of vessels that create closed loops by intersecting their

own path (7145.9 baseline vs. 85.3+8.1 EC_MR_KO), and thus no longer elongate.
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Figure 4.4: Predicted vessel organisation upon ECs mechano-response inhibition vs.
baseline. (A) Predicted vessel distribution for the baseline (left) and EC_MR_KO (right), with
zoomed views of the osteotomy gap displayed below. Scale bar 200 um. (B) Vessel orientation analysis
for EC_MR_KO and baseline within the gap. Lines indicate a significant difference in the pairwise
comparisons between angle bins in the EC_MR_KO model (p<0.05). N=6. EC_MR_KO=inhibition
of tip ECs mechano-response.
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4.3 Durotaxis can explain OVSCs organisation
during early bone healing

Due to a lack of experimental data on OVSCs organisation during the early stages of
bone healing, a direct comparison was not possible. The predicted OVSCs alignment 7 days
post-surgery was compared to the experimentally observed alignment of collagen fibres
during the early healing phase. Indeed, it has already been shown that ECM fibre
organisation relates well with cell orientation [128, 129], since cells remodel and align their
ECM by exerting traction forces [24, 132] and in turn the aligned fibres are known to
influence cell migration and reorientation [133]. Experimental data and i silico results were
compared in two regions of interest where collagen fibres were preferentially aligned along
the bone cortical surfaces (Fig. 4.5 A): the bone periosteum and the endosteal gap. Under
both fixators, OVSCs were predicted to align similarly to collagen fibres: around 70% of
OVSCs aligned perpendicular to the bone’s long axis within the gap, while at the
periosteum, nearly 50% of OVSCs aligned along the long bone axis direction (Fig. 4.5 B-C).
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Figure 4.5: Predicted OVSCs organisation within the healing region and comparison
with experimental data. (A) Organisation of newly formed collagen fibres (indicated by white
arrows) in the proximity of the cortex (second harmonic signal, two-photon microscopy) during the
initial healing phase. The regions of interest considered in the analysis are identified with dashed
lines. (B-C) Predicted OVSCs organisation on the 7th day post-surgery for the rigid (B) and
semirigid (C) fixator (left) and percentage distribution of OVSCs orientation within the gap and
along the periosteum (right). N=6.
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44 High external loads overrule cell-cell
mechanical interactions

To better understand the impact of OVSCs-induced traction forces on sprout patterning,
traction forces exerted by OVSCs were removed from the model. Interestingly, vessel
organisation upon traction forces inhibition in OVSCs appeared similar to the baseline
model (Fig. 4.6 A). The vessel orientation analysis revealed an analogous distribution of
vessel orientations for both the baseline and the OVSC_TF_KO models in the three regions

of interest and over each angle interval (Fig. 4.6 B).
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Figure 4.6: Predicted vessel organisation upon OVSC traction force inhibition
(OVSC_TF_KO) vs. baseline. (A) Predicted vessel distribution for the OVSC_TF_KO model.
Scale bar 200 um. (B) Vessel orientation analysis for OVSC_TF_KO and baseline within the ROlIs.
N=6. OVSC_TF_KO=inhibition of OVSCs traction forces.

4.5 Cell-cell mechanical interactions emerge after
unloading the bone

Given the negligible influence of OVSCs traction force inhibition on vessel patterning,
the effect of cell-generated forces was further isolated by unloading the cortices and
applying fully restrained boundary conditions across all six degrees of freedom. Two cases
were investigated: (1) unloaded bone but active OVSCs contractility (unloading baseline)
and (2) unloaded bone with inhibition of traction forces in OVSCs (unloading
OVSC_TF_KO). The predicted vessel network differed depending on the presence or

absence of cell traction forces (Fig. 4.7 A). In the unloaded baseline model, vessel structures

65



Chapter 4: In silico investigation of the mechano-regulation of stromal cell and vessel
organisation during early bone healing

within the gap were found to be mainly aligned along the bone long axis direction (Fig. 4.7
B), opposite to the baseline model with externally applied loads (Fig. 4.3). In the unloaded
OVSC_TF_KO model, vessels did not show any preferential alignment (Fig. 4.7 B).
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Figure 4.7: Predicted vessel organisation after unloading the cortices for the baseline vs.
upon inhibition of OVSC traction forces. (A) Predicted vessel distribution for the unloaded
baseline model (on the left) and for the unloaded OVSC_TF_KO model (on the right) with zoomed
views of the osteotomy gap displayed below. (B) Vessel orientation analysis for the unloaded baseline
and unloaded OVSC_TF_KO models within the osteotomy gap. Empty circles indicate a significant
difference (p<0.05) between the unloading baseline and unloading OVSC_TF_KO models. Lines
indicate a significant difference in the pairwise comparisons between angle bins in the same model
(p<0.05). N=6. OVSC_TF_KO=inhibition of OVSCs traction forces.

To better investigate what is driving the vessel preferential alignment in the baseline
unloaded model, the induced strain fields were analysed. Absolute maximum principal
strains within the healing region were reduced as compared to the loaded cases, below 2%
(Fig. 4.8 A). Cellular traction forces induced mainly compressive strains within the callus,
however, mild tensile strains were predicted within the gap (Fig. 4.8 A). Interestingly,
principal strain directions within the gap were found to be aligned along the bone long-axis
(Fig. 4.8 B), similar to the vessel preferential orientation predicted in that region. After
unloading, mechanical signals within the healing region are induced by the cell contractility
only. Indeed, the OVSCs orientation within the gap aligns with principal strain directions:
over 50% of OVSCs within the gap were predicted to align along the direction of the bone
long axis (Fig. 4.8 C).
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Figure 4.8: Predicted principal strain distribution, orientation and cell organisation
after unloading the cortices for the baseline model. (A) Predicted principal strain distribution
for the unloaded baseline model with a zoomed view of the osteotomy gap. (B) Predicted principal
strain directions for the unloaded baseline model with a zoomed view of the osteotomy gap. (C)
Predicted OVSCs organisation for the unloaded baseline model with zoomed view of the gap and
percentage distribution of OVSCs orientations for the unloaded baseline model within the gap.
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4.6 Discussion

Understanding the mechanobiological regulation of early angiogenesis is crucial to
advance treatment strategies for bone fractures, as timely vascularisation is key to
successful healing [2, 3]. Bone defects stabilised with fixators of different stability have been
shown to influence vascularisation, leading to the formation of vascular networks with
different patterns [90, 91], likely due to the different mechanical environment induced
within the healing region. Outer vascular cell-induced traction forces and externally
applied loads are both known to influence angiogenesis, however, their specific
contribution to vessel patterning during early bone healing remains largely unknown. A
multiscale computer model of the mechano-regulation of OVSCs and ECs organisation
during the early stages of bone healing was developed to investigate the influence of both
external loads and cell traction forces on the sprouting process. The computer model
replicated an in vivo experiment in mice consisting of a bone defect stabilised with a rigid
or a semirigid fixation [91]. Comparison of in silico results with ex vivo data confirmed that
the implemented mechano-biological rules captured ECs and OVSCs organisation during
early bone healing, showing that levels of mechanical strains and principal strain directions
can explain vessel patterning, while durotaxis guides OVSCs organisation. Building on this,
additional in silico experiments were carried out by selectively isolating the mechanical
signals acting at the cell (traction forces) and tissue (external loads) levels to better
understand their role in early sprout patterning. The results revealed a key role for tip EC
mechano-response and demonstrated that high external loads primarily drive
angiogenesis, whereas cell-generated forces appear to impact angiogenesis in the absence

of high external loads.

Mechano-regulation of vessel patterning

The predicted vascular network within the healing region resembled the experimental
one in terms of vessel density and patterning on the 7t day post-surgery. The lack of
vascularity observed experimentally within the gap under semirigid fixation could be
explained by the high mechanical strains locally, above 30 %, known to inhibit vessel growth

89].
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The predicted preferential alignment of vessels within the three regions of interest was
in agreement with the ex vivo data under both fixators. Under both fixators, vessels were
predicted to follow the principal strain directions in regions characterised by low levels of
mechanical strains (<5%), such as the bone marrow or the periosteum for the rigid fixator.
Under rigid fixation, vessels were found to gradually orient perpendicular to the principal
strain directions while invading the endosteal gap, due to the high strains predicted in this
region and the known tendency of vessels to align perpendicular to the strain directions for
high levels of mechanical strain [19-22, 106].

Inhibition of tip ECs mechano-response, i.e. ECs ability to respond and adapt their
behaviour based on local mechanical signals, resulted in a less organised vascular network
with vessels characterised by shape defects as compared to the baseline simulation,
suggesting a key role of tip EC mechano-response for vessel growth. This compares well
with the disturbed vessel formation observed experimentally in the mouse retina upon
inhibition of YAP-TAZ, i.e. molecules of a key mechano-signalling pathway [134]. From a
clinical perspective, delayed bone healing in the elderly has been associated with a reduced
cell mechano-response [92]. The present findings suggest that such an alteration in ECs may
hinder early angiogenesis and thus contribute to the clinically observed delayed healing in

the elderly.

Durotaxis-guided OVSCs organisation

OVSCs orientation distribution on the 7t day after surgery was compared with the early
organisation of ECM collagen fibres in a comparable mouse osteotomy experiment [6], in
line with the well-documented bidirectional interaction between ECM fibre orientation and
cellular alignment [24, 128, 129, 132, 133]. Following a durotaxis-based rule, OVSCs were
predicted to migrate and align predominantly along the cortical surfaces, in line with the
collagen fibre orientation reported in the literature [6]. Moreover, within the gap, OVSCs
were predicted to align mainly perpendicular to the bone long-axis under both fixators, in
line with the preferential collagen fibre orientation measured in the dedicated mouse
experiment [135], although the experimental orientation distribution was more dispersed
under semirigid than under rigid fixation. Taken together, these findings suggest that
durotaxis, a well-known mechanism guiding OVSC organisation in vitro, may also play a

key role in directing early OVSC self-organisation in vivo.
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External loads and cell-induced traction forces

In silico results upon inhibition of OVSCs traction forces suggest that high external loads
can overrule the mechanical communication between OVSCs and ECs. Indeed, vessel
organisation was not altered after preventing OVSCs from applying traction forces. This is
a consequence of the high levels of strains induced by the external loads, replicating
physiological activity, as compared to the small deformation induced locally by cell traction
forces. Although this result appears in contrast with the known role of stromal cells in
supporting the formation of the vascular network [25], experiments of OVSCs-ECs co-
cultures available in the literature are usually performed without external loads [26, 27].
Further in vitro experiments, where inhibition of stromal cell traction forces would be
performed on cyclically loaded substrates, should confirm these observations.

Although clinical studies have shown that unloading hinders bone healing [136, 137],
the purpose of the unloading experiment was to isolate the cell-induced mechanical forces
from the high external loads. After the cell-induced forces were isolated, hints of the ECs-
OVSCs mechanical interaction emerged within the gap. OVSCs preferentially aligned along
the bone long-axis, and their contractile activity generated strains oriented accordingly,
thereby promoting vessel growth along the same direction. Gaggioli and colleagues [138]
proposed a similar mechanism driven by stromal cells in the context of cancer research,
demonstrating that stromal fibroblasts facilitate carcinoma cell migration and invasion by
remodelling the matrix through force generation. The inhibition of OVSCs traction forces
in the unloaded bone resulted in randomly oriented vessels, in line with observations by
Rosenfeld and colleagues [26], who reported a loss of vessel alignment after inhibiting
stromal cell ROCK (key regulator of cell contractility) within uniaxially constrained fibrin
gels. Taken together, these findings suggest that in the absence of high external loads,
matrix strains generated by OVSCs traction forces regulate vessel organisation, supporting

previous experimental observations [26, 138].

Limitations and future work

The computer model presented here includes several limitations. A 2D model geometry
was used to reduce computational time. Despite this simplification, the predicted average
compressive strains matched the original 3D model [92] in terms of both magnitude and

distribution in different regions of interest within the healing zone, validating the 2D
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approach and its underlying assumptions for loading and boundary conditions. To further
capture the 3D nature of the callus within this 2D framework, vessels were allowed to
virtually grow in 3D space by allowing tip ECs to exit and/ or re-enter the simulated plane.
This approach allowed to obtain section-like images resembling ex vivo ones, by generating
vessel fragments as the output of the model instead of a continuous vascular network, as
seen in ex vivo 2D sections.

The model failed to reproduce a few aspects observed experimentally. First, the model
slightly overestimated vessel density within the bone marrow under semirigid fixation.
This could be due to the constant rate of vessel growth implemented in the model, derived
from in vivo measurements [103], which does not account for the known sensitivity of ECs
proliferation and migration to mechanical cues such as external loading [10] and matrix
stiffness [139]. Second, under semirigid fixator, the model predicted a preferential
alignment of vessels periosteally in the direction perpendicular to the principal strains, in
contrast to the experiment. This can be explained by the high strain levels predicted in this
region, above 20%, which caused vessels to deviate from the principal strain directions
according to the mechano-biological rules implemented in the model. Other factors not
included in the model, such as matrix fibres, are known to guide and direct vessel growth
and might contribute to the vessel alignment observed in ex vivo images. Indeed, contact
guidance from matrix topology has already been shown to override cell re-orientation in
response to strains [140, 141]. Interestingly, here matrix fibres were found to align parallel
to the bone cortices at the periosteum, matching the experimentally observed vessel
alignment. This specific matrix organisation may prevent vessels from reorienting in
response to strains due to contact guidance. Future improvements to the model should
include fibre deposition and remodelling by OVSCs, as well as contact guidance for vessel
growth, as already suggested in Chapter 3. These additions could help explain the vessel
alignment observed experimentally in the periosteal region under semirigid fixation (along
the bone long-axis) as stromal cells, known to contribute to fibre deposition and
organisation, were predicted to align in a similar way (along the bone surface).

Although in silico results showed that external loads overrule the cell-cell mechanical
interactions, this conclusion is based only on differences in force magnitude. Yet, traction
forces and external loads act on different timescales (cell traction forces change over
minutes [142] while external loads, like those from walking, vary over seconds [143]). To

better understand how ECs integrate mechanical loads occurring at different frequencies,
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future work should incorporate time-dependent and dissipative tissue behaviours, such as

viscoelasticity.
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In silico investigation of
angiogenesis and bone regeneration
during scaffold-aided bone healing

In this Chapter, results related to the computer model of angiogenesis and bone

regeneration during scaffold-aided bone healing will be presented and discussed.

5.1 The in silico model recapitulates vessel and

bone formation processes within MEW and FDM
scaffolds

Blood vessels were predicted to invade both FDM and MEW scaffolds and to reach the
scaffold core at week 12 post-surgery, as observed experimentally [108] (Fig. 5.1 A). Vessels
appeared more homogeneously distributed within the MEW scaffold volume compared to
the FDM scaffold (Fig. 5.1 A). Throughout the healing period, the total number of vessels
increased in both scaffolds, with a consistently higher vessel count within the MEW at all
time points (Fig. 5.1 B). In silico predictions were quantitatively compared to experimental
results in terms of vessel density computed within the same region of interest at week 12.
The predicted vessel densities for both scaffolds resulted in the same order of magnitude of
the experimental values; however, the model estimated a higher vessel density in MEW

compared to FDM, opposite to experimental findings (Fig. 5.1 C).
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Figure 5.1: Vascularisation of FDM and MEW scaffolds. (A) 3D reconstruction of the
predicted vessels within the callus at week 12 for FDM (top) and MEW (bottom) scaffolds. (B)
Number of vessels predicted over time within FDM and MEW scaffolds. Solid lines display the mean
value, shaded areas represent the range within one standard deviation (N=5 per scaffold type). (C)
In silico (N=5 per scaffold type) vs. ex vivo (N=9 per scaffold type) vessel density within the region
of interest after 12 weeks for FDM and MEW scaffolds. Error bars denote standard deviation. » =
statistical significance between scaffold groups; grey * = statistical significance between in silico and
experimental groups. Significance levels are indicated as follows: *p < 0.05, *** p < 0.001.

The computer model predicted impaired bone healing in both scaffold types, as
indicated by the incomplete closure of the defect, consistent with experimental observations
(Fig. 5.2 A). The model reproduced the increased bone formation observed within the MEW
scaffold after 12 weeks. The predicted bone morphology reflected features observed
experimentally, showing tiny bone spicules through the FDM scaffold pores, although
smaller than those visible in uCT scans, and more rounded bone ends within the MEW
scaffold (Fig. 5.2 A). The regenerated bone volume was predicted to increase from week 6
to week 12 in both scaffold types, with values aligned with the experimental results (Fig.
5.2 B). Although the model slightly underestimated the bone volume within the FDM
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scaffold at week 6, the predicted value remained within the experimental standard

deviation (Fig. 5.2 B).
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Figure 5.2: Newly regenerated bone within FDM and MEW scaffolds. (A) In silico vs. in
vivo uCT reconstructions of the newly regenerated bone after 6 and 12 weeks within the FDM (top)
and MEW (bottom) scaffolds. Orange arrows indicate the spicules through the FDM pores. In vivo
uCTs are reproduced from Eichholz et al., 2022 [108] under Creative Commons Attribution 4.0
License. (B) In silico (N=>5 per scaffold type) vs. in vivo (N=9 per scaffold type) bone volume after 6
and 12 weeks within the FDM and MEW scaffolds. Error bars denote standard deviation. * =
statistical significance between scaffold groups; grey * = statistical significance between in silico and
experimental groups; # = statistical significance within scaffold groups between time-points.
Significance levels are indicated as follows: *p < 0.05, **p < 0.001, ### p < 0.001.

75


http://creativecommons.org/licenses/by/4.0/

Chapter 5: In silico investigation of angiogenesis and bone regeneration during scaffold-
aided bone healing

5.2 The in silico model captures tissue formation
patterns within scaffolds

The organisation of the regenerating tissues within the two scaffold architectures was
evaluated by generating histological-like images from in silico results at week 12, illustrating
the spatial distribution of bone, cartilage and fibrous tissue. The computer model predicted
the newly formed bone to close the bone marrow within both scaffolds, as observed
experimentally in the Goldner’s Trichrome-stained histological sections (Fig. 5.3 A). Fibrous
tissue formation was predicted to be more pronounced in the FDM scaffold compared to
the MEW scaffold (Fig. 5.3 A), as confirmed quantitatively by computing the percentage of
fibrous tissue over the total regenerated volume: 20% for FDM and 12% for MEW. This is a
consequence of the high mechanical stimuli around FDM struts, falling within the range
that promotes fibrous tissue formation (Fig. 5.7 A). Cartilage was predicted to form in both
scaffolds, with larger cartilage islands within the FDM scaffold compared to the MEW (Fig.
5.3 B), as confirmed by the percentage of cartilage tissue over the total regenerated volume:
12% for FDM and 6% for MEW. Notably, cartilage was predicted to accumulate near the

bone ends, as observed in the Safranin O staining performed on ex vivo sections (Fig. 5.3 B).
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Figure 5.3: Tissue organisation within FDM and MEW scaffolds. (A) In silico vs. ex vivo
Goldner’s Trichome staining within the longitudinal mid-section of FDM (left) and MEW (right)
scaffolds. Histological staining shows bone in dark green and unspecific soft tissue in red. Predicted
fibrous tissue is shown in pink. Yellow arrows indicate bone tissue closing the bone marrow gap. (B)
In silico vs. ex vivo Safranin O staining within the longitudinal mid-section of FDM (left) and MEW
(right) scaffolds. Histological staining shows cartilage in red. Yellow boxes highlight cartilage tissue
near the bone ends. Ex vivo images are reproduced from Eichholz et al., 2022 [108] under Creative
Commons Attribution 4.0 License.
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5.3 High porosity induces mechanical strains that
accelerate angiogenesis

Lower mechanical strains were predicted within the FDM scaffold central pores
compared to the MEW (Fig. 5.4 A). Broader regions characterised by strain levels falling
within the 5-10% range, known to enhance vessel growth [15-18, 89], were predicted within
the MEW scaffold (Fig. 5.4 A). Specifically, 48% of the callus volume in the MEW scaffold
experienced strains within this range, compared to 31% in the FDM scaffold (Fig. 5.4 A).
Although the FDM scaffold generally induced lower strain magnitudes, localised regions
of high strains exceeding 30% were detected around scaffold struts (Fig. 5.4 A). These high-
strain regions, known to inhibit vessel growth [89], were found to affect an increasing

number of vessels over time within the FDM scaffold (Fig. 5.4 B).
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Figure 5.4: The role of the mechanical environment on the predicted vessel growth within
FDM and MEW scaffolds. (A) Contour plots of the minimum principal strains (left) with areas
characterised by principal strains between 5% and 10% highlighted on the right, within FDM (top)
and MEW (bottom) scaffolds. (B) Number of vessels predicted in regions characterised by strains
above 30% within FDM and MEW scaffolds over time. Solid lines display the mean value, shaded
areas represent the range within one standard deviation (N=5 per scaffold type).

To isolate the influence of the scaffold architecture from the mechanical cues, vessel

growth rate was set constant and corresponding to the optimal strain range for
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angiogenesis (5-10%). As a result, the total vessel elongation over time increased within
both scaffold types (Fig. 5.5 A). In particular, the FDM scaffold exhibited a more
pronounced rise in total vessel elongation as compared to the simulations with mechanics-
dependent vessel growth, further indicating that its mechanical environment compromised
vessel ingrowth (Fig. 5.5 A). This was mainly visible from week 3, while the initial spike at
the beginning of the curves in both scaffolds resulted from the higher rate of vessel growth
assumed during the latency period. However, the total vessel elongation was still predicted
to be higher for the MEW scaffold as compared to the FDM scaffold, and this appeared to
be attributable to its more open and accessible architecture for vessels. Indeed, the number
of vessels prevented from growing further because physically blocked by the scaffold struts
was found to be higher in FDM throughout the simulation period (Fig. 5.5 B).
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Figure 5.5: The role of the scaffold architecture on the predicted vessel growth within
FDM and MEW scaffolds. (A) Total vessel elongation when assuming mechanics-dependent (solid
lines) vs. constant (dashed lines) growth rate within FDM and MEW scaffolds over time. Shaded
areas represent the range within one standard deviation (N=5 per scaffold type). (B) Number of
vessels over time blocked by the scaffold structure within FDM and MEW scaffolds, when assuming
a constant vessel growth rate. Dashed lines display the mean value, shaded areas represent the range
within one standard deviation (N=5 per scaffold type).

5.4 Large pore size on the outer scaffold surface
facilitates periosteal vessel infiltration

To better understand what is driving the increased vessel ingrowth observed
experimentally within the FDM scaffold and not captured by the baseline computer model,
in silico experiments were performed. First, the contributions from the two vessel sources,
the periosteum and bone marrow, to vascular ingrowth within the scaffolds were evaluated

independently by allowing vessels to grow exclusively from either the periosteum
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(“Periosteum only”) or the bone marrow (“Bone marrow only”). The total number of vessels
was observed to increase over time for both scenarios in both scaffolds, but a stronger
angiogenic response was predicted from the periosteum (Fig. 5.6 A-B). Since periosteal
vessels must infiltrate the scaffold from the lateral side, pore size on the outer surface plays
a critical role in determining accessibility. Narrow pores of 20 pm, like those characterising
the MEW scaffold outer surface, may physically restrict the entry of larger periosteal
vessels. To test this hypothesis, a proof-of-concept simulation was performed assuming a
larger vessel diameter of 40 pm. The model predicted an increased vascularisation within
the FDM scaffold compared to MEW, reflecting experimental trends, although vessel
density was generally underestimated (Fig. 5.6 C). Notably, the predicted newly deposited
bone slightly decreased as a consequence of the reduced vessel ingrowth, but the MEW

scaffold still supported higher levels of regenerated bone overall (Fig. 5.6 D).
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Figure 5.6: Influence of vessel source and diameter on scaffold revascularisation. (A) 3D
reconstruction of the predicted vessels within the callus at week 12 for FDM (left) and MEW (right)
scaffolds when allowing vessels to grow exclusively from the periosteum (top) or the bone marrow
(bottom). (B) Number of vessels predicted over time within FDM and MEW scaffolds in the different
scenarios simulated. The legend is displayed below the graph. Shaded areas represent the range
within one standard deviation (N=5 per scaffold type). (C) In silico vessel density within the region
of interest after 12 weeks for FDM and MEW scaffolds when assuming 40um-diameter vessels. 3D
reconstruction of predicted vessels is displayed above the barplots. (D) In silico bone volume after 12
weeks for FDM and MEW scaffolds when assuming 40um-diameter vessels. uCT reconstructions of
the predicted newly regenerated bone are displayed above the barplots.
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5.5 Reduced strut spacing and higher surface
area-to-volume ratio lead to enhanced bone
regeneration

The differentiation of MSCs into osteoblasts, chondrocytes or fibroblasts was modelled
as a function of the mechanical stimulus, determined by strains and fluid flow, which is
known to indicate the type of tissue most likely to form during the healing process [81]. The
distribution of the mechanical stimulus across the callus appeared asymmetric due to the
applied bending loads and the presence of the internal fixator on the medial (right) side
(Fig. 5.7 A). This resulted in higher (fibrous) stimulus on the lateral (left) side of both
scaffolds, even though this asymmetry appeared less pronounced in the FDM scaffold due
to its higher stiffness [36, 144] and enhanced load-bearing properties. Larger proportions of
volume exposed to bone-favourable mechanical stimuli were found within the FDM
scaffold (60% post-surgery, 57 % after 12 weeks) as compared with the MEW scaffold (30%
post-surgery, 34% after 12 weeks). Despite this, enhanced osteoblast differentiation and
proliferation were predicted within the MEW scaffolds, aligning with the higher level of
bone formation observed in this group (Fig. 5.7 B-C). A higher percentage of MSCs within
the FDM scaffold failed to differentiate into osteoblasts due to the absence of sufficient
surfaces for cell attachment, a prerequisite for cell differentiation (Fig. 5.7 D). The
percentage of MSCs that failed to find a surface increased sharply in both scaffolds during
the first 18 days, after which the FDM curve was consistently above the MEW one (Fig. 5.7
D).

82



Chapter 5: In silico investigation of angiogenesis and bone regeneration during scaffold-

aided bone healing
A B
Osteoblasts differentiation
MEW
x10*
£ 8
“ MEW
= T 7
3 S
5 o 8 6
) 8
8 € 5
o p=}
z
1% 0
1
Lmm m Weeks
C
Osteoblasts proliferation
4000
] MEW
[J]
2 © 3000
o S
f‘ 2 2000
— A €
=}
Z 1000
1mm 1mm 0
0
Mechanical stimulus favourable for: Weeks
D
[ Bone No surface available
[ Cartilage &
©n
Fibrous § 35
Y
5
b 30
<73}
2 r
& MEW
o
th 20
a

0 2 4 6 8 10 12
Weeks

Figure 5.7: The role of the mechanical environment and scaffold architecture on bone
regeneration within FDM and MEW scaffolds. (A) Distribution of the mechanical stimulus
within the longitudinal mid-section post-surgery (top) and after 12 weeks (bottom) within the FDM
(left) and MEW (right) scaffold. (B) The number of MSCs differentiating into osteoblasts over time
within FDM and MEW scaffolds. (C) The number of proliferating osteoblasts over time within FDM
and MEW scaffolds. (D) The percentage of MSCs that could not differentiate into bone because of
the absence of surfaces, over time, within FDM and MEW scaffolds. Solid lines display the mean
value, shaded areas represent the range within one standard deviation (N=5 per scaffold type).

5.6 Discussion

Three-dimensional printed scaffolds have emerged as a promising treatment alternative
for large bone defects, as supported by several preclinical and clinical studies [30-37].
However, revascularisation of large scaffolds is one of the major limitations to their clinical

translation. To optimise scaffold designs for improved vascularisation and subsequent
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bone healing, a deeper understanding of the mechano-biological processes behind scaffold-
aided angiogenesis and bone regeneration is essential. Scaffolds fabricated with different
3D printing techniques, either FDM or MEW, were shown to induce different levels and
patterns of vessel ingrowth and bone regeneration in large defects in rats [108]. In this
study, a mechano-biological computer model was developed to investigate the role of
scaffold architecture and mechanical cues on angiogenesis and bone regeneration within
FDM and MEW scaffolds. The computer model recapitulated vessel growth and the bone
regeneration progression observed experimentally within the two scaffolds. Thereafter, the
computational framework was used to separately assess the influence of scaffold
architectural cues and the induced mechanical environment, challenging to isolate in
experimental settings. Simulation results showed that the interplay between the mechanical
environment within the scaffold and its architectural features can explain experimentally
observed angiogenic and bone regeneration patterns. Specifically, strain levels, strut
spacing, pore size and scaffold surface-area-to-volume ratio emerged as key regulators of
angiogenesis and bone growth.

Previously, computational models have been developed to investigate angiogenesis and
bone regeneration within scaffolds. Several computational models have provided insights
into how the mechanical environment within scaffolds influences vessel growth and bone
regeneration ([75-77, 145]), although the contribution of scaffold architectural cues was
overlooked. A few computer models have been used to identify scaffold architectural
features favouring angiogenesis and bone regeneration. For example, this study builds
upon the mechanobiological scaffold-aided bone regeneration model of Perier-Metz et al.
[109], who showed that a lower surface area-to-volume ratio can promote bone formation
by facilitating cellular migration. However, angiogenesis was not included in the model.
Mehdizadeh et al. [72] developed an agent-based model of angiogenesis within idealised
porous scaffolds and found that large pore size and high porosity enhance vascularisation.
Sun and colleagues [74] introduced a model coupling angiogenesis and bone regeneration,
showing that porosity has a stronger influence than pore size on regeneration outcomes.
However, both models were only partially validated against experimental results and did
not include the effect of mechanical signals. This study introduces a computer model of
angiogenesis during scaffold-aided bone regeneration, validated against dedicated in vivo
experiments, to investigate how scaffold structural features and mechanical signals jointly

orchestrate angiogenesis and bone formation.
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Vessel and tissue growth patterns within scaffolds

The computer model predicted successful vascular infiltration throughout both scaffold
types, reaching the scaffold core, in line with experimental observations [108]. Although the
predicted vessel densities were in the same order of magnitude as those measured from ex
vivo sections, the computer model showed higher vascular density within the MEW scaffold
compared to FDM, in contrast to the experiment. Simulation results reproduced the bone
healing progression within both MEW and FDM scaffold architectures. In particular, the
model predicted the increased bone formation observed in vivo [108] within the MEW
scaffolds. The predicted bone formation patterns were also consistent with in vivo findings,
showing rounded bone ends within the MEW scaffolds and small bone spicules through
the FDM scaffold pores.

Despite both scaffold types appeared well vascularised by week 12, full bone bridging
was not achieved both experimentally and in silico. This result appears in contrast to the
traditional positive correlation between vascularisation and bone regeneration. Previous
studies have suggested that vascularisation is essential but may not be sufficient to ensure
bone regeneration [146, 147]. For example, even within a vascularised environment, both
optimal scaffold architecture (e.g. pore size [147]) and chemical properties (e.g. calcium ion
depletion [146]) were shown to be fundamental to achieve successful bone regeneration.

The model captured additional features of the bone healing process, including the
closure of the marrow cavity within both scaffolds and the formation of larger cartilage
clusters within the FDM scaffold. These cartilaginous regions were located near scaffold
struts, where high mechanical stimuli were predicted. Their presence may indicate ongoing
endochondral ossification and potential for further bone formation beyond a 12-week

period, as observed experimentally [108].

Strain levels and pore accessibility for vessel ingrowth

To better understand how the mechanical environment induced within the healing
region contributed to the different vessel ingrowth predicted within MEW and FDM
scaffolds, the mechanical strains induced within the two scaffolds were analysed. In the
MEW group, a larger portion of the callus exhibited strains within the 5-10% range, known
to support ECs proliferation and vessel elongation [10, 15-18]. Although the FDM scaffold
induced generally lower strain levels due to its higher effective stiffness (8-26 MPa [36] for
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FDM, 0.005-0.145 MPa [144] for MEW), elevated strains exceeding 30% were found at the
FDM scaffold-tissue interface. These high strains further limited vessel invasion in the FDM
scaffold, consistent with the experimental literature [89]. Overall, MEW scaffolds induced
strains within the healing region favouring vessel ingrowth.

The role of the scaffold architecture on vessel growth was analysed by ruling out the
vessel mechano-responsiveness, meaning that the vessel growth rate was set constant and
independent of local strain levels. MEW scaffolds appeared to have a more accessible
architecture for infiltration of 20 um diameter vessels. Indeed, more vessels resulted in
being blocked by the scaffold walls and prevented from growing further within the FDM
as compared to the MEW scaffold. This suggests that the MEW structure is inherently more
permissive to vascular ingrowth, as a consequence of its higher porosity and lower fibre
diameter, leading to a higher probability for vessels to find open spaces. This is in line with
the experimental literature reporting enhanced vessel infiltration for high porosity levels

[52].

Pore size and vessel diameter

As previously discussed, the computer model failed to predict the increased vascularity
observed experimentally within the FDM scaffold. One possible explanation for this
discrepancy between in silico and in vivo results is a current simplification of the model,
which is that vessels are assumed to have a constant diameter of 20 pm. While this
approximation reflects the majority of vessel diameters in MEW scaffolds, FDM scaffolds
exhibited a larger diameter distribution, including vessels with diameters up to 100 pm.
This may be a consequence of the narrow space between MEW struts on the scaffold outer
surface (space between struts=20 pm), which may limit the infiltration of larger vessels
originating from the periosteal site. Although pores smaller than 400 pm have been
generally associated with reduced vessel infiltration [46], among small sizes, 100-150 um
pores produced a denser vascular network in vivo than 25-50 pm pores [148]. Additionally,
an increased vascular response was predicted from the periosteum as compared to the bone
marrow, consistent with previous in vivo studies [5, 97]. Motivated by these considerations,
a proof-of-concept simulation was carried out by increasing the vessel diameter to 40 um.
Model predictions showed increased vessel infiltration within the FDM scaffold as
compared to MEW, aligning with experimental results, even though vessel densities were

generally underestimated. Importantly, this reduced vascular ingrowth led to a slight
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decrease in predicted bone formation within both scaffolds, but MEW still supported higher
bone regeneration compared to FDM scaffolds, in line with the experiment [108]. These
findings highlight the importance of carefully designing pore size to avoid restricting vessel

infiltration, especially at the scaffold outer-surface.

Strut spacing and tissue deposition

To investigate the mechano-biological processes behind the increased bone formation
within the MEW scaffold, key cellular activities were tracked throughout the bone healing
simulation. Increased osteoblast proliferation and differentiation were observed over time
within the MEW scaffolds, in line with the enhanced bone formation within this scaffold.
Enhanced cell proliferation within MEW as compared to FDM scaffolds has already been
observed during preliminary in vitro experiments by Eichholz and colleagues [108] and was
associated with the higher porosity of the MEW scaffold, allowing a greater volume within
which cells can proliferate, in line with other experimental studies [51]. Notably, the
increased osteoblast differentiation within MEW contrasts with the larger volumes
characterised by mechanical stimuli supporting bone formation in the FDM scaffold.
Moreover, simulations revealed an asymmetric mechanical environment due to bending
loads and the internal fixator, yet bone formation remained only mildly asymmetrical.
These observations suggested that bone formation patterns within the two scaffold types
cannot be explained by the mechanical environment alone. To assess whether scaffold
architectural cues also affected the predicted higher osteoblast differentiation within the
MEW scaffold, the percentage of MSCs unable to differentiate into osteoblasts, despite
being exposed to the right mechanical stimuli, was quantified. This revealed that MSCs
exhibited a lower differentiation within the FDM scaffold due to the difficulty in finding
available surfaces for cell attachment. Such limitation may be due to the larger spacing
between scaffold struts (higher pore size and lower surface-area-to-volume ratio),
consistent with the experimental literature showing enhanced cell growth for shorter
distances between scaffold inner surfaces [149]. A high surface area-to-volume ratio has
been generally regarded as beneficial for bone regeneration, enhancing cell attachment [48]

and supporting cell migration [50].
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Limitations and future work

This study has a few limitations that need to be acknowledged. The computer model
failed to replicate the increased vascularity observed experimentally within the FDM
scaffolds if only small vessels (diameter of 20 pm) were included. Additional simulations
incorporating an increased vessel diameter of 40 um, better reflecting the presence of larger
vessels observed experimentally within the FDM scaffolds, indicated that the reduced strut
spacing on the outer surface of the MEW scaffold might explain experimental results.
However, vessels are remodelled dynamically over time, and this process was not explicitly
modelled. While blood flow, oxygenation and several signalling pathways are all thought
to contribute to vessel remodelling during bone healing, the specific mechanobiological
mechanisms regulating those processes have been largely overlooked and are still
unknown [150-152]. As more experimental data become available, future work should
extend the current model to incorporate aspects of vessel remodelling processes, such as a
dynamic vessel diameter.

Although extracellular matrix (ECM) fibres play a key role in bone regeneration and
angiogenesis by providing structural and directional cues for mineral deposition [153, 154]
and vessel growth [24], their deposition was not explicitly simulated in the present model.
Despite this, the model reproduced the morphology of the newly formed bone ends within
the two scaffolds. In the case of FDM scaffolds, however, the predicted bone spicules
appeared smaller compared to those observed experimentally. Previous research has
attributed the formation of elongated bone spicules through large scaffold pores to a non-
standard mineralisation mechanism driven by highly aligned collagen fibres [153].
Incorporating additional processes such as collagen fibre deposition and strain-induced
remodelling could allow to improve the fidelity of the developed computational framework
and better capture the formation of long bone cones within the FDM scaffold pores.

To reduce the computational cost of the simulation, the geometry of the FDM scaffold
was slightly simplified. The original design featured struts with circular cross-sections,
requiring over one million finite elements to be discretised and more than five hours to
complete a single finite element analysis. Since the computational framework is iterative
and involves 26 finite element analysis steps to cover the 12 weeks of healing, the setup was
computationally expensive. To reduce the simulation time, adjacent overlapping struts

were merged in pairs, forming single struts with oval cross-sections. This reduced the
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simulation time by more than a factor of five. It is worth noting that the initial scaffold
geometry is itself an idealisation of the actual printed structure.

This study analyses two scaffold architectures, printed through FDM and MEW, to
investigate how mechanical cues and scaffold architectural features affect bone and vessel
formation. These designs were chosen to replicate a specific in vivo experiment [108] and
allowed model validation by comparing in silico and in vivo results. However, the
developed computational framework is highly flexible, with mechanical and biological
parameters easily adjustable to replicate various bone regeneration experimental
conditions. Future work should validate the computer model across different scaffold

designs to enrich and generalise the current findings.
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Conclusions

6.1 Achievements and contributions to the field

Sprouting angiogenesis is a critical determinant for successful bone regeneration, yet its
regulation remains poorly understood. Mechanical and structural cues, including
physiological external loads, cell-generated traction forces and geometrical cues, likely
influence angiogenesis after bone injury, however their individual contributions and
interactions are not well known. To address this gap, I developed multiscale computer
models replicating targeted experiments to investigate the mechano-regulation of
angiogenesis during bone healing. The developed framework allowed to systematically
investigate the effect of each individual factor, as well as their interactions, on the
angiogenic process, thereby unravelling several mechanobiological principles behind

angiogenesis during bone healing, as outlined below and summarised in Figure 6.1.
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Figure 6.1: Graphical abstract. The key findings of the thesis are illustrated. Colours indicate
the three different Chapters (Chapter 3 in yellow, Chapter 4 in green, Chapter 5 in light blue)
corresponding to the three objectives of the thesis.

The first step of the thesis was the development of a computer model of the mechanical
interplay between fibroblast and endothelial cells within a scaffold with highly aligned

pores (Chapter 3). The computer model successfully replicated the vessel formation process
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and fibroblast organisation observed in vitro. The comparison of simulation results with
experimental data revealed that durotaxis, that is the cell preference for a stiffer
environment, governed cell and vessel preferential alignment along the scaffold pores.
Moreover, mechanical strain levels induced within the pore by cell-generated traction
forces influenced vessel elongation, with strains between 5% and 10% boosting vessel
growth. Besides cell traction force magnitude, cell morphology - and thus the spatial
distribution of traction forces - was found to modulate vessel branching: forces acting
orthogonal to the vessel body induced new sprouting events. However, it remained to be
elucidated how cell-cell mechanical communication contributes to in vivo sprouting
angiogenesis.

This was addressed in the second step of the thesis by extending the developed
framework to simulate angiogenesis and stromal cell self-organisation during the early
stages of bone healing (Chapter 4). The previously built computer model was expanded to
account for the presence of external in vivo-like loading. The mechanobiological rules
implemented in the model allowed to explain why microvascular networks established
specific patterns in bone healing that comes to a fast and uneventful healing (rigid fixator)
or delayed healing (semirigid fixator). Comparing predicted vessel patterns to
experimental data revealed that principal strain magnitude and orientation, together with
endothelial tip cell mechano-response, are essential for vessel organisation: at low strain
levels, vessels align with the principal strain directions, whereas at high strain levels they
reorient orthogonally, probably as a protective response to avoid damage. Regarding
stromal cell self-organisation, durotaxis appeared to explain stromal cell patterns in vivo as
well. Through in silico experiments, the different mechanical cues were isolated and in vivo-
like external loads were found to overrule cell-cell mechanical interactions mediated by
cell-generated traction forces.

Finally, a computer model of angiogenesis and bone regeneration during scaffold-aided
bone healing was developed, specifically considering scaffolds fabricated by two different
3D printing techniques: FDM and MEW (Chapter 5). After model validation, the computer
model was used to investigate the impact of scaffold architectural and mechanical cues on
angiogenesis and bone regeneration. MEW high porosity induced mechanical strains
within the range of those reported to foster vessel growth. However, the small pore size on
the outer surface was found to prevent larger periosteal vessels from invading the scaffold

over time. Moreover, architectural features such as small strut spacing and high surface-
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area-to-volume ratio could explain the increased bone formation observed within MEW
scaffolds, via enhanced osteoblast differentiation.

Beyond mechanobiological findings, this thesis presents a flexible computational
framework that simulates angiogenesis across in vitro and in vivo contexts. This framework
can be easily extended as new data become available and adapted to replicate specific
experimental setups, thereby providing further insights into the mechanobiology of
sprouting angiogenesis. The specific recommendations for the future steps are presented in

the next section.

6.2 Recommendations for future work

Future work should address the limitations of this thesis. A recurrent limitation across
all three studies is the lack of ECM fibre deposition and remodelling, which are key for cell
and vessel organisation. Implementing this extension will require close collaboration with
experimental teams. Time-resolved measurements of fibre organisation are needed to
inform and validate the model, while dedicated mechanical tests are required to calibrate
more advanced constitutive models (e.g. fibre-reinforced hyperelastic formulation). This
would help capture experimental features that the current model failed to reproduce, such
as the periosteal vessel alignment under semirigid fixator or the long bone spikes within
FDM scaffold pores, and clarify how fibre contact guidance interacts with the
mechanobiological rules identified in this thesis.

The angiogenesis model itself could be further complemented to improve its predictive
power. Vessel remodelling is crucial for shaping the mature vascular network and was only
indirectly represented. As more experimental data become available, future work should
extend the current framework to incorporate aspects of vessel remodelling processes, such
as a dynamic vessel diameter adaptation and regression rules driven by local oxygenation
levels, VEGF concentration and shear stresses.

The mechanobiological principles identified in this thesis appeared consistent in murine
long bones (mice and rats), however it remains to be assessed whether they extend to other
bones and species. Future studies should test their transferability across species and bones,
and, ultimately, in humans.

Future work should explore further scaffold and fixator designs. Systematic parametric
studies varying pore size, orientation, porosity, surface area-to-volume ratio and material

stiffness could quantify the contribution of each feature on angiogenesis and bone
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regeneration. Building on that, multi-objective optimisation (e.g., optimising angiogenic
infiltration and maximising bone formation) could identify the most promising scaffold
architectures or fixators to test in vivo, thereby focusing experiments on the best candidates
and reducing animal use.

Finally, developing a more integrated and user-friendly interface of the computer model
would facilitate the adaptation of the model to the different scaffold and fixator designs as

well as experimental settings.
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APPENDIX

Mesh convergence analyses

A.1 Fibrin gel within the anisotropic scaffold

A mesh convergence analysis of the fibrin gel within the collagen scaffold was
performed to ensure that the predicted strain remained stable under mesh refinement.
Three mesh sizes were investigated, with element sizes of 0.01 mm, 0.005 mm, and 0.0025
mm, corresponding to a constant refinement ratio of r=2. The analysis was restricted to the
region of interest, i.e. the central pore of the scaffold. The analysis focused on the absolute
principal strain values, since the mechanobiological model considers this quantity as the
key stimulus for cell activity, independent of its sign.

The resulting distributions of principal strains within the pore appeared consistent

across all three mesh sizes (Fig. A.1).
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Figure A.1: Mesh convergence analysis of the fibrin gel. Predicted distributions of the
absolute principal strains within one pore of the anisotropic collagen scaffolds are shown for three
mesh sizes: 0.01 mm, 0.005 mm and 0.0025 mm (from left to right).

The absolute principal strain values obtained for each mesh refinement are reported in
Table A.1. The difference between the coarsest (case 1) and the finest mesh (case 3) was
0.18%, while the computational run time was reduced by a factor of 20. Therefore, case 1

was assumed sufficiently accurate and adopted for subsequent simulations.

Mesh size . Principal strains
Case (mm) Run time (s) (absolE te)
1 0.01 4 0.0499
2 0.005 18 0.0509
3 0.0025 83 0.0500

Table A.1: Quantities of interest for the fibrin gel mesh convergence analysis. For each
case, scaffolds and callus mesh characteristic size, simulation run times and averaged absolute
principal strain values within one pore.

A.2 Callus and scaffolds

A mesh convergence analysis of the callus and both the FDM and MEW scaffolds was

performed to evaluate whether the selected mesh sizes provided sufficient accuracy. The
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coarsest mesh size was constrained by the FDM strut dimension (0.2 mm), while the finest
mesh size was limited by the computational capacity of the server to handle models with
several million elements. Accordingly, three mesh sizes were tested with a refinement ratio
of approximately 1.4 between successive cases: 0.2 mm, 0.14 mm, and 0.1 mm. For each
case, the same mesh size was assigned to both the callus and the scaffold. The resulting
distributions of minimum principal strains appeared similar within the healing region

cross-section for both scaffold types across mesh refinements (Fig. A.2).

Mesh size (mm): 0.2 0.14 0.1
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Figure A.2: Mesh convergence analysis of the callus and scaffolds. Predicted distributions
of the minimum principal strains within the healing region are shown for FDM (top) and MEW
(bottom) scaffolds at three mesh sizes: 0.2 mm, 0.14 mm and 0.1 mm (from left to right). The yellow
boxes indicate the location of the volumes of interest.

To quantitatively assess the sensitivity of the predicted strains to mesh refinement, two
volumes of interest were defined within scaffolds, corresponding to highly strained regions
(Fig. A.2). In the FDM scaffold, this region was located between scaffold struts, whereas in
the MEW scaffold, it was placed centrally on the left (non-fixator) side (Fig. A.2). Maximum
and minimum principal strains computed at integration points were averaged within each
volume of interest, and the corresponding values are reported in Table A.2.

For the FDM scaffold, a good agreement was observed across refinements, with a 3.4 %
difference for the maximum principal strain and a 4.3 % difference for the minimum

principal strain between the coarsest (case 1) and the finest mesh (case 3). Even greater
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agreement was obtained for the MEW scaffold, with both strain measures deviating by less

than 2% between the coarsest (case 1) and the finest mesh (case 3). On this basis, case 1 was

considered sufficiently accurate for both the callus and scaffolds and was chosen for the

simulations. This choice also reduced the computational cost by a factor of 10, which was

essential since the finite element analysis had to be repeated multiple times within each

bone regeneration simulation.

FDM MEW
Mesh Maximum | Minimum . Maximum | Minimum
. Run . . Run time o o
Case | size ) principal | principal principal | principal
time (s) . . (s) . .
(mm) strain strain strain strain
1 0.2 304 0.2258 -0.2795 199 0.0957 -0.1361
2 014 |623 0.2250 -0.2800 635 0.0946 -0.1353
3 0.1 2961 0.2338 -0.2920 2020 0.0939 -0.1357

Table A.2: Quantities of interest for the callus and scaffolds mesh convergence analysis.
For each case, scaffolds and callus mesh characteristic size, simulation run times and averaged
principal strain values in a volume of highly strained elements (depicted in Figure A.2).
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Angiogenesis model calibration

B.1 Identification of traction force configuration

Tip ECs are known to exert traction forces on the surrounding environment, however
their spatial configuration remains unclear. Traction force microscopy experiments [13]
suggested that the sprout tip exerts radially distributed traction forces, whereas the entire
sprout behaves as a force dipole. However, most of these studies investigated a single tip
cell sprouting off from a cluster of ECs, which does not allow to separate the displacement
field from the traction exerted by the spheroid at the sprout base.

To realistically reproduce traction forces generated by an angiogenic sprout, preliminary
simulations were performed and compared with data from a 3D traction force microscopy
experiment on a longer sprout (2-3 cells). A simplified 2D FE model of a growing sprout
onto a gelatin substrate was developed and two different configurations of traction force
configurations were tested: the tip cell acting as an active force dipole with traction forces
aligned to the vessel growth direction, or exerting radially distributed forces on the
substrate (Fig. B.1 a). Stalk cells were hypothesised not to contribute, in agreement with
previous studies [155, 156].

The predicted displacement field generated by the sprout contractile activity was
qualitatively compared with experimental data (Fig. B.1 b). The dipole configuration
produced displacement vectors that more closely resembled the experimentally observed

polarisation, and was therefore adopted in the simulations presented in this thesis.
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Figure B.1: Simulated vs. experimental displacement field around the sprout. (a) Traction
force configurations assigned to the sprout tip and the corresponding predicted displacement fields.
(b) Displacement field obtained from 3D traction force microscopy experiments.

B.2 Parameter sweep analysis for vessel growth
direction

A parameter sweep analysis was carried out to identify the combination of probabilities
governing tip ECs growth direction (P1=persistency, P2=randomness, P3=mechanics) that
best reproduced the experimentally observed vessel orientation distribution during early
bone healing. All three regions of interest were considered: the gap (ROI1), the bone
marrow (ROI2), and the periosteal site (ROI3). Constraints were imposed to identify the
relevant parameter combinations, which are reported in Table B.1:

P1+P2+P3 =1;

P1, P2, P3 >= (.2 in order to have a sufficient contribution of each parameter;

P2 < 0.6 since vessels resulted unrealistically short as compared to the histological
images with P2 >0.6.

The analysis was performed for both the rigid and the semirigid fixation scenarios.

1 2 3 4 5 6 7 8 9 10 |11 |12 |13 |14
P1 (03 |04 |05 |06 |02 |03 |04 |05 |02 |03 (|04 [02 |03 |02
P2 |05 |04 |03 |02 |05 |04 |03 |02 |04 |03 |02 |03 |02 ]02
P3 |02 |02 |02 |02 |03 |03 |03 |03 |04 |04 |04 |05 |05 |06

Table B.1: Parameter sets analysed. Considered parameter combinations (P1, P2, P3) and
corresponding model numbers.
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All parameter combinations reproduced the experimentally observed preferential vessel
alignment within the different ROIs, with the exception of ROI 3 under semirigid fixator,
which failed across all the parameter combinations and was therefore excluded from this
analysis (Fig. B.2). The reasons for this discrepancy are discussed in Section 4.6 (Limitations

and future work).
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Figure B.2: Vessel orientation analysis. Results for all probability value combinations (P1,
P2, P3) across the three regions of interest for both fixators.
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To identify the optimal combination of probability values, the Mean Squared Error
(MSE) between the computational and experimental vessel orientation distributions was
computed within each ROI. For every parameter combination, the MSE values from all
ROIs and both fixators were summed to obtain a Total MSE (Fig. B.3). The parameter set
resulting in the lowest Total MSE corresponded to P1=0.4, P2=0.4, P3=0.2; therefore, it was

adopted in the computer model.

Total MSE

Figure B.3: Total MSE. Total MSE values for each parameter combination, with the minimum

indicated by the grey arrow.
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