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Abstract

Introduction. Intervertebral disc (IVD) degeneration is a prevalent cause of back pain
and disability, posing a significant socioeconomic burden. Current treatments often fail to
stop the degenerative process or restore disc function. By varying calcium and alginate
concentrations in hydrogels, biomaterial properties can be tuned to promote nucleus
pulposus (NP) cell regeneration. Increased calcium crosslinking in hydrogels results in a
stiffer matrix, directly affecting the synthesis of extracellular matrix (ECM) components
such as aggrecan and collagen. Complementary to in vitro testing, computational modeling
enables the optimization of biomaterial design and therapeutic strategies in a cost-effective
and efficient manner. Agent-based modeling (ABM) proves particularly valuable in this
context, where individual components interact with their environment according to
programmed mathematical rules derived from literature. Governed by decision-making
heuristics, ABM predicts emerging system properties from local interactions among
autonomous entities. This structured approach facilitates detailed, high-throughput
simulations of complex spatial-temporal systems, offering hypothesis-driven insights that
are otherwise challenging to observe in traditional experimental settings.

Research Goal. This thesis aimed to develop an alginate hydrogel ABM to numerically
simulate NP cellular activity related to IVD regeneration over 21 days.

Methods. In the intervertebral disc- hydrogel ABM (IVDH-ABM), NP cells were

programmed to interact with each other and the environment through a set of
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fundamental rules: migration, proliferation, apoptosis, and ECM and cytokine production,
in response to the hydrogel physical properties, such as elasticity. The model was
programmed using C+-+ and trained using regression analysis from literature data.
Calibration was performed to iteratively adjust unknown model parameters to fit ABM
outputs to in vitro experiments, using uncertainty quantification for days 3, 6, 9, and 12.
The model was validated against an independent set of empirical data to assess predictive
accuracy. Owing to the stochasticity of ABM, each simulation was run ten times to
generate confidence intervals for the remaining 15, 18, and 21 days. The predicted outputs
were considered accurate if they fell within the 95% confidence intervals of the
experimental data points. After validation, the ABM was used for simulation experiments
to determine the optimal hydrogel composition, such as alginate concentration and
calcium crosslinking density for NP regeneration. Numerical results were visually
represented using the Visualization Tool Kit (VTK) rendering in ParaView 5.7.0.

Results and Discussion. IVDH-ABM reproduced the relationship between hydrogel
composition and elasticity. Higher calcium crosslinking density, alginate concentration
and molecular weight, increased hydrogel stiffness, aligning with empirical data. The
optimized hydrogel composition (200 kDa alginate, 1.95% w/v, 20 mM calcium) resulted
in an elastic modulus of 3.66 kPa, supporting ECM production and cell proliferation. The
IVDH-ABM provides insights into optimal hydrogel compositions for NP regeneration,
advancing tissue engineering and regenerative medicine by offering a reliable platform for

simulating NP cell behavior. Future work includes integrating heterogeneous biochemical
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and mechanical stimuli, such as varying porosity and dynamic degradation rates, using
Finite Element Method (FEM) techniques to capture spatial and temporal variations in
tissue elasticity more realistically. Additionally, enhancing the model to encompass
intricate biological signaling pathways, cell-to-cell interactions, and environmental factors
such as nutrient availability will provide a more holistic understanding of NP cell
behavior. Lastly, transitioning the model to in vivo conditions, including validation with
real-time data and consideration of patient-specific variables such as genetic information

and disc morphology, is essential for advancing towards clinical applications.



Abrégé

Introduction. La dégénérescence du disque intervertébral (DIV) est une cause fréquente
de douleurs dorsales et de handicaps, posant un fardeau socio-économique significatif. Les
traitements actuels échouent souvent a arréter le processus dégénératif ou a restaurer la
fonction du disque. En variant les concentrations de calcium et d'alginate dans les
hydrogels, les propriétés des biomatériaux peuvent étre ajustées pour promouvoir la
régénération des cellules du nucleus pulposus (NP). Une augmentation de la réticulation
au calcium dans les hydrogels entraine une matrice plus rigide, affectant directement la
synthése des composants de la matrice extracellulaire (MEC) tels que l'aggrécan et le
collagéne. En complément des tests in vitro, la modélisation computationnelle permet
d'optimiser la conception des biomatériaux et les stratégies thérapeutiques de maniére
rentable et efficace. La modélisation basée sur des agents (ABM) s'avére particuliérement
précieuse dans ce contexte, ot les composants individuels interagissent avec leur
environnement selon des régles mathématiques programmeées dérivées de la littérature.
Régie par des heuristiques de prise de décision, I' ABM prédit les propriétés émergentes du
systéme a partir des interactions locales entre des entités autonomes. Cette approche
structurée facilite des simulations détaillées et a haut débit de systémes complexes spatio-
temporels, offrant des insights hypothétiques qui sont autrement difficiles & observer dans

des contextes expérimentaux traditionnels.



Objectif de la recherche. Cette thése visait a développer une ABM d'hydrogel
d'alginate pour simuler numériquement l'activité cellulaire du NP liée & la régénération
du DIV sur une période de 21 jours.

Meéthodes. Dans I' ABM du disque intervertébral-hydrogel (IVDH-ABM), les cellules NP
ont été programmeées pour interagir entre elles et avec 1'environnement par un ensemble
de régles fondamentales : migration, prolifération, apoptose et production de MEC et de
cytokines, en réponse aux propriétés physiques de 1'hydrogel, telles que l'élasticité. Le
modéle a été programmé en C-++ et entrainé a l'aide d'analyses de régression basées sur
des données de la littérature. La calibration a été réalisée pour ajuster itérativement les
paramétres inconnus du modéle afin de faire correspondre les sorties de I'"ABM aux
expériences in vitro, en utilisant la quantification de l'incertitude pour les jours 3, 6, 9 et
12. Le modéle a été validé par rapport & un ensemble indépendant de données empiriques
pour évaluer la précision prédictive. En raison de la stochasticité de 1'ABM, chaque
simulation a été réalisée dix fois pour générer des intervalles de confiance pour les jours
restants (15, 18 et 21). Les sorties prévues étaient considérées comme précises si elles se
situaient dans les intervalles de confiance a 95% des points de données expérimentaux.
Apreés validation, I' ABM a été utilisé pour des expériences de simulation afin de déterminer
la composition optimale de 1'hydrogel, telle que la concentration d'alginate et la densité
de réticulation au calcium pour la régénération du NP. Les résultats numériques ont été
représentés visuellement & 1'aide du Visualization Tool Kit (VTK) rendu dans ParaView

5.7.0.



Résultats et discussion. L'TVDH-ABM a reproduit la relation entre la composition de
I'hydrogel et 1'élasticité. Une densité plus élevée de réticulation au calcium, ainsi que le
poids moléculaire et les concentrations d'alginate, ont augmenté la rigidité de 1'hydrogel,
en accord avec les données empiriques. La composition optimale de 1'hydrogel (alginate
de 200 kDa, 1,95% p/v, 20 mM de calcium) a résulté en un module élastique de 3,66 kPa,
soutenant la production de MEC et la prolifération cellulaire. L'TVDH-ABM fournit des
insights sur les compositions optimales d'hydrogel pour la régénération du NP, faisant
progresser l'ingénierie tissulaire et la médecine régénérative en offrant une plateforme
fiable pour simuler le comportement des cellules NP. Les travaux futurs incluent
l'intégration de stimuli biochimiques et mécaniques hétérogenes, tels que la variation de
la porosité et des taux de dégradation dynamique, en utilisant des techniques de la
méthode des éléments finis (FEM) pour capturer plus réalistement les variations spatiales
et temporelles de 1'élasticité tissulaire. De plus, améliorer le modéle pour englober des
voies de signalisation biologique complexes, les interactions cellule-a-cellule et les facteurs
environnementaux tels que la disponibilité des nutriments, offrira une compréhension plus
holistique du comportement des cellules NP. Enfin, le passage du modéle aux conditions
in vivo, y compris la validation avec des données en temps réel et la prise en compte des
variables spécifiques au patient telles que les informations génétiques et la morphologie

des disques, est essentiel pour progresser vers des applications cliniques.
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Chapter 1 Introduction

1.1 Research Motivation

Low back pain affects 632 million people worldwide! and is among the most prevalent,
debilitating,? and costly? conditions. Approximately 84% of people will experience chronic
lower back pain at some point during their lifetime,* leading to substantial healthcare
expenditures. In the United States, direct and indirect medical costs related to spinal
issues exceed $130 billion CAD annually.? Previous Canadian estimates indicated that
healthcare costs for spinal disorders reached $2.44 billion CAD in 1994.6 In less than ten
years, healthcare expenditure for such disorders had escalated to $330 million CAD for
Ontario alone in 2013.7

The prevalence of low back pain and its associated costs are expected to surge with
the aging global population.® The onset and progression of low back pain are significantly
influenced by intervertebral disc (IVD) degeneration, a leading cause of spinal
instability,3? that has a significant impact on quality of life worldwide.!® Existing
treatments often offer only temporary relief and fail to address the underlying disc
degeneration. These shortcomings have led to a growing interest in regenerative medicine
as a more sustainable and effective approach to treating IVD degeneration.

Tissue engineering leverages biomaterial development to combine scaffolds, cells, and

bioactive molecules to create, maintain, or restore functional tissues. Regenerative
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medicine replaces or regenerates tissues by stimulating the body’s own repair mechanisms
to restore normal function. In clinical practice, regenerative medicine uses materials that
facilitate healing by releasing growth factors and cytokines into injured tissues. Tissue
Engineering in Regenerative Medicine (TERM) presents a promising approach for treating
disc degeneration by leveraging biomaterials, such as hydrogels, to support cell growth
and tissue regeneration. However, a comprehensive understanding of how cells interact
with biomaterial physical properties remains elusive, limiting the full potential in
therapeutic outcomes. Computational modelling has become more prevalent in medical
research, particularly in TERM.!! Mathematical and machine learning algorithms are used
to simulate complex biological processes and predict therapeutic outcomes, aiding
experimental design and biomaterial property optimization. These in silico simulations
allow researchers to rapidly test hypotheses,!? explore various scenarios, and make
predictions that inform and complement traditional laboratory testing in a more cost- and

time- efficient manner,'3 as shown in Figure 1.1.
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Figure 1.1 Overview of the Tissue Engineering Process. The integration of computational
simulations to determine the optimal hydrogel mechanical properties for IVD-tissue regeneration,
informing the scaffold fabrication, guiding in vitro testing, and clinical implantation. Created with

Biorender.com.

This study leverages computational modelling to predict the regenerative ability of
the IVD. More specifically, an agent-based model (ABM) is used to understand the

behavior of these cells within a biomaterial environment, ultimately contributing to
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advancements in tissue repair and regeneration strategies. In the ABM, autonomous
entities known as agents are each governed by distinct sets of rules and behaviors.* The
fundamental principle of ABM is that simple rules at the individual level lead to emergent
behavior at the system level.!> Each agent in ABMs evaluates their situation and makes
decisions based on predetermined rules, such as moving, interacting with other agents, or
changing its state, over a sequence of time steps.

Existing IVD-specific models have primarily focused on the effects of biochemical
stimuli and basic mechanotransduction processes, such as local tensile and compressive
mechanical loads, and the impact of nutrition levels on cell activity and viability.!6 These
models, however, fall short in simulating and optimizing the parameters of biomaterials,
critical for tissue engineering applications. This thesis research integrates
mechanotransduction to simulate nucleus pulposus (NP) cells within a hydrogel
environment. Furthermore, this thesis work introduces an in silico framework for
experimental testing and optimization of biomaterial designs, mimicking the interactions
between NP cells and the varied physical properties of hydrogel compositions (Figure

1.1).
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1.2 Research Objectives

The overall goal of this thesis was to develop an agent-based computational model
for the investigation of the regenerative capabilities of the IVD-specific cells; namely the
NP cells, within alginate-based hydrogels. Figure 1.2 depicts a workflow overview of the
ABM development process. This study has two specific aims:

Specific Aim 1. Developed, Calibrated, and Validated the IVD Hydrogel ABM for

Regeneration.

An IVD-hydrogel ABM (IVDH-ABM) was developed to numerically simulate the
biological response of NP cells within an alginate hydrogel over a period of 21 days. The
NP cells, represented as model agents, interacted with each other and the hydrogel
environment through a set of key rules; cell migration, proliferation, apoptosis, cytokine
synthesis, and extracellular matrix (ECM) production, in response to the mechanical
properties of the hydrogel; elasticity, porosity, and degradation of the scaffold matrix. The
biological model outputs included the cell viability, ECM deposition, cytokine levels, and
the mechanical properties of the hydrogel. The model was calibrated using literature data,
and the output was subsequently validated against in vitro experiments. The IVDH-ABM
was expected to achieve a strong correlation between the simulated predictions and

empirical in vitro results.
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Specific Aim 2. Performed In Silico Evaluation of the NP Regenerative Responses to a

Physiologically Relevant Hydrogel Elasticity.

The validated ABM was utilized to investigate NP cell regeneration in response to
an alginate hydrogel designed to match the elasticity of a healthy middle-aged human
lumbar NP tissue. Employing an exhaustive combinatorial optimization algorithm, the
validated model systematically explored every permutation of hydrogel composition within
physically acceptable defined ranges. Hydrogel conditions were identified by recording the
datapoint sets that yielded outputs within the targeted physiological range. Subsequently,
an in silico experiment was conducted, wherein the optimized alginate concentration and
calcium crosslinking density were inputted into the model to simulate NP cell behavior.
The model predicted cell viability, cytokine expression levels, and ECM production
profiles within the hydrogel over a 21-day period. Statistical analysis was then performed
to evaluate the predicted regenerative dynamics of the cells, comparing the optimized
output to the other hydrogel conditions previously used to validate the model. This aim
leverages the understanding that mechanical properties, particularly elasticity, are crucial
for IVD functionality and regenerative capacity. Focusing on physiologically relevant
conditions enhances the translation of computational modeling into effective clinical

treatments in regenerative medicine.
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Figure 1.2 Workflow of Agent-Based Model in this Thesis Research. Created with

Biorender.com.

1.2.1 Research Significance

The thesis research holds significance across different aspects of biomedical
engineering and healthcare. First, the model presented in this thesis provides predictive
insights on the regenerative potential of NP cells, guiding experimental designs and
reducing the number of trials needed for optimization. A computational approach saves
both time and resources, which is particularly important given the high cost of research
infrastructure for in vitro studies. Second, the algorithms used in this model can be readily
adapted for broader applicability in regenerative medicine, with strong translational

potential in clinical settings.
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1.3 Thesis Organization

This thesis is organized into five chapters. Chapter 1 introduces the project,
establishing the motivation and clearly defines the research goals. Chapter 2 comprises
a comprehensive literature review and identifies the research gap in current IVD
regeneration treatments. Chapter 3 outlines the ABM development methodology,
detailing data extraction from relevant scientific literature and its translation into
mathematical code for subsequent numerical simulation and parameter calibration.
Chapter 4 presents the results of the model simulations, where the prediction outcomes
and their effectiveness in optimizing scaffold designs are quantitatively evaluated. Finally,
Chapter 5 offers a discussion of the simulation outcomes, assessing its implications in
the broader context of tissue engineering and regenerative medicine. This chapter also
serves to draw conclusions, summarizing the research contributions and proposing

directions for future work in the development of the model.
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Chapter 2 Literature Review

This chapter is organized as followed: the anatomy and physiology of the IVD
(section 2.1 ), the mechanobiology of the IVD and existing treatments and limitations
for IVD degeneration (section 2.3 ), an overview of tissue engineering approaches
(section 2.4 ) and the utility of computational modelling in biomedical research (section

2.5 ).

2.1 Intervertebral Disc Anatomy and Physiology

The IVD is a complex, multi-component structure that serves as a cushion between
each vertebra and forms a flexible spinal column. It is composed of three components,
namely, the cartilage endplate (CEP), the annulus fibrosus (AF), and the nucleus pulposus
(NP) (Figure 2.1). The combination of mechanical properties provided by each
component allows for efficient shock absorption while transferring loads between vertebrae

during daily mobility activities such as walking, running, and lifting.!”
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Figure 2.1. Lumbar Spine Anatomy. A lumbar spinal segment consisting of a diagram of the
sagittal section of the vertebral body and IVD (A), and the superior view of a healthy (top) and

herniated (bottom) IVD, during disc degeneration (B). Created with BioRender.com.

The CEPs measure less than 1 mm in height and are composed of hyaline cartilage
layers that separate the disc from the adjacent vertebrae.'® The endplates serve as a
protection barrier to prevent wear and tear while also being responsible for nutrient
transport. The AF is made up of concentric layers of fibrocartilage that form the
outermost ring of the disc. When the IVD is subject to torsional and shear stresses caused
by bending and twisting of the spine, the rigid AF will provide rotational stability.!”
Confined within the AF, the gel-like NP acts as a hydraulic cushion that deforms and

adapts to the various loading conditions.
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When the spine undergoes physiological compression forces, the NP bares most of the
load and redistributes it radially outward towards the AF, which will expand and contract
in accommodation, minimizing the impact on the vertebrae.? The NP tissue is composed
of various proteins and cells. These cells and their secreted extracellular matrix (ECM)

form a scaffold that allows for the tissue-level load-distributing capability of the disc.?!

2.2 Mechanobiology of the Extracellular Matrix

The physiological function of the IVD is highly dependent on its ECM remodelling
kinetics. Serving as a biochemical and biomechanical scaffold, key ECM components like
collagen and proteoglycans are synthesized and secreted by chondrocyte cells. These
components facilitate critical cell-ECM interactions that govern cell adhesion, migration,
growth, differentiation, death, chemokine secretion, and protein synthesis.??

Aggrecan is a key proteoglycan in the NP, accounting for 65-85% of its dry
weight.?? It plays a multifaceted role in cellular and mechanical functions within the NP.
By interacting with cell surface receptors, aggrecan activates signaling pathways that are
crucial for cell survival, proliferation,? and differentiation.?® It also modulates the activity
of growth factors and cytokines by binding to them, thereby creating localized gradients
that guide cell migration.?6 Structurally, aggrecan contains negatively charged
glycosaminoglycans (GAGs) that attract and retain water. This water-binding capability
leads to elevated hydration levels,?” contributing to the development of hydrostatic

pressure that enables the NP to absorb and disperse compressive forces, rendering the NP
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with a gelatinous consistency and unique elastic properties.?? This is particularly vital in
load-bearing tissues, where mechanical support is essential.?® The hydrated, gel-like
environment also facilitates the efficient exchange of nutrients, signaling molecules, and
waste products between cells and their surroundings.?’

Alternatively, collagen plays a pivotal role in the mechanical and cellular functions
of the IVD, exhibiting tissue-specific variations in both the NP and AF. The mechanical
properties of the tissue, including stiffness and elasticity, are significantly influenced by
fiber orientation and density. In the AF, type-I collagen fibers are densely organized,
providing tensile strength and structural integrity, which prevents excessive deformation
during spinal activities.?? Conversely, the NP primarily contains type-II collagen, making
up 15-20% of its dry weight.?? This type of collagen provides a flexible matrix that allows
for resistance against multi-directional forces common during spinal movement, such as
torsion and shear.3! Collagen influences cell behavior through mechanotransduction, a
process in which cells translate mechanical signals into biochemical responses such as cell
proliferation and matrix synthesis or degradation.??

The ECM serves as a substrate for cell adhesion, allowing cells to communicate via
transmembrane receptors,?® which triggers intracellular signaling pathways that regulate
cell proliferation and differentiation.?* Additionally, collagen provides a structural lattice
for cell migration, essential for tissue regeneration, and regulates cell motility through

interactions with cell surface receptors.??
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Aggrecan and collagen work together to regulate the mechanical properties and
cellular behavior of the ECM (Table 2.1). The water-binding ability of aggrecan
complements tensile strength supplied by the collagen, resulting in a composite material
that resists both compressive and tensile forces.?® This mechanical synergy is critical for

the proper function and adaptability of load-bearing cartilage tissues like IVD.

Table 2.1 Summary of Major ECM Components in the Adult IVD.

ECM . ] ) Concentration (NP dry weight)
Biomechanical function

component Healthy Degenerated

e Structural integrity (stiffness)

Collagen 1T 2 X _ 15-20% ~90% decrease 3
e Promotes cell proliferation
o Elasticity
P 11 viabili A
Aggrecan * Promotes cell viability and 65-85% ~50% decrease 37

proliferation
o Facilitates nutrient diffusion

2 Collagen-II decreases ~90% and collagen-I increases ~210% during degeneration compared
to healthy discs.

2.3 Biomechanics of Matrix Degradation and Disc Degeneration

In a healthy TVD, the ECM is in constant dynamic equilibrium, undergoing
physiological remodelling to maintain its structure and function. This homeostasis requires
a delicate balance in anabolic and catabolic processes (Figure 2.2). Anabolic processes
maintain ECM replacement and repair. ECM anabolic activities are primarily driven by

growth factors like transforming growth factor (TGF-8), which promote ECM component
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synthesis. TGF- binds to the NP cell surface receptors and triggers a signalling cascade
that promotes collagen and aggrecan synthesis.?® Proinflammatory cytokines, such as
interleukin-1 beta (IL-1B) and tumour necrosis factor alpha (TNF-a), increase catabolic
activity?® by stimulating the secretion of ECM degradation enzymes, e.g., Matrix
Metalloproteinases (MMPs), A Disintegrin and Metalloproteinase with Thrombospondin
Motifs (ADAMTS) etc.?0 Tissue Inhibitors of Metalloproteinases (TIMPs) regulate these
enzymes, ensuring that degradation does not exceed synthesis and thus maintaining

homeostasis.4!
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Figure 2.2. Anterior Coronal View of the IVD Microenvironment. A schematic
comparison between the physiological microenvironment of the healthy IVD (A), and the

pathological microenvironment of the degenerated IVD (B). Created with BioRender.com.

Degradation of the ECM occurs when catabolic processes exceed anabolic processes.
The upregulation of cytokines in the ECM leads to a net loss of essential matrix
components (Figure 2.2).42 Aggrecan and collagen abundance peaks in early adulthood
and then gradually decline due to a decrease in matrix-synthesizing cells*3 and an increase
in enzymatic degradation.** This imbalance is caused by etiological factors such as aging,
mechanical overload, or inflammation.** The inflammatory microenvironment influences
MMP expression and correlates positively with the extent of IVD degeneration. Under

normal physiological conditions, MMPs are expressed in low levels and increased in an
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inflammatory environment.* Furtwangler et al., (2013) found that ADAMTS expression
levels accumulated and contributed to ECM changes during disc degeneration.*6 Results
showed reduced cell activity and collagen content after the intradiscal injection of
ADAMTS.

The mechanical properties of the IVD are compromised as the ECM deteriorates.
The ECM composition is altered due to a decrease in proteoglycans and collagen type-II
and an increase in collagen type-1.3* The fragmented water-retaining GAG chains from
the aggrecan results in a decrease in hydration levels?” and impair the hydrostatic
properties of the disc,*® and the decreased collagen type-II levels cause structural
weaknesses,* while the increased collagen type-I levels stiffen the NP. Available evidence
suggests that a stiff substrate causes NP cell phenotypic changes such as apoptosis and is
associated with disc degeneration.”® Mechanical failures can accelerate the degenerative
process by triggering an inflammatory response, resulting in a feedback loop of mechanical
and biochemical failures.?® For instance, increased compressive stresses ranging from 1-3
MPa’! above the 0.1-0.5 MPa norm (120% of the body weight)5? can cause microtears in
the collagen network,? triggering an inflammatory response and increasing the activity of
catabolic enzymes. These biochemical changes cause additional mechanical failures and
worsen the current state.*

The collective changes in the mechanobiology of the NP limit the disc’s flexibility
and range of motion.’® This makes the disc more prone to mechanical failures such as

tears and ruptures, which can lead to degenerative conditions such as disc herniation, in
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which the NP leaks out, causing nerve impingement and severe pain,® affecting daily
activities and overall quality of life. Due to avascularity, the IVD is limited in self-healing
capacities®” and rely on external regenerative intervention. Understanding the mechanisms
by which the ECM degrades is critical for developing effective treatment strategies for

disc degeneration.

2.4 Tissue Engineering Approaches for IVD Regeneration

IVD degeneration treatment is expensive and often unsuccessful.’®* The annual
outpatient physician visits for spinal conditions in Ontario result in direct healthcare costs
of approximately $330 million CAD.” In cases where conservative treatments, such as
physical therapy and pain medication, fail to alleviate symptoms, surgical intervention is
frequently sought.®® The most common surgical procedure to treat lumbar hernias is a
discectomy, in which the affected area is removed to alleviate pressure on the spinal
nerves.% While these treatments may succeed in providing pain relief, they do not halt
the degeneration process nor restore the disc to its original function®' and are associated
with significant postoperative complications, such as such as prosthesis failure, infection,
and pain in 10-13% of patients.3®

Moreover, despite surgical advancements, between 25% to 30% of patients continue
to experience persistent back pain post-surgery.? This limitation has sparked increased
interest in regenerative medicine and tissue engineering to develop therapeutic strategies

to restore the structure and function of the degenerated IVD.%3 This growing demand for
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effective IVD regeneration treatments has directly contributed to the rapid expansion of
the global tissue engineering market (Figure 2.3). The global tissue engineering market
is valued at $13.58 billion CAD in 2019 and is projected to grow at an annual growth rate
of 14.28% from 2020 to 2027. %4 Moreover, as evidenced by 21 tissue engineering companies
in the United States, the annual research and development investment is estimated at
$6.45 billion CAD in 2017 alone.® Within this market, the orthopedics, musculoskeletal,

and spine segment holds the highest market share of 31% in 2022.66

Tissue Engineering Market Size Over the Years (USD Billion)
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Figure 2.3 Tissue Engineering Market Size. Bar graph depicting the global tissue engineering
market size accounted at $11.8 billion USD in 2022 and is expected to reach $33.38 billion USD
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by 2032, growing at a rate of 11%. This graph was created based on the published data from

Precedence Research.%

Tissue engineering approaches, such as cell-based therapy, growth factor delivery,
and biomaterial scaffolds, present a promising treatment option for the degenerating
IVD.38 Cell-based therapy for IVD regeneration involves autologous or allogenic IVD cells
or differentiating mesenchymal stem cells (MSCs).5”7 Though cell retrieval is relatively
simple, challenges arise with in vivo transplantation, including immunological responses
and cell expansion deficiencies.® Another form of a tissue engineering approach is the
delivery of biologically active substances to the degenerated site.59 Growth factors, such
as TGF-B, stimulate cell proliferation and ECM synthesis. However, their application is
limited by rapid diffusion and degradation.™ To circumvent this challenge, growth factors

can be loaded into biomaterials to control their delivery and degradation rate.”

2.4.1 Biomaterial-Based Tissue Engineering Approaches

Biomaterial tissue engineering aims to develop functionalized tissue replacements
that can facilitate tissue regeneration and restore the function of damaged tissues in
parallel. The choice of biomaterial largely depends on the implantation site, although the
ideal biomaterial offers biocompatibility, mechanical durability, and the capacity for
integration with the host tissue.”™ Hydrogels are common in regenerative biomaterials due
to their biocompatible, tunable, and biomimetic properties.’® These three-dimensional

networks of hydrophilic polymers are excellent in replicating the natural tissue
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environment, given that they can absorb large amounts of water while retaining their
structural integrity.”

Both natural and synthetic derived biomaterials have been explored for NP tissue
engineering. Natural polymer-based biomaterials, include chitosan, gelatin, hyaluronic
acid (HA), fibrin, and alginate. These natural materials are derived from animal or plant
sources and are attractive due to their availability, biocompatibility, non-toxicity, and
biodegradability properties.” However, disadvantages include rapid in vivo degradation
after implantation and difficulty in maintaining integrity of mechanical properties.”
Synthetic hydrogel materials mainly comprise poly-(D,L-lactide) (PLA), polyethylene
glycol (PEG), poly-(lactic-co-glycolic acid) (PLGA), polyethylene glycol diacrylate
(PEGDA), and poly-(vinyl alcohol). Such materials are advantageous for their improved
mechanical strength and durability due to their strong covalent bonds.” In contrast,
synthetic biomaterials require additional chemical modifications for in vivo compatibility
and cell adhesion.”” An overview of the properties of each material is provided in Table

2.2,

34



Table 2.2 Overview of Main Biomaterials Used in IVD Tissue Engineering.

Material Main Characteristics Ref.

Natural Materials

o Excellent biocompatibility, biodegradability, and cell adhesion.

Chitosan i ‘ 78
e (Controllable degradation rate and pore size.
o Excellent mechanical and biochemical properties, biocompatibility,
Collagen/ and cell viability. 0
gelatin e Low cost and biodegradable.
e Reduced immune response.
Hyaluronic e Good biocompatibility, proliferation, and cell adhesion. <0
acid e Superior mechanical properties.
e Tunable mechanical properties (similar to native cartilage).
Alginate o Excellent regeneration, proliferation, cell adhesion, 8l
biocompatibility, flexibility, and degradation.
o e Good biocompatibility and high elasticity. ©
Fibrin . .
e High degradation.
Synthetic Materials
PEGDA/ e High cytocompatibili‘ty (minimized inflammatory responses). .
PEG e Controllable mechanical strength.
e Tuneable properties.
e Similar to natural cartilage
PVA e High water content (good diffusion and permeability) 84
e Chemically resistant
PLGA/ e DBiodegradable .
PLA e Good mechanical strength.

To survey the current application of NP tissue engineering, a search for research
papers published was performed on The National Center for Biotechnology Information
(NCBI) PubMed between 2019 and 2023 using the following combined terms; “alginate,”
“gelatin,” “hyaluronic acid,” “chitosan,” “fibrin,” “PEG,” “PVA,” “PLGA,” “PLA,” and

“intervertebral disc” (Figure 2.4). The search generated 76 research studies. Alginate
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(22%; N= 17) and PVA (8%; N= 6) were respectively the most common natural and

synthetic materials used in hydrogels.

PEGDA (3%) ®
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<
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Biomaterials
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Gelatin/ (12%) ® @ Hyaluronic (13%)
Collagen Acid

Figure 2.4 Biomaterials Used in IVD Tissue Engineering. Nested pie chart was generated
by surveying published articles between 2019-2023 using NCBI PubMed, wherein alginate is the

most abundant biomaterial. Created with BioRender.com.

Alginate-based hydrogels have been the focus for NP tissue engineering due to their
biocompatibility and versatile physiochemical properties.®6 Alginate is a water-soluble,
natural, linear polysaccharide, derived from the cell walls of bacteria and brown algae and
can be transformed into a hydrogel upon hydration. Being a natural polymer, it is not
considered as a foreign body by the immune system and can be effectively integrated into

the surrounding tissue.®! The physical and mechanical properties of alginate hydrogels,
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including stiffness, viscoelasticity, stress relaxation, and degradation,®” can be finely tuned
via chemical modification, allowing for successful replication of the NP ECM.%8

The concentration of crosslinking ions used can significantly influence the
mechanical properties of alginate hydrogels.®! Higher concentrations of crosslinking ions,
like calcium, lead to an increased crosslinking density, resulting in stiffer hydrogels. Leone
et al. (2008) developed an amidic derivative of alginate (AAA hydrogel) to increase
viscosity while maintaining the rigidity of the hydrogel.®¥ The chemical modification
showed increased water uptake over the degenerated NP, potentially restoring the disc
height. In addition, the authors also noted an increase in chondrocyte proliferation,
collagen (II), and proteoglycan production, fundamental aspects of NP regeneration. The
concentration of alginate in the precursor solution is directly related to the mechanical
properties of the resulting hydrogel. Higher concentrations result in stiffer hydrogels due
to the increased density of the polymer network and chain entanglement.®! Moreover,
Bron et al., (2011) evaluated the relationship of alginate concentration on scaffold stiffness
and subsequent assessment of the ECM expression during NP regeneration.? The alginate
scaffolds successfully replicated the viscoelastic properties of NP, wherein the outcomes
showed prolonged NP cell viability.

Stress relaxation also affects NP cell behaviors and ECM remodelling. The stress
relaxation of the alginate hydrogel can also be controlled by manipulating the alginate
molecular weight,?! whereby decreasing the molecular weight enhances stress relaxation.

In addition, the viscoelasticity and degradation rate of alginate hydrogels can be adjusted
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to match the NP regeneration rate via the material’s crosslinking density.?! For instance,
the higher the linking density, the slower the degradation rate. Finally, the porosity of
the hydrogel may be controlled through the alginate concentration,”? wherein higher
concentrations result in lower porosity. The lower porosity restricts sufficient nutrient
diffusion and waste exchange and limits cell migration and proliferation.”3

In addition, the swelling ratio of a hydrogel significantly influences cytokine
diffusion, establishing a crucial relationship that impacts the efficacy in tissue
regeneration. As the hydrogel swells from water uptake, its network polymer expands,
increasing the pore size and thus facilitating cytokine mobility.?* This increased mobility
allows cytokines to diffuse more freely and rapidly through the hydrogel, creating
concentration gradients essential for directing cellular activities such as migration.
Alginate hydrogels can be precisely tailored to alter critical characteristics associated with
the ideal environment for ECM production, cell proliferation and regeneration.

The modification of IVD hydrogel properties remains challenging since in vitro
studies do not offer reproducibility due to various factors such as biological variability
and experimental design. Laboratory experiments are performed under highly controlled
and simplified conditions. They often fail to capture the complex interactions within a
living system, leading to inconsistencies when replicating results.?” In vitro modulation of
the immune response to the hydrogel is a concern due to the inability to accurately
recreate the complex spectrum of immune interactions in the in vivo environment, leading

to an overly simplified and inadequate representation.?® Finally, data integration is
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difficult for in vitro studies. These studies generate extensive data, but a lack of reliable
methods to integrate and analyze it can make it difficult to draw conclusions and predict
in vivo behavior. Computational models could thus be leveraged to complement preclinical
models for characterizing biological phenomena that are non-intuitive, unexpected, or

difficult to explore experimentally.

2.5 Computational Modelling for Biomaterial Design

Computational modelling in tissue engineering and regenerative medicine (TERM)
has become increasingly popular in recent years as researchers seek to understand complex
biological systems through mathematical simulations (Figure 2.5). Mathematical models
are foundational tools in many scientific disciplines, providing a structured framework for
describing, analyzing, and predicting complex systems, offering insights into behavior that
are difficult to study through experimental means alone. In biology, mathematical models
are used to represent biological processes and phenomena using equations and

computational algorithms.
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Figure 2.5. Annual Distribution of Scientific Publications Related to Tissue
Engineering and Regenerative Medicine (TERM). The annual distribution of scientific
publications in biofabrication, TERM biofabrication, and computational approaches for TERM
research domains from years 2000 to 2023. This stacked bar chart is categorically divided to
highlight the respective contributions of each research domain. The rising trend in publications
utilizing computational methods for biomaterial design reflects a shift in interest towards data-
driven strategies. This shift underlines the increasing relevance of predictive modeling in advancing

regenerative medicine. The data from this graph was collected from Bardini et al.'®

In regenerative tissue engineering, computational modelling can be used to predict
how various biomaterial properties—such as stiffness and biochemical composition impact
cellular behavior. Simulated testing conditions allow for standardizing parameters,
including initial conditions, biomaterial composition, and cell species, which reduces

variability when comparing outcomes between repeated experimental procedures.?” This
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enables researchers to optimize biomaterial design while eliminating the need for time-
consuming, costly, and invasive experimentation.”® There are several types of
computational modelling used for tissue engineering, each with their own strengths and
limitations. Such models can be categorized based on the scale at which they operate,
ranging from the molecular level to the cellular level and up to the tissue or organ level.

At the molecular scale, Molecular Dynamics Simulations (MDS) focus on the atomic
and molecular interactions. These simulations provide detailed insights into the molecular
structure, dynamics, and interactions under various physical and chemical conditions. In
tissue engineering, MDS can be particularly useful for designing biomaterials at the
molecular level, ensuring compatibility and optimizing interactions with biological
molecules. For example, MDS can be used to investigate the structural characteristics of
aggrecan in the degenerated IVD.% The strength of MDS lies in its detailed resolution
and predictive capability for molecular interactions. However, it is computationally
intensive and generally limited to small systems or short time scales, which can be a
significant limitation when trying to scale up to larger tissues or longer durations.!

At the tissue or organ scale, Finite Element Analysis (FEA) breaks down complex
structures into smaller, manageable parts and analyzes the stresses and strains under
various conditions. In tissue engineering, FEA is valuable for designing and evaluating
scaffolds and implants under physiological loads, ensuring that the engineered tissues can
withstand actual bodily stresses.!®! FEA allows for detailed simulation of stresses and

strains, providing crucial data for optimizing the mechanical properties and structural
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integrity of engineered tissues. However, there is a need for defined input data regarding
material properties and geometries, and it can be computationally demanding for large or
highly detailed models.!02

Lastly, cellular automata models, including agent-based modelling (ABM),
effectively integrate multiple biological scales from molecular to tissue levels to offer a
comprehensive perspective on cell-cell and cell-ECM interactions.!? This computational
modeling technique offers an exploration of how interactions at the cellular level govern
the emergent behavior at the tissue level over an extended time period. Section 2.5.1
delves into the specific components and details how ABM is employed in an IVD tissue

engineering context.

2.5.1 Agent-Based Modelling

ABM is a computer modeling technique that simulate complex dynamic interactions
between autonomous agents. The individual agents follow predefined rules in a system to
predict emergent behaviors otherwise difficult to achieve through traditional experimental
methods alone.!% At each time increment, each agent evaluates its surroundings and
current state variables to determine its next action.!%> The versatility of ABM is seen by
their applications across various disciplines such as economics'?® and sociology,!07 to those
as intricate as the biological simulations of inflammation and wound healing,!%® tumour

growth,!? and spinal cord injuries.!19
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In tissue engineering, ABM provides a means to simulate the interaction of
individual cells with their microenvironment, including biomaterials and other cells.
Individual cells are modelled as software agents with independent states (position, cycle
status) and activities (motility, proliferation, matrix secretion). Each cell agent reacts to
stimuli from their microenvironment, which causes changes in their behavior (Figure
2.6).111 A variety of empirical data can be standardized into a set of simpler biological

interactions that can be translated into mathematical expressions, referred to as rules,

using regression analysis and subsequently encoded into an executable model for virtual
world exploration.''? This approach allows for the prediction of tissue growth,
organization, and response to various stimuli, which guides the design and optimization

of engineered tissues.!!3

43



Neighbourhood

| Cells >> Biomaterial matrix >> Applications > ___________ T Rules (cell behaviour)
! | * Proliferate

! | * Die
Biological cues | E + Move

(growth factors, " | | « ECM secretion (collagen, aggrecan)
i In vitro cell I T
ey & | :
N Z el A\ ! |
/ e b\ i : Based on
A i ] - 1 4
—> . State
—_— Patch properties
« Occupancy (occupled, no agent)
+ ECM concentration (collagen,
T4 Hydroge! properties aggrecan)
s = Stiffness « Cytokine concentration (TGF-8,
o Mechanical optimization # EoreEs. TNF-g, IL-1B)
(crosslinking, stiffness, = Degradation (mass loss)
4 degradation rate)

Figure 2.6 Agent-Based Modelling in Tissue Engineering. the principles of biomaterial
regenerative tissue engineering. Adapted from Raia et al., 2020 '* (B) the design principles of the

ABM model; biomaterial world; state variables; and agent behavior. Created with BioRender.com.

ABM is particularly useful when examining the dynamics of cellular biology, such
as the slow process of NP degeneration and regeneration in an efficient time frame, which
traditionally requires extended periods of cell culture time.!1%116 For instance, the viability
of NP cells over time can be transposed into a model as a set of probability values. These
probabilities are derived from empirical in vitro data and can be incorporated into the
model's mathematical framework to simulate the dynamic behaviors of NP cells in various
scenarios.!® When selecting optimal biomaterial properties, researchers can efficiently
examine NP cell behavior and viability within different biomaterial compositions by
simply modifying the parameters of the model and re-running the simulation. This

approach allows for the rapid iteration of simulations under diverse conditions, thus
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facilitating the exploration of NP cell behavior in relation to the biomechanical and

biochemical properties of different biomaterial compositions.

2.6 Existing ABM in IVD Research

At present, very few IVD-ABM simulate the effect of external stimuli on cellular
behavior. Table 2.3 presents a summary of the two published models, including their
inputs, outputs, and limitations, particularly their exploration of proinflammatory
cytokines and ECM turnover — important factors in NP cell regeneration, highlighting

their relevance to this research.

Table 2.3 Review of current IVD-ABM.

Authors Input Output Limitations

e Should contain a more
complex feedback looping

Nutritional stimuli: e Cell viability,

(Baumgartner, 0 - 5 mM Glucose, e Immunopositive cells for network for dynamic IL-
Reagh et al. 0- 10 mM Lactate, 1L-1B, 1 regulation
2021)117 " e 6.5-74 pH, o Aggrecan, collagen, MMP- . Only considel;ed additive
e IL-18 mRNA 3, and ADAMTS mRNA . .
expression. expressions. biochemical factor
contributions.
Aggrecan and collagen mRNA
e Nutritional stimuli: expressions for: Relationship between
(Baumgartner, 0 -5 mM Glucose, e Non-inflamed, mRNA expression and
Sadowska et e 6.5-7.4 pH, e IL-1B immunopositive, protein synthesis not

al., 2021)16 e TNF-a and IL-1P o TNF-a immunopositive, always linearly
mRNA expressions. ¢ Both IL-18 and TNF-a proportional.
immunopositive.
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A commonality among these models is their focus on the biochemical response of
NP cells to variations in nutrient concentrations and cytokine levels. However, treating
each biochemical factor in isolation, without considering their synergistic and inhibiting
interactions with the mechanical environment led to a reduced level of confidence in
simulation results. Disregarding the influence of the physiological mechanical
environmental forces resulted in an over-prediction of simulated inflamed cells. A refined
model should also incorporate additional cell behavioral regulators, such as the influence
of direct mechanotransduction. Hydrogel stiffness has been shown to play an important
role in influencing the cell behavior and mediating remodelling. Generally, softer hydrogels
tend to result in an increased cell proliferation!!® while stiffer substrates promote ECM

synthesis and cell morphology.11?

2.7 Research Gaps and Hypothesis

Both TERM and computational modeling are rapidly evolving fields where bridging
these gaps could lead to significant advancements in medical science and patient care.
While there have been advances in biomaterial development, challenges remain in fully
integrating these materials with native tissue while considering biocompatibility, bio-
functionality, and the mechanical integration. Existing computational models were
available for simulating NP cell behavior under rudimentary cytokine and nutrition
variations. However, these models did not adequately incorporate mechanotransduction

— the process by which cells convert local physical stimuli into biochemical signals.
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Therefore, this thesis proposes a computational ABM that integrated mechanical,
chemical, and biological stimuli to inform biomaterial design in tissue engineering. By
simulating the relationship between the chemical makeup of the hydrogel and its physical
properties, this model would provide insights into the influence of hydrogel formulations
in supporting NP cell regeneration. It was hypothesized that the validated ABM would
accurately model the NP cell dynamics, such as cell viability and ECM matrix
regeneration as well as captured the material properties of the hydrogel under the tuned

chemical composition.
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Chapter 3 Methodology

3.1 Agent-Based Model Overview

An IVD-hydrogel ABM (IVDH-ABM) was developed to simulate the response of
NP cells to calcium-crosslinked alginate hydrogels for IVD regeneration. In vitro
experimental conditions and results previously collected from alginate hydrogel
formulations®® were used to set up, calibrate, and validate the proposed IVDH-ABM. The
model’s inputs included the hydrogel formulation, such as the calcium crosslinking density
and alginate concentration, along with the NP cell seeding density. The outputs of the
model consisted of hydrogel physical properties (specifically elasticity), time-series viable
cell counts, concentrations of cytokines (TNF-a, IL-1f, and TGF-f) and ECM components

(collagen-1T and aggrecan).

3.2 Computational Framework and Execution Environment

The IVDH-ABM was a lattice-based stochastic model to numerically simulate NP
cell responses to alginate hydrogels designed for IVD regeneration. Developed in C++
programming language, the IVDH-ABM used parallel computing to increase performance
and reduce the computational time, Open Multi-Processing (OpenMP) version 4.0.3
application programming interface (API) for multi computer processing unit (multi- CPU)

execution and Compute Unified Device Architecture (CUDA) version 11.0 for graphics
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processing units (GPU) acceleration. The GNU compiler (gcc version 8.4.0) was used to
compile the model and execute on Digital Research Alliance supercomputer nodes with 32
Intel CPUs, 2 NVIDIA GPUs, and 64 GB of memory for efficient processing. In addition,
ParaView 5.11.0 was used to visualize the numerical value of model outputs.

The IVDH-ABM has three major components: the environment, agents, and state
variables. The environment consists of the spatial-temporal setup and initialization of the
simulation (section 3.3 ). The agents consist of motile discrete entities that obey specified
rules whereas the state variables consist of the hydrogel physical properties, the ECM and

cytokine levels (section 3.4 ).

3.3 Model Initialization

3.3.1 The Environment

The IVDH-ABM world is represented as a three-dimensional alginate hydrogel and
is mapped onto the x- y- z- cartesian coordinate system. To initiate the IVDH-ABM, the
world was seeded with the most abundant type of cells found in the NP region of the IVD,
namely, chondrocyte-like NP cells. These motile cells are represented as agents within the
model. To emulate in vitro conditions (section 3.3 ), the world size was set to 3 mm x 3
mm x 3 mm and was spatially segmented into lattice patches at 10 pm x 10 pm x 10 pm.
The patch size was designed to match the average size of an NP cell!?Y and ensure that
each patch could accommodate no more than one cell at a time. 27 000 NP cell agents

were randomly initialized throughout the world.
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3.3.2 Spatial-Temporal Organization

The IVDH-ABM adopted a lattice-based spatial architecture to optimize
computational efficiency when simulating the spatial dynamics of cellular environments.
This choice contrasts with a lattice-free method, allowing for more precise computational
modeling of cells within a structured environment.!?! The environment of the model was
segmented into a grid-like pattern of discrete patches, with each patch functioning as a
discrete node. These nodes serve dual purposes: they provide a single housing for
individual cells, preventing any cell-cell overlap, and they maintain a record of local
information about the state of agents and their environment at any given time.'?? This
lattice arrangement confined cell migration to discrete positions in the 3D cartesian
coordinate system, enabling an orderly update and tracking of cell movements and
interactions within the model. The use of discrete nodes simplifies the computational
process, as each cell's position is unambiguously defined, streamlining the simulation of
complex cellular behaviors and interactions.!?3

Each patch stores state variables, such as the cartesian coordinates, numerical values

of ECM, cytokine concentrations and mechanical properties (floating point) as well as cell
occupancy (Boolean). Each simulation step, referred to as ticks, corresponds to 30 minutes

in the real-world. Table 3.1 summarises the IVDH-ABM initial conditions.
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Table 3.1. Initial Conditions of the IVDH-ABM.

Entity Component Value
Agents * NP cells 27 000
World Size © Alginate hydrogel [L x W x H] 3 x 3 x 3 [mm?
‘ Patch size [L x W x H]J 10 x 10 x 10 [pm? |
Patches © ,
atches Number of patches 27 x 106
ECM b Collagen (II) 0 [ng]
Aggrecan 0 [pg]
TNF-a 0 [pg]
Cytokines P IL-1B 0 |pg]
TGF-B 0 [pg]
_ Simulation duration 21 [days]| ®
Time ¢ . . .
Time step (tick) 30 [minutes|

2 value taken from Li et al.’s in vitro study of alginate hydrogel for IVD repair.®®

b yalues taken from various studies in literature.

¢ constant values throughout the simulation.

3.4 IVDH- ABM Components and Rule Derivation

3.4.1 Overview of Sitmulation Routines

During each simulation time tick, NP cell agents executed a series of programmed
decisions, or rules, which included behaviors such as proliferation, apoptosis, secretion,
and migration (Figure 3.1). In the simulation, an agent can be in one of three states:
inactive, active, or dead. The cell can migrate and proliferate but cannot perform any
secretion functions when in the inactive state. In the active state, the cell can perform all
the functions as in the inactive state with the additional capacity to synthesize ECM

components, including collagen-II and aggrecan, as well as cytokines, including TNF-a,
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IL-1B, and TGF-B. In the dead state, the NP cell is no longer able to perform any function
and is removed from the simulation at the end of the time step. Agent activation was
determined by probability and the local concentration of TGF-f. An agent can become
activated if the concentration of TGF-3 exceeds the activation level. However, the agent

can return to its inactive state if the concentration ever falls below the threshold.

(1 JI 6 © INITIALIZATION © RuN simulation © outpuTs
Pr—— 30 min
P - ol A\
Seed agents Hydrogel — Agent
ixt ) | Properties Behaviour I
= o Elasticity, ECM synthesis,
Configurations e’ Pore size, Cytokine synthesis,
tParameTers Initialize patches Degradation, Migration, =
s - Swelling ratio Proliferation, death A =

Create world

Figure 3.1 IVDH-ABM Procedural Overview. The procedure begins with inputs from a
configuration text file, leading to the initialization of patches to create the simulated world, and
randomized agent seeding. The agent behaviors (migration, proliferation, ECM, and cytokine
synthesis) are executed and influenced by the alginate hydrogel properties. Agent states are
updated, and the process repeats until the input simulation time is reached. Outputs are generated
in *.csv and *.vik files, representing data on cell count, ECM and cytokine concentrations, and

hydrogel properties. Created with BioRender.com

The set of decisions were made after the agents evaluated both their current

internal state and surrounding environment conditions state variables. These variables

included characteristics of the hydrogel material, such as elasticity, porosity, and

degradation over time (mass loss), as well as the occupation of space by other nearby
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cells, concentrations gradients of cytokines (TNF-a, IL-1B, and TGF-B), and ECM
components (collagen-II and aggrecan). The interactions between the NP cell agents and
these patches, through the state variables they hold, drive the emergent behaviors observed
in the model, such as tissue regeneration.

In this model, agent behavior defined the actions or responses of NP cell agents to

their internal states and the stimuli present in their environment (Figure 3.2). These
behaviors encompass the agents’ programmed decisions to proliferate, undergo apoptosis,
migrate, and synthesize ECM components and cytokines. Conditional “if-then” logic
statements link such behaviors to external stimuli, based on existing literature regarding
the response of NP cells to properties of calcium crosslinked alginate hydrogels. Each
agent-rule represents a specific agent behavior as a function of external stimuli, and can

be understood with a general mathematical expression below:

Agent Behaviour(U,D) = b + ( n gtimulus Z?zl(—D)f”mulusi) Equation 1

i

Where b is base value, in the absence of a stimuli (baseline rate), U represents the
effect of the set of stimuli upregulating the behavior, and D represents the effect of the
set of stimuli downregulating the agent behavior. Specific agent-rules (e.g., proliferation
rates, apoptosis, migration patterns, responses to biophysical stimuli), state variables (e.g.,
cytokine and ECM concentration) and simulation routines are detailed in sections 3.4.2

- 3.4.5
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Figure 3.2 Flowchart of the IVDH-ABM Rules. Overview of simulation parameters and
processes, including the world dimensions, hydrogel properties, and the cascade of cell behaviors.
Dashed and solid-lined arrows indicate inhibitory and promotional influences, respectively.

Created with BioRender.com.

3.4.2 NP Cell Agent Behaviors

NP cell agents had the capacity to perceive and respond to their surroundings,
including neighboring cells, ECM and cytokine concentrations, and environmental
physical properties, thereby simulating cell-cell and cell-hydrogel interactions. Agents

sensed environmental cues through conditional checks, mimicking cellular perception in
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biological reality. Depending on the cue, cells could decide to either proliferate, die,

migrate, or activate and secrete cytokines and ECM components (Table 3.2).

Table 3.2 Summary of Agent Rules in IVDH-ABM.

Behavior

Rule Controlling Variables

Agents

Cell migration speed
[um,/min|

v = k1 ln(E) + kz

Cell viability rate [ %]

v, = k3In(Day) + k, Cell lifespan ~14 [days|. '**

Proliferation rate | %]

TGF > ks
1, TGF < ks

Every k¢ hours, evaluate:

Proliferation Probability = In(1 + TNF + IL1B + xTGF)

Proliferation rate
= kyo + ki3(Day) + ko(Algy,) + kg(Day)(Cay,)
+ kq1(Algyy)(Cayy)

TGF-f synthesis
[pg/mlL]

TNF-a synthesis
[pg/mL]

IL1B )

TNE = Kao + ko (1 + Ky, (TGF)

IL-1B synthesis
[pg/mL]

TNF )

LB = kaz + ko (1 + Ky4 (TGF)

Effective cytokine
diffusion coefficient

o Effect of cytokine molecular weight
on diffusivity coefficient: 0.0018.12

o Effect of swelling ratio on diffusivity
constant: 0.1.126

D = 0.0018 * 0.1(Q)
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In(1 + k4, TGF)
1+ ks,IL1P

Collagen Stimulation =
Cell activation

probability - . In(1 + ky  TGF)
Aggrecan Stimulation =

1+ ks, TNF
Coll thesi
Or;ie?usg};; L(;Sls Collagen = ks3(Day) + ks, Collagen increases over time.!?7
A thesi
gf:;?&;;; L)e o Aggrecan = kig(Day) + k3o Aggrecan increases over time.!?®
Hydrogel

E =c; + c(Algyy) + c3(Cayy) + ca(Algmw) + cs(Algy,)(Caxy)

Elastic M 1 P
astic Modulus [kPd e (ALgus) (Algans) + 7 (Cax) Algms)

Pore size [um] Pore size = cg(Cayy) + ¢y

Degradation = c;o + ¢11(Cayy) + c12(Day)

Mass loss | %] + ¢13(Cayy)(Day)

Q =14+ cis(Day) + c16(Algwy) + c17(Day)(Cayy)

Swelling ratio [%] T er(ALgon)(Cany)
wv

3.4.2.1 Proliferation and Apoptosis

Each agent had an internal clock that advanced with each computational iteration

since the cell was initialized, akin to cellular aging in a biological system. The progression
of the clock triggered changes in the internal state and decision-making logic, affecting its

ability to proliferate and produce ECM components.
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Proliferation. The proliferation of NP cells was contingent upon meeting the
following criteria: proliferation rate, probability of proliferation, cytokine levels,
availability of space, and hydrogel biophysical stimuli.

First, the proliferation rate, was determined by the change in the cell population
and the initial number of cells. The probability of proliferation was modeled using a
simulated dice roll to represent random chance. If the generated chance was greater than
the predetermined proliferation probability, then the cell division function was carried out
and the other criteria was checked. The opportunity for an NP cell to undergo division
was evaluated every 24 hours, aligning with typical biological checkpoints for cell cycle
lifecycles.!2?

Secondly, the proliferation of a cell was further modulated by the cytokines present
in the local environment through a logarithmic function (Table 3.2). In particular, this
probability was modulated by TGF- cytokine levels, where lower concentrations up to
10 |[ng/mL] had a positive effect, and higher concentrations negatively influenced
proliferation.!3? This binary response was encoded into the model as a factor of either +1
or -1, which ultimately adjusted the cytokine influence on the proliferation rate (Table
3.2).

Lastly, the proliferation rate was dependent on both the simulation time and the
elasticity of the matrix (Table 3.2). Stiffer substrates promote cell growth and enhance
the proliferation rate.!3! The presence of surrounding cells also influenced cell proliferation.

The spatial component of proliferation was handled by ensuring that division could only
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occur into adjacent, unoccupied patches. Once the criteria for proliferation were satisfied,
the NP cell agent would first search for an unoccupied patch using a trial- and- error
method and attempt to divide into one of the possible 27 adjacent patches in the Moore’s
neighbourhood.!?? This attempt was repeated up to eight times to account for the spatial
constraints on proliferation imposed by cell density. If the agent was unable to locate an
unoccupied patch before exhausting the maximum trials, cell division was abandoned until
the next eligible cycle.

Apoptosis. Apoptosis is the process of programmed cell death, as part of the cell
lifecycle. One of two factors influenced NP cell death. First, the concentration of TNF-a
induced the apoptosis rate by roughly 3.5 folds, as reported in literature.?¢ Second, the
age of the cell influenced its probability of death (Table 3.2). Upon cell initialization,
each cell was assigned a randomized lifespan variable, varying between 7 and 14 days to
emulate the stochastic nature of cellular mortality.!?* This internal age was continually
assessed against the predetermined death age of the agent; when the simulation time
matched the agent's end-of-life threshold, the model enacted a programmed cell death.
Consequently, the agent was flagged for removal from the simulation.

3.4.2.2 Migration
Driven by the gradients of cytokines, all NP cell agents could move through the

hydrogel matrix. The Moore’s neighborhood method!3? was adopted to examine the three-
dimensional space surrounding the agents for available space before any migration or

proliferation decision was made. If an unoccupied patch was found, the agents had the
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opportunity to migrate towards it, either along cytokine gradients!'?? or in random
Brownian directions,'3* or to proliferate towards this space. This mechanism ensured that
cell proliferation or movement occurred only if sufficient space was available, reflecting
real-world spatial limitations.

Further, agents would compare the local concentrations of cytokines in each
Moore’s neighbouring patch when deciding to migrate along their gradient, a behavior
simulated by adjusting the agent's directional probability. The migration speed was also
modulated by the stiffness of the hydrogel. Softer matrices encourage faster movement,
whereas stiffer ones restrict cell displacement, reflecting how cells navigate the
extracellular environment in real tissue.!35136

3.4.2.83 Cytokine and ECM Secretion
Upon activation, NP cell agents had the opportunity to secrete TGF-, TNF-a, and

IL-1B cytokines, as well as ECM components including collagen-II and aggrecan. The
cytokines released by the NP cells engaged in autocrine and paracrine loops, regulating
the behavior of both the secreting and adjacent NP cells. Depending on the cytokine
profile, this can lead to either stimulatory or inhibitive effects on the proliferation rate
and ECM production.

Cytokine diffusion was modeled to simulate the spread of signaling molecules within
the hydrogel. The secretion of TGF-B initiated a positive feedback mechanism,
establishing an autocrine loop, directly promoting its own synthesis, as well as a paracrine

loop, enhancing the ECM production.!3® TNF-«a, and IL-1B cytokines also operated in
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similar manner, wherein their diffusion through the environment modulated cellular
activities such as proliferation and ECM production as well as further cytokine synthesis.
For example, higher levels of TGF-B (> 10 ng/mL) increases the proliferation rate by
roughly 3.5 folds and the aggrecan production rate by 1.5 folds,!3? whereas TNF-a and
IL-1B inhibit the stimulation of aggrecan and collagen production by roughly 0.5 folds.!37
Given that the half-lives of collagen and aggrecan are 215 years3! and 12 years?
respectively, this slow degradation would have minimal effects on the model dynamics. As

such, aggrecan and collagen were modeled with having “infinite life” in this IVDH-ABM.

3.4.3 Biophysical Stimul:

The mechanical environment within the hydrogel matrix plays a critical role in
influencing cellular behaviors. Physical properties such as elasticity, porosity,!38
degradation rate,!?? and swelling ratio'4® each can modulate cell behavior in the hydrogel.
For example, higher alginate and calcium concentrations resulted in increased hydrogel
stiffness, a factor known to influence cell migration!'3>. Similarly, the rate of hydrogel
degradation was modulated by the calcium crosslinking density.'*! However, despite the
abundance of quantitative data on hydrogel-cell interactions, the specific data pertaining
to NP cell behaviors in relation to these factors are relatively scarce. Consequently, they
have not been explicitly modeled in the current ABM framework.

In this IVDH-ABM, studies that examined the effects of alginate concentration and

calcium crosslinking density on hydrogel elasticity,'#? porosity,?? and degradation!'4? were
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used to develop the relation between cell behavior and the hydrogel physical properties.
(Table 3.2) Specifically, elasticity was employed as the primary biophysical influence on
the proliferation!?” and migration®>144, For instance, cell movement was non-linearly
dependent on matrix stiffness. The model encoded the stiffness of the hydrogel into a
parameter that influenced the likelihood of migration or proliferation. The agents
referenced this parameter to adjust their behaviors and decision-making. This mechanistic
sensing allows agents to make informed decisions about migration, proliferation, or
activation. For instance, cell movement was modulated to be non-linearly dependent on

the matrix stiffness,!** reflecting the varying motility in different hydrogel conditions.

3.4.4 State Variables

Within the IVDH-ABM framework, state variables are essential components that
include the occupation status of each patch by agents, concentrations of key ECM
components such as collagen and aggrecan, and the levels of cytokines including TNF-a,
IL-1B, and TGF-B. Additionally, the physical properties of the hydrogel matrix, such as
elasticity, porosity, and swelling ratio are accounted for as state variables, linking the

chemical and mechanical microenvironment to cellular activities (Figure 3.3).
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Figure 3.3 Agent Behaviors in Lattice- Based IVDH-ABM. Illustration of the virtual
world defined by the hydrogel properties and state variables within each lattice patch. The agents
interact with their environment and with each other through predefined behaviors such as
proliferation, death, and migration, driven by local conditions like ECM and cytokine

concentrations and physical properties of the hydrogel. Created with Biorender.com.

3.4.4.1 Cytokine Diffusion
Building upon the published vocal fold (VF)-ABM,!#5 the model incorporated a

diffusion algorithm, designed to capture cytokine kinetics within the virtual world. Parallel
processing with GPUs were used to handle the convolution-based diffusion calculations.
By performing multiple convolution operations simultaneously, the model would update
concentrations on numerous patches at once, significantly reducing simulation time.
Specifically, partial differential equations (PDEs) were used to compute the spatial
distribution of cytokine levels over time, based on molecule diffusivity coefficients and

their individual decay rates (Table 3.3). Once secreted by their NP cell sources, the
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cytokines diffused outwards, creating concentration gradients crucial for the directed
migration of agents. For each patch, indexed by “iz”, “iy”, “i2”, the cytokine concentrations
at tick “t+1” was updated based on its previous concentration as well as the concentrations
in the neighbouring patches, at tick “t’. This calculation reflected the continuous
movement and interaction of cytokines within the world.

The diffusion coefficient D and time step dt was used to update the concentration
of cytokines on each patch, using the three-dimensional diffusion Equation 2. The diffusion
coefficient, D, (0.0018 mm?/min)!6 was calculated by the inverse of the cube root of the

cytokine molecular weight and quantified how rapidly the cytokines spread through the

hydrogel, where the patch length is dx = dy = dz = 0.01 mm.
dx? .

dt < oo Equation 2

Biologically, as hydrogels swell, the increased water content causes the polymer
network to expand and results in larger pore sizes. The larger pores facilitate the diffusion
of the entrapped molecules. As such, this IVDH-ABM also accounted for the effect of the
swelling ratio of the hydrogel, “Q”, on cytokine diffusion with an inclusion of an effective
diffusivity equation into the diffusion algorithm. An adjustment coefficient of 0.1 (Table

3.2)126 was incorporated to modify the diffusivity of cytokines within the hydrogel matrix,

accounting for changes in the physical properties of the hydrogel as it swells.
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3.4.5 Model Stochasticity and Synchronous Updates

The IVDH-ABM was structured to capture the inherent variability and
unpredictability of biological systems through the introduction of stochastic elements. In
biological systems, the complexity and number of influences on each cell make it
computationally infeasible to account for every action or response individually. ABM
addresses this challenge by generating populations of agents, where the behavior of the
entire group informs the probability functions for individual behaviors.'% These
probabilities can then be integrated into the rules governing each agent, allowing for
efficient simulation of various cellular actions and interactions.

Natural randomness was embedded within the decision-making process of the
agents via a random number generator. This generator produced a number which was
then assessed against predefined probability thresholds to decide if an agent could proceed
with a specific action. This mechanism mirrored the unpredictability present in natural
biological environments, allowing for a realistic representation of cellular behavior.

Integrating stochasticity to the operational logic introduced a layer of complexity
to the simulation. The actions performed by the agents were contingent upon both its
local surroundings and internal state. Meanwhile, within each simulation tick, a dynamic
sequencing approach was adopted, where agents were called in sequence, but the order of
their actions was randomized. This method was designed to prevent biases and ensure
that outcomes were not influenced by any fixed sequence, maintaining the integrity of the

simulation results.
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Following the executed actions of agents, any modifications in location, activation
status, age, or local concentrations of secreted components were recorded but not
immediately updated. Instead, modifications across all agents were simultaneously applied
at the end of each simulation tick (Algorithm 1). This method of synchronous updating
allowed for all agents to operate under consistent environmental conditions and ensured
that simulation outcomes were not influenced by the sequential order in which agents
were addressed. By decoupling the decision-making process from modification updates,
the model avoids biases that could skew the simulation results and preserve the

consistency of the model outputs across all simulation runs.

Algorithm 1. Pseudocode of IVDH-ABM Operations.

1: IVDH-ABM Procedure:

2: Initialize patches

3: Initialize cells 2 (migration speed, ECM and cytokine production rates,
proliferation rate, and viability rate)

4: While time < 21 days do

5: For each patch

6: Add cells function

7 ECM function

8: For each cell

9: Cell function

10: For each cytokine

11: Diffuse cytokine function

12:

13: Update attributes = (Cell, ECM, Patch, Cytokine)

14: return
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3.5 Model Calibration

Given the computational impracticality of creating a simulation model that captures
every detail and behavior of the actual system, it is necessary to make some assumptions
about the system for model construction. Essentially, a simulation model serves as an
abstract representation of a physical system.!¥” These necessary abstractions and
assumptions can introduce inaccuracies into the simulation. Model calibration is therefore
a crucial process that aims to minimize these uncertainties by adjusting the model
parameters and event occurrence probabilities, using machine learning techniques, to align

more closely with real-world observations.148

3.5.1 Data Sources for Model Calibration

The in vitro study by Li et al., (2023) provided the primary empirical data source
for calibrating IVDH-ABM. Li et al. had evaluated the performance of alginate hydrogels
in terms of their regenerative potential and effectiveness in restoring disc biomechanics.5®
The hydrogel formulations were synthesized from a mixture of sodium alginate and
calcium sulfate solutions. Four alginate hydrogel formulations were investigated: 1 kPa-
high MW (1 kPa-H), 1 kPa-low MW (1 kPa-L), 3 kPa-high MW (3 kPa-H), and 3 kPa-
low MW (3 kPa-L), where the concentrations of calcium were 14, 15, 20, and 23 mM,
respectively. High and low molecular weights (MW) refer to the respective alginate
molecular weights of 1500 and 92 kDa. NP cells were sourced from healthy human IVD

tissues (from McGill Spinal Tissue Biobank) and were seeded into a 28 mm3 alginate
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hydrogel at a final density of 1 million cells/mL.%8 Sulfated glycosaminoglycan (sGAG)
was quantified using the DMMB assay and the cell viability was evaluated using confocal
imaging of Live/Dead assay.

In computational modeling, data is typically partitioned into separate sets for
calibration and validation, typically adhering to an 80:20 ratio where 80% of the data is
used to fine-tune the model parameters, and the remaining 20% is reserved to evaluate
the model's predictive power.'? This distribution is a common practice as it provides a
balance data for establishing robust model parameters and assessing model performance
on new data. However, a 75:25 split can sometimes be advantageous.'® In this project, a
75:25 data partition was chosen for model calibration and validation. Allocating 25% of
the data for validation enhances the diversity and the number of data points used to test
the model, thus increasing the reliability of validation. As such, aggrecan accumulation
on days 3, 6, 9, and 12 and on days 15, 18, and 21 from Li et al., were used for IVDH-
ABM calibration and validation, respectively.88 NP cell viability data points on days 1, 3,
and 7 were used for calibration and those on days 14 and 21 were used for model
validation.

Li et al., (2023) reported the viscoelastic properties and gelation kinetics of the
hydrogel using rheological measurements.®® However, literature typically relates cellular
behavior to the elastic modulus of hydrogels.135:144.151 T align with this standard and

calibrate the model based on hydrogel stiffness, SGAG content, and cell viability, the
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shear modulus reported by Li et al., (2023) was therefore converted into the Young's
Elastic Modulus using Equation 3.152

E =2G'(1+v) Equation 3

Where E is the Young’s Elastic Modulus (in kPa), G’ is the Shear Modulus (in
kPa), and v is Poisson’s ratio, assumed to be 0.5 for alginate hydrogels.!®® Hydrogel
elasticity was calibrated against calcium concentrations of 14 mM and 20 mM, and the
elasticity for calcium concentrations of 15 mM and 23 mM were reserved for validation.!52
The initial elasticity model was developed based on a comprehensive literature review on
alginate hydrogel compositions and related mechanical properties (Figure 3.4).
Regression coefficients were computed based on preliminary analyses and adjusted as
necessary to reflect the impact of each variable; alginate concentration, calcium crosslinker
concentration, and molecular weight on the resulting elasticity (section 4.2 ). These
coefficients included specific interaction terms to account for the complex relationships

between components.
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Empirical Relationship Between Elastic Modulus and Hydrogel Composition Used for Calibration

A 3D Scatter Plot of Elasticity and Hydrogel Composition B 2D Scatter Plot of Elasticity and Calcium Concentration
Relationship, Grouped by Alginate Molecular Weights Relationship, Grouped by Alginate Properties
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Figure 3.4 Empirical Elasticities of Varying Hydrogel Compositions. Panel A shows a
3D view of the empirical relationship between hydrogel elasticity and calcium concentration,
grouped by alginate molecular weights. Panel B shows a 2D view of the empirical relationship
between hydrogel elasticity and calcium concentration, grouped by different alginate

concentrations and molecular weights. Data points were taken from different empirical studies.

135,154

3.5.2 Calibration Protocol

The IVDH-ABM has 50 known parameters and 8 latent parameters. Known
parameters refer to those whose values were directly measurable or obtainable from

experimental data or existing literature (Table 3.3). In contrast, latent parameters
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represent those whose values were not directly measurable or readily available in literature
specifically related to NP cells.!® These latent parameters included activation
probabilities, apoptosis rates, and ECM stimulation probabilities. Among them, eight
latent parameters were selected for calibration in this study because of their significant
impact on key model outcomes such as cell viability, ECM production, and elasticity of
the hydrogel (Table 3.4).

Although not readily available in literature, the effect of the intermediate threshold
of TGF-B levels parameter on cell activation was not calibrated. The One-at-a-Time
(OAT) Sensitivity Analysis was employed to determine the sensitivity of model outcomes
to the intermediate threshold of TGF-f levels parameter. This approach involved
systematically varying the TGF-f3 levels while holding all other parameters constant to
assess the impact on simulation results.'56 It was found that the simulation outcomes were
not sensitive to variations in this parameter, which justified its exclusion from further
calibration. Similarly, an OAT Sensitivity Analysis was conducted for the effect of
activating factors on cell proliferation stimulation, and it also showed negligible impact

on the model outcomes, leading to its exclusion from the calibration process.
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Table 3.3 Known IVDH-ABM Parameter Values from Literature.

Parameter Description Value Ref.
Agent- Related Parameters
ky Effect of elastic modulus on cell migration speed 0.11 136
ko Baseline cell migration speed [um/min]. 0.233 52
ky Baseline cell viability rate 97.45 157
ks Threshold of TGF stimulating/ inhibiting cell proliferation 10 130
[ng]
ke Hours between cell proliferation 24 129
ks Combined effect of caiziﬁlr; ggjﬁ:ﬁ:ﬁr density and time on () 0.043 158
kg Effect of alginate concentration on cell proliferation (-) 8.828 158
k1o Baseline cell proliferation rate 14.64 159
Ky Combined efft‘act of algir‘late concentrat'ion a-nd calcium () 2.65 158
crosslinker density on cell proliferation

ki3 Effect of time on cell proliferation rate 0.288 159
k4 Effect of cytokines on cell proliferation stimulation 1 160
ks Baseline TGF synthesis rate 9.98 161
kig Effect of feedback TGF on TGF synthesis rate 2.25 162
kiz Effect of IL1b on TGF synthesis rate 1.3 162
kis Effect of TNF on TGF synthesis rate 5.11 163
kig Baseline TNF synthesis rate 5.16 164
koo Effect of IL1b on TNF synthesis rate 2.42 165
ko1 Effect of TGF on TNF synthesis rate 4.22 166
koo Baseline IL1b synthesis rate 2.11 164
kos Effect of TNF on IL1b synthesis rate 5.43 167
kos Effect of TGF on IL1b synthesis rate 3.26 166
kos Intermediate threshold of patch TGF on cell activation 10 130
ko7 High threshold of TGF on cell activation 25 130
kag Probability of cell deactivation 25

kso Hours between collagen synthesis 12 36
k31 Effect of stimulation factors on collagen synthesis 1 168
kss Effect of time on collagen synthesis rate 6.45 127
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ks34 Baseline collagen synthesis rate 3.6 127
kss Hours between aggrecan synthesis 12 2
ksg Effect of stimulation factors on aggrecan synthesis 1 130
kss Effect of time on aggrecan synthesis rate 38 128
ksg Baseline aggrecan synthesis rate 16.6 128

69
kio TGF-B half-life [minutes| 2.5 '

70
ki IL-1B half-life [minutes| 150 '

71
Kio TNF-« half-life [minute] 30 '

Hydrogel- Related Parameters
c1 Error variable for elastic modulus (-) 125 135,154
2 Effect of alginate concentration on elastic modulus 58 135,154
c3 Effect of calcium crosslinker density on elastic modulus (-) 971 135,154
c4 Effect of alginate molecular weight on elastic modulus 1.037 135,154
cs8 Effect of calcium crosslinker density on pore size (-)1769.8 172
Cy Baseline pore size 258.5 172
C10 Baseline mass loss 0.234 172
c11 Effect of calcium crosslinker density on mass loss 7.785 172
12 Effect of time on mass loss 0.15 172
e Combined effect of calcium crosslinker density and time on () 1.36 17
mass loss
cl4 Baseline swelling ratio 72.478 140
15 Effect of time on swelling ratio (-) 0.131 140
Ci6 Effect of alginate concentration on swelling ratio (-) 22.034 140
- Combined effect of time and'l calciu'm crosslinker density on () 3.284 140
swelling ratio

s Combined effect of calcium crosslinker density and alginate 25 759 140

concentration on swelling ratio
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Table 3.4 The Eight Latent IVDH-ABM Parameters Subjected to Calibration.
These parameters represent those whose NP cell- specific values were not directly

measurable, nor readily available in literature.

Parameter Description Value Ref.
Agent- Related Parameters
ks Effect of time on cell viability rate 0.73 124
ky Effect of time on cell proliferation 0.28 129
kas Independent probability of cell activation 2 -
kso Effect of inhibitory factors on collagen synthesis 1 173
ka7 Effect of inhibitory factors on aggrecan synthesis 1 173
Hydrogel- Related Parameters
o Combined effect of alginate concentration and calcium 756 135,154
crosslinker density on elastic modulus
6 Combined effect of alg‘inate concen.tration and alginate () 0.516 135,154
molecular weight on elastic modulus
o Combined effect of alginate molecular weight and calcium () 0.165 135,154

crosslinker density on elastic modulus

The world dimensions of the IVDH-ABM were scaled down from 3 mm x 3 mm x

3 mm to a more computationally manageable size of 0.3 mm x 0.3 mm x 0.3 mm for

calibration. This decision was supported by preliminary tests, which showed that the

proposed down-scaling did not affect the essential model dynamics with respect to cell

number and ECM concentrations (Figure 3.5). Consequently, the simulation duration

for a 21-day period was reduced from an average of 3.5 hours to a mere 2.5 minutes,

resulting in a time-saving factor of approximately 60 to 80-fold.

73



Comparison of Aggrecan Concentration Over Days
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Figure 3.5 Full Scale and Scaled Down Simulation Comparison. Comparison of predicted

aggrecan accumulation (top) and cell counts (bottom) between full-scale (red) and scaled down

(blue) model.

Drawing upon established practices from the previous VF-ABM work,!7 iterative

adjustments of these parameters were conducted using the Statistical Parameter
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Optimization Tool for Python (SPOTPY).!™ The Nelder-Mead protocol was adopted for
the calibration of latent parameters within the IVDH-ABM. This iterative approach
refines parameters using outcomes from prior simulations to guide subsequent ones. This
protocol’s efficiency comes from its ability to use smaller sets of high-performing parameter
vectors, significantly accelerating the calibration process.!'”™ In addition, the Nelder-Mead
algorithm evaluates the model’s performance for each set of parameters by computing a
fitness score, which reflects the agreement between the model’s predictions and the
empirical data. The protocol then applies robust optimization techniques to refine the
parameter values, focusing on those that consistently improve model fidelity across
multiple simulations.!” On average, roughly 30 simulation runs were needed for each of
the latent parameters during calibration. This estimation leads to a total of 30x8 (for each
latent parameter) calibration runs, translating to an initial calibration phase of
approximately 4-6 hours of computational time - a drastic reduction from the 21-28 days
that would have been required with the full-scale model which was beyond the timeframe
of this thesis project.

The objective function chosen for this calibration was the root mean square error
(RMSE), as it emphasised the importance of minimizing absolute errors in early-stage
predictions. The RMSE was calculated as the average difference between the predicted
and empirical data points, with the aim to reduce this value as close to zero as possible,

using Equation 4.
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n
RMSE = %E(Yiempirical _ Yzl;r)redicted)z Equation 4
i=1

Where YiprediCtEd represented the predicted value, Yl-empirical denoted the

corresponding empirical value for data point “7’, and “n” was the number of

observations. Low RMSE values, closer to 0, indicated that the model produced more
accurate predictions. This method allowed for the iterative adjustment of parameter
values until the simulated outputs closely matched the observed data, ensuring the model
parameters were as accurate and reliable as possible.

By squaring the errors before averaging and taking the square root, RMSE effectively
gave more weight to larger errors, ensuring that the calibration process was particularly
sensitive to significant deviations from the observed data. This approach was deemed
crucial for accurately simulating the initial responses of the tissue to the biomaterial, as
large errors in these early predictions could significantly impact the model's overall

predictive reliability and validity.

3.6 Model Validation

Following calibration, the IVDH-ABM underwent validation to ensure its predictive
accuracy. Model predictions were compared against experimental data that were not used
for calibration as briefly described in Section 3.5.1 This section details the data sources

and protocol that were used for model validation.
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3.6.1 Data Sources for Model Validation

Quantitative model verification was performed with data from Li et al., (2023) on
aggrecan accumulation (days 15, 18, and 21) and NP cell viability (days 14 and 21).88
Aggrecan production and NP cell viability were assessed within four distinct alginate
hydrogel formulations, differentiated by their calcium concentrations.

While collagen is another critical ECM component for IVD regeneration,?? Li et
al.’s work did not include such measurements. Additional sources were thus sought to
qualitatively validate the trend of collagen production within the model. Collagen
production patterns were compared with empirical data from two key studies. First, Chiba
et al., (1997) reported collagen production in an alginate hydrogel that closely matches
the chemical composition modeled in this simulation.'?” They monitored collagen synthesis
at multiple time points, specifically on days 4, 7, 11 and 14, providing a direct comparison
for assessing temporal patterns of collagen accumulation. Second, Wan et al., (2008)
explored collagen production of chondrocytes within similar hydrogel compositions.!42
Although the primary focus was on chondrocytes, the comparability to NP cells is
significant due to the similarity in both their transcriptional profiles, ECM production,!””
and proliferative capacity.!” The collagen synthesis was measured in 2% alginate gels
with calcium crosslinker densities; 1.8, 4, and 8 mM. Cross-validating the IVDH-ABM
with temporal data (Chiba et al., 1997)!%7 and hydrogel composition (Wan et al., 2008)142
from these two extra sources would be essential for generalizing the model’s

applicability.!™
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Besides cell and ECM validation, the elasticity of the hydrogel was also verified in
this model. Elasticity was incorporated into the model based on the constitutive relation
derived from the physical properties that arise from different hydrogel formulations, such
as component concentrations and molecular weights (Table 3.2). Although hydrogel
elasticity was a static parameter in the ABM, i.e., not subject to change over the simulated
period, it was imperative to validate elasticity outputs based on its chemical composition
due to its influence on NP cell behavior and matrix production within the ABM
framework. The elasticity of the hydrogel formulations was thus validated against

experimental findings from Li et al.’s paper.®®

3.6.2 Validation Protocol

A non-parametric statistical method was adopted to evaluate the model's predictive
performance, similar to the previous protocol implemented in VF-ABM.1™ Validation was
performed for the four alginate hydrogel formulations as reported in Li et al.’s work.®®

Quantitative Evaluation of Time-Series Data. The time-dependent predicted
aggrecan synthesis levels and NP cell viability were quantitatively validated against
empirical data. Given the stochastic nature of the IVDH-ABM, the full- scale model was
executed 10 times up to day 21 for all four hydrogel conditions.!®0 From these runs, means
(X) and standard deviations (6) of the predicted aggrecan accumulation and NP cell
viability biomarkers were to be calculated. A two-sided 95% confidence interval (CI) was

computed for each biomarker at the designated time points; 15, 18, and 21 for aggrecan
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accumulation, 14 and 21 for NP cell viability, and 4, 7, 11, and 14 for collagen using
Equation 5.

Equation 5

3o

Where Z is the Z-score corresponding to the chosen confidence level and n is the
number of simulations runs (in this case, 95% and 10 respectively). The predicted outputs
were deemed accurate if the empirical datapoints fell within the 95% confidence interval.
As each full-scale simulation took approximately 2-4 hours, the total time needed to run
10 simulations for all 4 conditions was ~120 hours or 5 days. The chosen number of
simulations was deemed sufficient and realistic to validate the accuracy of the IVDH-
ABM within the confines of available computational resources.

Qualitative Evaluation of Time-Series Data. Drawing from the concept of
pattern-oriented analysis used in previous VF-ABM work,!8! the same principle was
applied to the validation process of collagen production in the current model. The validity
of the IVDH-ABM was demonstrated by confirming that the predicted profiles of collagen
synthesis closely match those observed in real-world settings. This approach is useful
where calibrating every parameter is impractical or impossible due to the complexity of
the biological systems involved direct parameter calibration is not always feasible or
available.182

Quantitative Evaluation of Static Data. For validating the prediction of
hydrogel elasticity, tests were conducted at calcium concentrations of 15 mM and 23 mM,
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in which were not used during model calibration. The validation of the elasticity equation
was considered successful if the predicted values fell within the standard deviation range
of the empirical elasticity measurements. This criterion ensured that the model predictions
were not only statistically accurate but also practically significant, mirroring the
variability observed in real-world experimental data. For example; the elastic modulus of
a hydrogel with alginate molecular weight of 1500 kDa, an alginate concentration of 2%
w/v, and a calcium concentration of 14 mM, should fall within the range of 2.91 + 0.33
kPa.®® Additionally, the elastic modulus of a hydrogel with an alginate molecular weight
of 90 kDa, an alginate concentration of 2% w/v, and a calcium concentration of 22 mM,
the predicted elasticity should be within 2.89 + 0.364 kPa.®® These validation outcomes
enhance confidence in the model's ability to simulate NP cell behavior accurately, ensuring

its utility for in silico experimentation.

3.7 In Silico Experiment Under Physiological Elasticity

Specific Aim 2 involved using the validated IVDH-ABM to perform the in silico
experimentation and evaluation of NP cell regenerative responses to a hydrogel with
physiologically relevant elasticity. The alginate hydrogel was first reverse engineered to
match the elastic modulus of healthy middle-aged human lumbar NP tissue. Second, the
model was executed, wherein the NP cell viability, ECM deposition, and cytokine levels

were output (Figure 3.6).
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Figure 3.6 Reverse-Engineering Approach for Optimal Hydrogel Composition. Panel
A depicts an overview of the IVDH-ABM model calibration and validation process. Parameters
are estimated using the Ordinary Least Squares (OLS) regression method. The parameter
optimization is then performed using the Nelder-Mead error minimization technique, which stops
when convergence is reached. Prediction evaluation is conducted by comparison against empirical
data, using validation metrics such as root mean square error (RMSE), to ensure accuracy. The
validated model is utilized to determine the optimal hydrogel composition for achieving a target
elasticity. Panel B shows the exhaustive combinatorial optimization algorithm used to iterate
through alginate and calcium conditions (depicted as X1, X2, ..., Xn for calcium crosslinker
concentrations, Y1, Y2, ..., Yn for alginate concentrations, and Z1, 72, ..., Zn for alginate
molecular weights) to identify the combination that best matches the elastic modulus of native

NP tissue. Created with Biorender.com.

3.7.1 Hydrogel Composition Optimization

The key parameters included alginate concentration and calcium crosslinking

density, chosen for their critical roles in determining the elastic modulus of the hydrogel.
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To achieve a hydrogel composition that closely mimics the elasticity of the natural NP
tissue, an extensive selection of alginate molecular weights was employed, ranging from
35 to 1500 kDa. These were categorized into three distinct groups for analysis: low
molecular weights (0 < kDa < 200), medium molecular weights (200 < kDa < 500), and
high molecular weights (kDa > 500). Alginate concentration was systematically varied
from 0.5% to 3% by weight, alongside calcium crosslinker concentrations spanning from
0.001 M to 0.2 M. This range was selected to allow for a targeted experimentation across
a wide spectrum of hydrogel compositions.

Through a systematic reverse engineering approach, the computational analysis
proceeded by systematically testing all possible combinations of molecular weight, alginate
concentration, and calcium crosslinking density using the calibrated elasticity equation
(Table 3.2). Each combination was evaluated to determine if its predicted elasticity fell
within the physiologically relevant range of in vivo NP tissue in the human lumbar region,
typically ranging between 5.39 £ 2.56 kPa.!®3 Compositions meeting the criteria were
visualized using a scatter plot to display the distribution of viable options, with color

coding to differentiate among molecular weight categories.
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3.8 IVDH-ABM Visualizations

Visualization is the process of converting raw data from experiments or simulations
into a form that can be interpreted and analyzed. Visualization Tool Kit (VTK) rendering
was implemented within ParaView 5.7.0. This approach enabled an insightful three-
dimensional visualization of the predicted spatial-temporal patterns of NP cell
distribution, as well as the accumulation of aggrecan and collagen within the hydrogel

matrix over the course of the simulations.

3.8.1 Rendering Technique

The visualization setup in ParaView used ASCII format and structured points for
the dataset. This configuration translated discrete data points, cell locations and ECM
concentrations, from numerical data into visual form in the hydrogel's three-dimensional
space. Volume rendering was employed for visualizing the simulation experiments. This
technique used a semi-transparent, three-dimensional display of the hydrogel matrix, with
maximum contrast for cells and their secreted components, offering a visual of spatial
relationships and behaviors.

A threshold filter was used to distinguish between ECM components, mapping
scalar numbers from the simulation data to corresponding color values. Specifically,
aggrecan and collagen were represented by red and blue colors with HSV codes 129 and
139, respectively, while activated cells were designated with white (color code 1). For

example, applying a threshold filter of scalar number 129 would visualize only aggrecan

83



elements at this level in green, allowing for differentiation based on concentration.
Moreover, the selection of a diverging color map with a gradient of intensities was used
to facilitate the tracking of aggrecan and collagen concentration gradients. The gradient
mapping was calibrated to enable a direct correlation between color density and
quantitative data points. The darker shades correlated with denser component
concentrations, allowing for an intuitive visual interpretation of the spatial-temporal
evolution of data. This relationship was established within the VTK rendering pipeline
via a transfer function, which assigned specific opacity and color values across the data's

scalar range.
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Chapter 4 Results

4.1 Overview

This chapter presents the results of the IVDH-ABM simulations, detailing the
calibration and validation of the regenerative potential of NP cells in alginate hydrogels.
The results are organized into four sections: (1) hydrogel elasticity, (2) cell count and
ECM production, (3) cytokine production, and (4) in silico experiments. Each section
provides a comprehensive analysis of the model's performance, including comparisons with
empirical data, statistical evaluations, and visual representations of the simulation

outputs.

4.2 Hydrogel Elasticity

The calibration process for hydrogel elasticity involved two key steps: initial
parameter estimation using the ordinary least squares (OLS) regression method in Python,
followed by optimization using the Nelder-Mead method. This dual approach ensured both
accuracy and optimal performance of the model parameters. Figure 4.1 illustrates the
elasticity calibration process, showing the RMSE progression over 300 iterations. The
consistent decrease in RMSE indicates that the model's predictions became increasingly
accurate with each iteration. Initially, the RMSE was relatively high, reflecting the

discrepancies between the model’s initial parameter estimates, derived from OLS
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regression, and the empirical data. However, as the calibration progressed, the RMSE
steadily declined, stabilizing at 0.51 kPa towards the end of the iterations. This
stabilization suggests that the calibration process had converged, achieving an optimal set

of parameters for predicting hydrogel elasticity.

Progression of Root Mean Square Error for
Elasticity Model During Optimization

RMSE (kPa)
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Figure 4.1 Progression of Calibration Metric for Hydrogel Elasticity Predictions. The
progression of the RMSE across 300 iterations of the model calibration, illustrating a consistent
decrease in RMSE and indicating improved accuracy of the model in predicting hydrogel elasticity
as the iterations progress (top). The percentage reduction in error over the same iterations
stabilizes, demonstrating the model reaches a point of minimal further improvement, which

suggests the convergence of the calibration process.
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The calibrated equation for predicting hydrogel elasticity E as a function of alginate
molecular weight Algmw, alginate concentration Algywy, and calcium crosslinking density

Caxr, is given by Equation 6.

E = —125 + 58(4lg,,,) — 971(Cayy) + 1.037(Alg ) + 756(Alg,y X Caxy)
- 0516(Alng X Alng) - 0165(CaXL X Alng)

Equation 6

This equation was derived through regression analysis, incorporating literature data
to establish the relationships between the various factors and the resulting elasticity. Each
parameter represents the relative impact of the associated material component, providing
insights into how changes in the hydrogel composition affect its mechanical properties.
The successful calibration of the hydrogel elasticity model is a crucial step in ensuring
that the overall model accurately reflects the physical properties of the hydrogel, thereby
enabling reliable predictions of NP cell behavior and regenerative potential in subsequent
simulations.

To validate the effectiveness of the calibration, the model predictions were
compared against empirical data across different calcium concentrations and alginate
molecular weights. Figure 4.2 presents the predicted elasticity values against the
measured values from Li et al., (2023) empirical data.®® The comparison of predicted to
empirical elasticities were 2.6 and 2.92 £+ 0.33 kPa for 1 kPa-H, 3.03 and 2.89 + 0.36 kPa
for 1 kPa-L, 7.01 and 7.96 + 1.54 kPa for 3 kPa-H, and 9.11 and 9.19 + 0.15 kPa for 3

kPa-L hydrogel conditions.
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Although the largest percent error between the predicted elastic modulus and
empirical value was roughly 12%, all values were within empirical standard deviation.
Therefore, the predicted points were aligned, demonstrating a strong correlation between
the model predictions and the empirical observations. The close fit indicates that the
calibrated model can accurately predict the hydrogel's mechanical properties under

varying conditions.

Calibrated Elasticity vs. Calcium Concentration, Grouped by Alginate Molecular Weights
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Figure 4.2 Calibration of Hydrogel Elasticity Predictions. Comparison of predicted
elasticity values (based on the calibrated model) against empirical data across a range of calcium

concentrations and alginate molecular weights. The figure illustrates how closely the model

predictions align with laboratory measurements.
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4.3 Cell Count and ECM Production

The calibration and validation of cell count and ECM production involved aligning
the model’s predictions with empirical data on NP cell count, aggrecan, and collagen

synthesis over time.

4.3.1 NP Cell Proliferation

Figure 4.3(A) shows the fold changes in NP cell count, normalized to the initial
amount over a 21-day period across hydrogels of varying elasticities. Cell counts were
normalized to day 0 to remove any initial biases and allow for comparisons across different
literature. An initial rapid increase in cell count is observed, rising from 27 000 to 48 772
on day 5, followed by stabilization. A second burst occurs on day 16, reaching 108 257
cells, followed by another stabilization phase. The model demonstrated a strong
correlation between predicted and empirical values, consistently falling within the
expected range.

In addition, the 3D and 2D visualizations of the 3 kPa - low molecular weight hydrogel
condition cell distribution, reveal a progressively increasing cell density over the 21-day
period (Figure 4.3(B)). Initially, cells are randomly seeded and distributed throughout
the hydrogel matrix, but as time progresses, cell proliferation leads to more densely
populated areas of the hydrogel. The visualization highlights how cells migrate and

proliferate within the matrix, forming clusters that suggest active tissue regeneration.
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Predicted Cell Count Across Hydrogel Conditions Over Time

ParaView Visualization
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Figure 4.3 Simulation Predictions for Cell Count Over Time. Panel A shows the fold
changes in NP cells normalized to the initial amount over a 21-day period across hydrogels of
varying stiffness. Black error bars represent the range in empirical values taken from literature on
days 3, 5, 14, and 21.127:15%.184 Panel B presents the ParaView 3D and 2D visualizations of NP cell
distribution under the 3 kPa — low molecular weight hydrogel condition, illustrating the spatial

arrangement and density of cells within the hydrogel matrix over time.

4.3.2 Aggrecan and Collagen Production

Figure 4.4(A) illustrates the predicted aggrecan and collagen profiles over the 21-
day period across the different hydrogel conditions. Both components showed steady

increases, reflecting sustained ECM production by the NP cells. The model predictions for
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aggrecan accumulation remain well within the empirical ranges across the different
hydrogel conditions, as indicated by the error bars in Panel A. In addition, the predicted
collagen to aggrecan ratio was consistent with empirical ratios varying between 0.18 -
0.42,%3 represented by the shaded grey region. Both ECM components remain well within
their respective empirical ranges, indicating that the model effectively captures the
temporal patterns of matrix production. Across all simulations, the 3 kPa-low molecular
weight hydrogel condition showed the best performance in supporting NP cell proliferation
and ECM production. Cell proliferation reached a maximum of 4.11 4+ 0.09 folds on day
16, aggrecan levels stabilized at roughly 2764 ug/mL after 9 days and increased by 8% by
day 21. Conversely, 1 kPa-high hydrogel condition resulted in the worst performance for
supporting NP regeneration. Cell count reached a maximum of 4.01 + 0.21 folds on day
16, aggrecan levels stabilized at roughly 264 ug/mL after 9 days and increased by 3.3%
by day 21.

Figure 4.4(B) presents a visual comparison of the ECM components, aggrecan (red)
and collagen (blue), accumulated within the 3 kPa— low and high hydrogel conditions over
the 21- day culture period, revealing distinct spatial distribution patterns. The 3D
visualizations on days 1, 2, 3, 6, 9, 15, and 21 enhance the understanding of the
interactions and dynamics within the hydrogel environment. In both hydrogel conditions,
the ECM components are sparsely distributed throughout the hydrogel on day 1, with no
clear clustering. By day 3, aggrecan and collagen begin to centralize, forming a more

concentrated distribution at the core. For the 3 kPa- low molecular weight hydrogel
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condition, the ParaView renderings depict a higher density of aggrecan and collagen, with
the red and blue regions appearing more concentrated and intense. This indicates a more
robust ECM deposition in comparison to the 3 kPa- high molecular weight condition,
where the distribution of ECM components is less dense, as reflected by the lighter shading
and more dispersed arrangement of the red and blue areas. These observations indicate
that the spatial distribution of ECM components was not hard-coded but emerged from

the collective behavior of the simulated NP cells.

92



Predicted ECM Production Across Hydrogel Conditions Over Time
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Figure 4.4 Simulation Predictions for ECM Production Over Time. Panel A shows the
predicted ECM component profiles compared to the respective empirical values of aggrecan® and

collagen.?? In Panel B, the 3D and 2D ParaView visualizations present the density of ECM
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components (aggrecan in red, collagen in blue) on days 1, 2, 3, 6, 9, 15, and 21 for the 3 kPa —
low and high molecular weight hydrogel conditions. The intensity of the colors reflects the
accumulation density of these ECM components, with darker, denser regions indicating higher

concentrations of aggrecan and collagen within the hydrogel matrix over time.

4.4 Cytokine Synthesis

The calibration and validation of cytokine synthesis involved predicting the
temporal patterns of cytokine production, including TNF-a, IL-1B, and TGF-B, and
comparing them with empirical data presented in Figure 4.5. The cytokine
concentrations were normalized to pg/million cells to enable robust comparisons with
empirical data. Overall, the IVDH-ABM reproduced the cytokine patterns as documented
in the literature.161,166,167

For all hydrogel conditions, the cytokines TGF-, TNF-a, and IL-1f exhibited a
rapid initial increase followed by stabilization within one day. Specifically, TGF-f levels
surged to 310 pg/million cells within the first day, demonstrating a sharp rise indicative
of the cytokine’s role in initiating cell proliferation and ECM production. Following this
initial surge, TGF-f levels continued to increase linearly, reaching a peak concentration
of 420 + 30 pg/million cells by day 9. This sustained increase suggests ongoing cellular
activity and matrix production, after which TGF-f levels plateaued, indicating a balance
between synthesis and utilization in the cellular processes.

Conversely, TNF-a and IL-18 levels rapidly increased to only 140 and 50 pg/million

cells, respectively, within the first day. By day 4, TNF-a and IL-1f3 concentrations peaked
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at 190 + 11 and 90 + 7.5 pg/million cells, respectively, highlighting their role in the early
inflammatory response, followed by stabilization. This trend aligns with TNF-a and IL-
1B cytokines’ known behavior of mediating early inflammation before subsiding as cell
counts surge.!®® These observed trends in cytokine production provide insight into the
dynamic interplay of inflammatory and regenerative processes within the hydrogel

environment.
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Predicted Cytokine Profiles Across Hydrogel Compositions
%102

[=)]
1

s
1

R

1

TGF-$ (pg/10°¢ cells)
N

o

x 1072

0.5 A1

TNF-a (pg/10¢ cells)

x102

IL-1B (pg/10¢ cells)
=

o

0 3 6 9 12 15 18 21
Days

Hydrogel Conditions
Empirical Range  —=—- 1kPa-High  —-- 1kPa-Low  —-- 3kPa-High —-- 3kPa-Low

Figure 4.5 Predicted Cytokine Profiles Across All Hydrogel Compositions. Levels of
TGF-B, TNF-a and IL-1f3 per 1 million cells, over 21 days illustrate how cytokine production is
affected by the hydrogel's mechanical properties. Black error bars for TGF-f,161 TNF-q,166 and IL-

18167 represent the empirical values taken from corresponding literature.
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4.5 In Silico Experiment Results

4.5.1 Identify Optimal Hydrogel Composition for Physiological Elasticity

A 3D plot was generated to visualize the predicted elasticity across a range of
possible combinations of alginate concentration, alginate molecular weight, and calcium
crosslinking density (Figure 4.6). This plot enabled a comprehensive assessment of how
different hydrogel compositions affect their mechanical properties. By mapping the
elasticity values in three dimensions, it was possible to identify trends and interactions

between the variables, providing valuable insights for optimizing hydrogel formulations.

Extrapolated Hydrogel Compositions Within In Vivo Nucleus Pulposus Elasticity Range

3D Scatter Plot of Hydrogel Composition 2D Scatter Plot of Alginate and Calcium Concentration Relationship
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Figure 4.6 Predicted Hydrogel Elasticity for Varying Compositions. A 3D scatter plot
showing the distribution of hydrogel composition yielding a predicted elasticity that ranges from
5.39 £ 2.56 kPa (Left). A 2D scatter plot illustrating the relationship between alginate and calcium

concentrations (Right). Each point represents a specific combination of alginate molecular weight

97



and composition, categorized into three groups: low (0 < kDa < 200, yellow points), medium (200

< kDa < 500, orange points), and high (kDa > 500, red points).

Among the tested combinations, a specific formulation was selected for further
experimentation: 200 kDa alginate molecular weight, 1.95% alginate concentration, and
0.02 M calcium crosslinking density (Figure 4.7). The selection was supported by the
formulation's potential to provide an ideal biomechanical environment for NP cell
regeneration, balancing the structural integrity and elasticity needed to simulate real

tissue conditions effectively.

Predicted Hydrogel Composition for Physiological Elasticity
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Figure 4.7 Predicted Elasticity of Selected Hydrogel Compositions. A 2D plot displaying
the predicted elasticity values for two selected hydrogel compositions. A hydrogel composition
with a molecular weight of 200 kDa, alginate concentration of 1.95% w/v, and 0.02 M calcium

crosslinker density (blue), was ultimately chosen for further in silico experiments due to its optimal
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elasticity. The orange data point represents another composition with a molecular weight of 143

kDa, an alginate concentration of 2% w/v, and a calcium crosslinker density of 0.03 M.

4.5.2 Predicted NP Cell Response to IVDH-ABM-Optimized Hydrogels

Following the selection of the optimal hydrogel composition with a molecular weight
of 200 kDa, an alginate concentration of 1.95% w /v, and a calcium crosslinking density of
0.02 M, an in silico experiment was conducted to evaluate the regenerative response of
NP cells. This composition was specifically chosen for its elasticity closely matching the
physiological conditions of human lumbar NP tissue, deemed essential for mimicking the
natural environment in which NP cells interact.

The virtual experiment simulated the behavior of NP cells within the hydrogel over
a 21-day period, capturing detailed data on key biological processes in tissue engineering
and regenerative medicine. These processes included monitoring cell proliferation, cytokine
production, and ECM production which are crucial for tissue integrity and repair. The
execution of these experiments aimed to confirm the sustainability of the hydrogel
composition and provide detailed insights into the mechanisms through which the
hydrogel supports NP cell regenerative capacities. The findings were intended to inform
further enhancements to biomaterial designs for clinical applications in treating
intervertebral disc degeneration.

Figure 4.8(A) presents the NP cell fold change over the 21-day period. Initial

proliferation was rapid, driven by high TGF-f levels, which later stabilized due to spatial
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constraints. The maximum cell count fold increase of approximately 4.15 reached at day
16. Both aggrecan and collagen levels increased steadily throughout the simulation,
reflecting the ongoing ECM production by the NP cells. In addition, the temporal patterns
of cytokine production (TNF-a, IL-1B, and TGF-B) were analyzed to understand their
role in regulating NP cell behavior and ECM production. The aggrecan levels reached to
2950 ug/mL by the end of the 21-day period, whereas collagen reached to approximately
1095 ug/mL. Figure 4.8(C) shows that TGF-f levels peaked early in the simulation,
promoting initial cell proliferation and ECM production. TNF-a and IL-1f3 levels exhibited
more complex dynamics, reflecting their roles in modulating inflammation and cell

behavior.
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Figure 4.8 Simulation Outputs of Optimized IVDH-ABM Hydrogels. Panel A shows the
predicted NP cell fold change. Panel B shows the predicted collagen and aggrecan profiles. Panel
C shows the predicted cytokine TGF-f, TNF-a, and IL-1f levels over 21 days for a hydrogel of
200 kDa alginate molecular weight, 1.95% w/v alginate concentration, and 20 mM calcium

crosslinking density. The model was run five times, and the average results are shown.
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Chapter 5 Discussion and Conclusion

This chapter discusses the results obtained from the IVDH-ABM to simulate NP
cell behavior within alginate hydrogels. In this work, the IVDH-ABM was trained and
validated with available data found in literature and in-house laboratory data. The IVDH-
ABM was also used to identify hydrogel compositions that could be optimal for IVD

regeneration.

5.1 IVDH-ABM Reproduces Relation Between Hydrogel
Composition and Elasticity.

Empirical data (Figure 3.4) was used to develop and train the model. The
calibration process involved iterative adjustments of the compositional properties; alginate
concentration, calcium crosslinking density, and alginate molecular weight to fit
experimental observations. Validation against independent data set from Li et al., (2023)
confirmed the model's reliability,®® ensuring that the predictions were robust and
consistent with observed data, as evidenced by the RMSE metric of 0.51 kPa.

Higher alginate molecular weight and concentrations resulted in increased stiffness,
aligning with literature that higher polymer concentrations enhance mechanical strength.
Secondly, increased calcium crosslinking density led to stiffer hydrogels, as calcium ions

form the crosslinks with alginate, create a more rigid network.'8 The model's ability to
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predict hydrogel elasticity within narrow error margins validates its utility for simulating

various hydrogel compositions.

5.2 Hydrogel Elasticity Influences Cell Proliferation and ECM
Production

The IVDH-ABM accurately predicted the NP cell count and ECM synthesis, with
results aligning well with empirical observations (Figure 4.3 and Figure 4.4). Cell
proliferation was influenced by cytokine concentrations and hydrogel composition. An
unexpected and unprogrammed observation was the “bump” in cell fold change, which
represented a transient increase in cell proliferation followed by stabilization. This
phenomenon can be explained by several factors within the model dynamics.

The initial high levels of TGF-$ stimulated a burst in cell proliferation. As TGF-3
levels peaked and stabilized on day 8 (Figure 4.5), the proliferation rate decreased,
leading to a leveling-off of the cell fold change. Additionally, the model incorporated
feedback mechanisms, where secreted cytokines and ECM components influenced cell
behavior. An initial surge in cell proliferation led to increased ECM production, which in
turn affected further cell proliferation rates.!87 Spatial constraints may also explain the
double cell count fold stabilizations. As cells proliferated, spatial limitations within the
hydrogel matrix became more apparent, resulting in competition for space and resources

that slowed down further proliferation.
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The model also accurately reflected the temporal dynamics of ECM synthesis.
Aggrecan synthesis, driven by TGF-f, showed a consistent increase, while collagen
production, although less abundant, also demonstrated a stable and significant synthesis.
The ratio of aggrecan to collagen (approximately 3:1) aligned with empirical data and
literature, confirming the model's validity in replicating the native ECM composition of

NP tissue.??

5.3 Dynamics of Cytokines is a Key Driver of Modulating Cell
Dynamics

The production of cytokines varied with hydrogel composition and played a crucial
role in influencing NP cell behavior and ECM production, through autocrine and paracrine
signaling. Normalizing cytokine concentrations to pg/million cells provided a robust basis
for comparison across different conditions and experimental data. The model's predictions
of cytokine concentrations were validated against empirical data, demonstrating its ability
to simulate the complex biochemical interactions within the hydrogel environment. TGF-
B promoted ECM production, particularly aggrecan and collagen synthesis, whereas both
TNF-a and IL-1B inhibited ECM synthesis and induced catabolic activity. These cytokines
reflect their known roles in maintaining matrix homeostasis and inducing inflammation

and matrix degradation in the NP.161
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5.4 In Silico Experiment: Optimized Hydrogel Composition
Supports NP Cell Regeneration

Results from the in silico experiment identified a hydrogel formulation that
supports ECM production and cell proliferation for IVD application. For this specific
formulation, an alginate molecular weight of 200 kDa, a concentration of 1.95% w /v, and
a 20 mM calcium crosslinker density were found to yield an elastic modulus of 3.66 kPa.
This modulus falls within the physiological NP disc elasticity range of 5.39 4+ 2.56 kPa.183
The optimized hydrogel composition demonstrated enhanced cell viability, proliferation,

and ECM synthesis, effectively supporting NP cell regeneration.

5.4.1 Optimized Hydrogel Composition Supports Continuous ECM
Production.

Aggrecan levels of the optimized hydrogel increased by 6.73% when compared to
the levels reached in the 3 kPa-low molecular weight condition. Softer hydrogels promoted
the production of ECM components essential for cell function, such as collagen-II and
aggrecan. This is supported by findings from Kim et al., (2015), which found that
chondrocytes subjected to softer hydrogels (4 kPa compared to 7 kPa) produced 28% and
18% more aggrecan and collagen.'®® This phenomenon can be attributed to several
molecular mechanisms involving the mechanotransduction pathways that NP cells utilize
to sense and respond to their ECM.

Firstly, softer hydrogels mimic the native mechanical environment of the NP tissue
more closely than stiffer matrices (3.66 kPa for the optimized hydrogel and 9 kPa for the
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3 kPa-low molecular weight condition). This similarity allows for better cell-matrix
interactions, which are crucial for maintaining the cellular phenotype and promoting ECM
production. In softer environments, integrins, which are transmembrane receptors that
facilitate cell-ECM adhesion, can more effectively bind to ECM proteins such as laminin
and fibronectin.!®? This binding activates intracellular signaling pathways, such as the
RhoA/ROCK and MAPK/ERK pathways, which are critical for cell survival,
proliferation, and ECM synthesis.!® Moreover, the mechanical properties of the hydrogel
can influence the distribution and activity of mechanosensitive ion channels in NP cells.
The reduced stiffness of the hydrogel alleviates mechanical stress on NP cells. Softer
matrices may allow for more optimal functioning of these channels, further supporting
cellular health and ECM synthesis.!9

The increase in both aggrecan and collagen levels over time indicates that the
hydrogel composition effectively supports continuous ECM synthesis, which is essential
for NP tissue regeneration. A controlled and continuous production of ECM is essential
for effective tissue repair. Mimicking native NP tissue, the collagen and aggrecan rich
environment provides the necessary structural support and biochemical signals required
for proper tissue function and integration with surrounding tissues.'”! Moreover, ongoing
matrix synthesis prevents tissue degradation and creates a stable environment conducive
to cell-matrix interactions, aiding cell viability and proliferation, thus enhancing tissue

regeneration.!®?

106



5.4.2 Increased NP Cell Count Reveals Superior Regenerative Capabilities
in Optimized Hydrogel Conditions.

Cell count fold changes of the optimized hydrogel increased by 1.23% and 3.3%
compared to the 1 kPa- high (4.1 cell count fold change) and 3 kPa- low (4.01 cell count
fold change) respectively. A study done by Li et al., (2017) found that the proliferation of
chondrocytes cultured in highly crosslinked hydrogels was hindered due to the increased
stiffness of the hydrogel.!?> The cell performance variations are likely due to the
constraints they imposed on cell proliferation and motility. The limited space and resource
availability within these stiffer hydrogels may restrict the ability of the cells to proliferate
efficiently,!®® thereby impacting the overall regenerative potential.

In addition, hydrogel elasticity plays a crucial role in cell migration. In highly
crosslinked hydrogels, increased stiffness can impede cell movement!?3, reducing the cells’
ability to migrate. Softer hydrogels, on the other hand, facilitate easier cell movement and
reach the target sites more efficiently. The optimized hydrogel composition, with its
balanced stiffness, supports both cell proliferation and migration. This balance allows for
adequate mechanical support while providing the flexibility needed for cells to move and
reorganize within the scaffold. The ability of cells to migrate within the hydrogel is
influenced by the matrix's physical properties, such elastic modulus, which is affected by
the crosslinking density and polymer composition.

These findings underscore the necessity of fine-tuning hydrogel stiffness to balance

mechanical support with cellular activity to optimize tissue regeneration. The superior
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regenerative capabilities of NP cells when subjected to the optimal hydrogel conditions
confirmed the hypothesis that mechanical properties are crucial for NP cell function

(Figure 5.1).
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Figure 5.1 In Silico Insights into Biomaterial Design: Impact of Matrix Stiffness on
Cell Behavior and Tissue Regeneration. The graphical summary illustrates key findings from
the in silico experiment on how matrix stiffness, governed by alginate and calcium concentrations,
influences NP cell behavior. Predictive modeling identifies the optimal hydrogel stiffness for
maximized tissue regeneration, using the validated IVDH-ABM. For future work, the hydrogel

fabrication process involves suspending NP cells within the hydrogel matrix, and clinical
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application entails injecting the hydrogel into the degraded NP to promote IVD regeneration. The
right panel depicts mechanosensation, where NP cells detect mechanical cues through integrin
binding sites, triggering intracellular pathways (RhoA/ROCK, MAPK/ERK) through
mechanotransduction; softer matrices result in accelerated cell migration and proliferation due to

increased compliancy in a less stressed environment. Created with Biorender.com.

5.5 Model Limitations and Future Directions

Despite the promising findings and significant advancements made through this
research, the current computational model has inherent limitations that need to be
addressed to enhance its predictive accuracy and applicability. Recognizing these
limitations is crucial for guiding future research and improving the model's utility in tissue
engineering and regenerative medicine.

Firstly, the IVDH-ABM model assumes a uniform, linear, and static hydrogel
elastic modulus. This assumption simplifies the mechanical representation of the hydrogel,
allowing for a focus on immediate primary interactions between NP cells and the hydrogel
matrix. While this choice was made for computational efficiency, this assumption may
not account for the inherent non-linear heterogeneity and viscoelasticity of hydrogels,
which exhibit time-dependent mechanical properties. In biological tissues, the elastic
modulus can vary spatially and temporally due to dynamic cellular interactions and
matrix remodeling. This simplification limits the ability of the model to simulate the
actual mechanical environment experienced by cells, potentially affecting the long-term

prediction of regenerative outcomes. To consider a time-dependent component of the

109



hydrogel mechanical properties, nonlinear stress-strain relationships can be incorporated
to simulate viscoelastic behavior using finite element analysis (FEA). The FEA can output
detailed local spatial and temporal data on stress-strain responses, which can then be used
to refine the IVDH-ABM's representation of the mechanical environment. This FEA-ABM
coupling would allow for a more realistic simulation of the spatial and temporal variations
in hydrogel mechanical properties. Additionally, the model could be enhanced by
considering heterogeneous biochemical and mechanical stimuli, such as varying porosity,
dynamic degradation rates, and real-time changes in the elastic modulus. This is
particularly important in scenarios where mechanical feedback is crucial for cell behavior.
For example, NP cells may remodel the hydrogel through the secretion of MMP and
TIMP, which will lead to changes in the hydrogel structure and stiffness over time.
Incorporating these dynamic feedback mechanisms into the model would enable a more
accurate simulation of how cells respond to and influence their surrounding environment,
leading to more precise predictions of cell behavior and ECM production.

Secondly, the IVDH-ABM simplifies the complex tissue regeneration process by
focusing only on key cellular behaviors, including cell proliferation, apoptosis, migration,
ECM synthesis, and cytokine production. This simplification is necessary for
computational feasibility, as incorporating more complex biological rules would
significantly increase the computational burden. A high-fidelity model may also have
many parameters with unknown values that may reduce the accuracy and reliability of

model predictions. By focusing on essential behaviors, the model maintains a balance
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between fidelity and computational efficiency, allowing for practical simulations within a
reasonable timeframe, thus enhancing the model's applicability.

Lastly, future research should focus on transitioning the current model to in vivo
conditions for clinical settings. This involves validating the model with real-time, in vivo
data from animal studies and, eventually, clinical trials to ensure its efficacy and safety
in human applications. Incorporating patient-specific variables, such as genetic
information and disc morphology should be prioritized. These advancements aim to bridge
the gap between theoretical frameworks and clinical implementation, leading to more

personalized and effective healthcare solutions.

5.6 Conclusion

This thesis presented a comprehensive study on the development and application
of an IVDH-ABM to simulate NP cell behavior within alginate hydrogels for IVD
regeneration. The model was calibrated and validated against experimental data,
demonstrating its predictive accuracy and reliability. The model's ability to simulate NP
cell activity over a 21-day period provided valuable insights into the dynamics of cell
behavior in response to varying hydrogel properties.

The study successfully replicated the relationship between hydrogel composition
and its elasticity. It was observed that higher calcium crosslinking density, alginate
molecular weight, and concentrations led to increased hydrogel stiffness, aligning with

empirical data. The research aimed to optimize hydrogel compositions that promote NP
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cell proliferation and ECM production, particularly for scaffolds that mimic the native
IVD environment. Key factors included adjusting alginate concentration and calcium
crosslinking density to achieve desired mechanical properties. The optimized hydrogel
composition, identified as 200 kDa alginate with 1.95% w/v and 20 mM calcium, achieved
an elastic modulus of 3.66 kPa. This composition supported ECM production and cell
proliferation effectively, indicating superior regenerative capabilities under the specified
conditions.

The insights gained from the IVDH-ABM have significant implications for
advancing clinical trials in tissue engineering and regenerative medicine. The predictive
outcomes can streamline the preclinical testing phase, reducing the time and cost
associated with developing new therapies. The tuning of scaffold properties to meet

personalized clinical needs paves the way for developing more effective medical treatments.
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