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Abstract

Scaffolds are one of the most used strategies of tissue engineering in the treatment of
bone defects; they help to meet the mechanical function of load bearing that bones play in
the human body. The design and fabrication of scaffolds made of biodegradable polymers
is of particular interest. As they erode, scaffolds leave empty space that can be occupied
by new regenerated bone. For the scaffold to meet the clinical requirements, it is vital to
pay attention to the design of the geometry of the implant’'s porous structure, the
manufacturing technique, and performance of the scaffold once implanted. To enter in this
field, the development of a mechanobiological model of bone regeneration process on
scaffolds is presented here. In this thesis, we are obtaining an irregular three-dimensional
pattern using a reaction-diffusion. Degradation of a representative volume element of the
scaffold is studied due to a hydrolysis process, and the regeneration of bone tissue on the
scaffold is modeled. Finally, some scaffolds are manufactured using additive
manufacturing to study its mechanical properties. In conclusion, it is found that the
proposed geometry can be useful for the design of scaffolds and may be considered for
future designs and experimental work in order to develop biodegradable scaffolds similar

to trabecular bone.

Keywords: bone scaffold; regeneration; reaction-diffusion; finite element method.

Resumen

Los andamios son una de las estrategias de la ingenieria de tejidos que mas se usa en el
tratamiento de defectos 6seos. Ellos ayudan a suplir la funcion mecanica de soporte de
carga que desempefian los huesos. El disefio y fabricacion de andamios hechos de
polimeros biodegradables resulta de especial interés. Mientras ellos se erosionan, dejan
espacio vacio que puede ser ocupado por el nuevo hueso regenerado. Para lograr un
andamio que cumpla los requerimientos clinicos se debe prestar atencién al disefio de la
geometria de la estructura porosa del implante, la técnica de fabricacion y el desempefio
del andamio una vez implantado. Para incursionar en este campo, se plantea el
desarrollo de un modelo mecanobiolégico del proceso de regeneracion 6sea sobre

scaffolds. En esta tesis se desarrolla la obtencion de un patrén tridimensional irregular
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usando un sistema reaccidon-difusién, se estudia la degradacién de un elemento
representativo del volumen del andamio debido a un efecto de hidrdélisis y se modela la
regeneracion de tejido 6seo sobre el andamio. Finalmente, se fabrican algunos andamios
mediante manufactura aditiva para revisar sus propiedades mecanicas. En conclusion, se
encuentra que la geometria propuesta puede ser (til para el disefio de los andamios y
puede ser considerada para futuros disefios y pruebas experimentales que ayuden a

desarrollar andamios biodegradables similares al hueso trabecular.

Palabras clave: andamio hueso; la regeneracion; reaccion-difusion; método de elementos

finitos.
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Introduction

One area of common interest for engineering, medicine, biochemistry and other
disciplines is the study of materials and manufacturing processes required to produce
scaffolds for bone regeneration. Progress in this field of tissue engineering is essential,
since bone diseases are very common and they cause physical disability and inability to
achieve quality of life.

There are many cases where injuries are not able to cure just with the help of mechanical
fixing. This is because a bone portion has been lost or damaged. For these cases, it is
necessary to fill the void space left using scaffolds made with biomaterials. Biomaterial is
defined as "a compound pharmacologically inert designed to be implanted or incorporated
within the living system." In this sense, the biomaterial is implanted in order to replace or
regenerate tissues and achieve their functions. Bone regeneration materials are

biocompatible materials that stimulate and support new bone growth.

Bone pathologies are a significant percentage in the inability of people. Bone tissue may
suffer various diseases that could be caused by hormonal deficiencies, infection or
excessive mechanical loads, among other reasons. Some of the diseases or pathologies
of bone tissue are fractures, osteogenesis imperfecta, osteoporosis, osteomalacia,
osteomyelitis and cancer. Factors such as age, industrial, or traffic accidents are the
causes of the loss or damage of bone tissue. In Colombia, according to the Integrated
Information System of Social Protection (SISPRO), 1.7 million people were diagnosed
with diseases or injuries of the musculoskeletal system and connective tissue during
2013. This represents approximately 14% of the diseases diagnosed that year [1]. Also,
the average age of the population has greatly increased, thereby growing cases of

osteoporosis [2]. In Colombia, according to the National Administrative Department of
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Statistics (DANE), life expectancy of Colombians rose nearly two years between 2005
and 2010.

Moreover, the events of the armed conflict in this country have caused victims suffering
damage in bone tissues, which, in many cases, require reconstructive treatments. The
Colombian National Observatory of Disability estimated that by April 2015, the number of
people with disabilities, who are victims of armed conflict, were 149287 [3]. For example,
a research done in 2006, showed that only the Central Military Hospital in Bogota
received 348 wounded people in combat a year. About 70 of them needed reconstruction
of bone tissue with procedures beyond fixing and immobilization [4]. From 1990 to March
2016, there have been 9162 injured by landmines and unexploded ammunition [5]. Often,
the physical damage caused by these devices involve not only partially affected limb
tissue loss but complete loss of limbs. All these victims need treatments that will help
them restore their quality of life and overcome their disability.

It becomes necessary to rebuild damaged bone tissue to continue fulfilling its function.
For these cases, tissue engineering developments where scaffolds are combined with
stem cells and growth factors are the therapeutic strategies used in regenerative
medicine. In the area of bone tissue, there can be found various companies and
institutions around the world that provide some of these technologies. However,
biomaterials are high cost and its availability is limited. As an example, a study argues
that 1 g of bone substitute costs about 100 USD [6], while another notes that the cost of
replacing organs was estimated at 8% of the cost of health throughout the world in 2009
[7]. In Colombia, 16198 bone grafts were distributed in 2012, 14568 in 2013 and 12484 in
2014. This is a decline of about 13% per year [8].

Therefore, it is advisable to study the mechanobiological process of bone regeneration on
scaffolds. This would be useful to produce scaffolds that can improve the quality of life of
patients who require it. With this in mind, the overall aim of the thesis is to make a
computational model to evaluate in-silico by testing the bone regeneration process on a
scaffold considering its geometrical and physicochemical properties. To achieve this goal,

the following specific objectives have been proposed:
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e Develop tools to generate three-dimensional patterns and to control its geometric
characteristics.

e Simulate biomaterial implant degradation due to biochemical stimuli in in-vivo
implantation.

e Simulate bone tissue growth on the scaffold due to external stimuli in in-vivo
implantation.

o Establish the mechanical behavior of the scaffold during the process of bone
regeneration.

The development of this thesis is as follows. In chapter 1 a review of the state of the art
design and use in bone tissue engineering materials is made. Chapter 2 describes a
methodology to generate porous structures from reaction-diffusion systems. In Chapter 3,
the computer simulation of the degradation of a representative volume of a scaffold made
of a biodegradable polyester hydrolysis by considering a mechanism element is
presented. Chapter 4 discusses aspects to be considered in the modeling of bone
regeneration process and presents a simulation of bone regeneration process. Finally, in
Chapter 5 the process of design and manufacture of an implant designed with the

methodology proposed in Chapter 2 is discussed.






1 Design and materials of biodegradable
scaffolds for bone tissue engineering

In this chapter a review about design and manufacture of scaffolds for bone tissue
engineering is presented. First, fundamental aspects about bone, tissue engineering, and
considerations related to scaffold design are established. Second, issues related to

scaffold biomaterials, and manufacturing processes are discussed.

1.1 Description of the bone tissue

Bones are rigid organs that consist of osseous tissue, bone marrow, endosteum,
periosteum, cartilage, nerves, and vascular channels constituting the skeleton of
vertebrate animals. Osseous tissue, which fulfills mechanical functions, is formed by
connective tissue cells such as osteocytes, osteoblasts and osteoclasts in an extracellular
matrix composed mainly of minerals, proteins, and water [9], [10]. The bone composition
and configuration will vary according to factors such as the anatomical location, supported
load, age, and gender of the individual, and the possible diseases that he or she could
suffer [11], [12]. In regard to bone composition, the mineral phase is between 60 and 70
wt.%, water between 5 and 10 wt.%, while the remaining portion is an organic matrix of

collagen and other proteins.

The mineral phase of bone is essentially a calcium phosphate, called hydroxyapatite,
presented in the form of nanocrystals with sizes between 25 and 50 nm in length [13].
Variations in the chemical composition of hydroxyapatite modify its physical properties,
specially its solubility [14]. On the other hand, biochemical properties mainly depend on
the organic phase of the extracellular matrix of bone. Approximately 90% of the organic

phase is formed by type | collagen. The remainder consists of proteins, lipids and other
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macromolecules such as growth factors, cytokines, osteonectin, osteopontin, osteocalcin,
osteoinductive proteins, sialoproteins, proteoglycans, phosphoproteins, and phospholipids
[15]-{17]. The mineral and organic phases determine the mechanical properties of bone

as a composite.

According to its structure, osseous tissue may be cancellous (trabecular) or cortical
(lamellar). Cancellous bone is a network of interconnected porosities, ranging between 50
and 90%, with a solid portion which is formed of struts and plates that can adopt different
configurations. It is located at the epiphysis of long bones and the interior of cuboid
bones. Cortical tissue is located at the bone surface and it has a homogeneous and
compact macrostructure. It is found mainly at the bone diaphysis and its thickness varies
according to the bone anatomical location. The microscopic structure of cortical bone is
composed of lamellar, plexiform and haversian tissue. The plexiform tissue is formed by
layers in which there are channels to help bone vascularity. The haversian tissue is within
the lamellar tissue, and surrounding the lacunae, or osteons where osteocytes reside.
Osteons are arranged along the tissue and is a structural unit of the cortical bone. Figure
1-1 illustrates the types of osseous tissue and its components and Figure 1-2, the shape

and variations of cancellous tissue.

Bones have mechanical, synthetic and metabolic functions. The mechanical functions are:
protection of internal organs, body support and interaction with muscles and tendons to
generate body movement [13]. The synthetic function is conducted by the bone marrow,
where bone and blood cells are synthesized in a process called hematopoiesis [18].
Metabolic functions are related to act as a reservoir of calcium [19], phosphorus, growth

factors and fat and the regulation of blood pH releasing alkaline salts [20].

Referring to mechanical function, bones are the structural elements of the human body.
The skeletal system supports loads due to the different activities of an individual as
holding things, walking, pushing, etc. These loads induce tensile, compressive or shear
stresses on the bone tissue. More complex stresses such as those caused by bending or
twisting of bone can be decomposed into the three basic aforementioned stresses. To
study these stresses, bone mechanical properties such as elasticity modulus,
compressive, and tensile strength are important. These properties are highly dependent

on the position of the bone and the condition of the individual. Besides, mechanical
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properties of bone vary depending on the load orientation with respect to the orientation of
the tissue (anisotropy) and the speed to which the load is applied (viscoelasticity) [11],
[21]. Ref. [22] provides a good source of data and models of mechanical properties for
different types of human bones. Some important mechanical properties are listed in Table
1-1.

Figure 1-1: Types of bone tissue and its components. From: Meng et al. [23]

Osteon \ Haversian canal

/ / Cancellous
bone

Bone cell
N — (Osteocyte)
Cortical

bone Extracellular
Matrix (ECM)
DED

Figure 1-2: Shape and variations of spongy tissue. Top row: uCT in different bones of the
same individual (lumbar spine, femoral head, and calcaneus Core). Bottom row: uCT of
the same bone (iliac crest) of different individuals. From: Ma and Elisseeff [24]
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Table 1-1: Mechanical properties of bone. From: Bandyopadhyay-Ghosh [25] and

Knudson [26]

PROPERTY CORTICAL CANCELLOUS
BONE BONE

Tensile strength (MPa) 50-150 10-100
Compressive strength (MPa) 130-230 2-12
Young's Modulus (GPa) 7-30 0.02-0.5
Strain to failure (%) 1-3 5-7
Shear strength (MPa) 53-70
Shear modulus (GPa) 3

Other important physical property of osseous tissue is permeability that describes the
porosity and interconnectivity of tissue. Permeability is estimated between 0.003x10° and
11x10°® m*N.s for trabecular bone in humans and 0.98x10*! and 7.8x10'* m*%N.s in
cortical bone for canine and bovine animals [27]. A detailed explanation of permeability in
bone can be found in Refs. [28], [29].

Bone tissue may suffer various diseases that can be caused by excessive load or
hormonal deficiencies, among other reasons [30], [31]. Bone tissue, as an engineering
material, can fail because mechanical loads originate stresses higher than the limit a
healthy bone can bear, or because the mechanical properties of bone decreases by
various pathologies making the bone weak and prone to be damaged. Some of the

diseases of bone tissue are:

e Fracture: partial or total loss of bone continuity. It is caused by traumas by
mechanical loads that exceed the allowable stresses of the bone. There may be
associated factors to the extent allowable stresses are conditioned by other
diseases that affect bone density. They can be classified by considering the type
of trauma, fracture shape, the location, and direction of the load [32].

o Osteogenesis Imperfecta: bone embrittlement due to deficiencies in the collagen
matrix [33].

e Osteoporosis: Loss of bone minerals by hormonal deficiencies [34].

o Osteomalacia or rickets: Loss of bone mineral caused by nutritional deficiencies
[35].

e Osteomyelitis: bone infection caused by bacteria [36], [37].
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e Cancer: Primary or metastatic causes progressive damage of bone tissue and its

functions [38].

As mentioned above, those diseases affect multiple demographic groups according to
their socioeconomic conditions. For example, in developed countries the average age of

the population has considerably increased becoming in more cases of osteoporosis [2].

1.2 Bone tissue engineering

Tissue engineering combines the use of cells, engineering materials and physicochemical
factors to improve or replace the biological functions of damaged tissues or organs. It
uses the principles and methods of engineering, biology, and biochemistry to understand
the structure and function of normal and pathological mammalian tissues and to develop
biological substitutes in order to restore, maintain, or improve its function [39]. A wide
area of interest for tissue engineering is the development of scaffolds that contribute to
bone regeneration processes [40]. This development could follow some or all of the

stages listed below [41]:

Scaffold fabrication.

Growth factor placement in the scaffold or damaged area.

Seeding of an osteoblast population into the scaffold in a static culture (petri dish).
Growth of premature tissue in a dynamic environment (spinner flask).

Growth of mature tissue in a physiologic environment (bioreactor).

Surgical transplantation of the scaffold.

N o o~ DR

Tissue-engineered transplant assimilation/remaodeling.

The number and the way that previous stages are combined give complexity to the bone
regeneration processes in tissue engineering. For scaffold fabrication, factors like size,
mass, porosity, surface / volume ratio, form, surface shape, and chemistry of the element
to be manufactured, and composition, structure, molecular weight and molecular
orientation of the biomaterial must be considered. For stages that occur in in-vitro
environments, variables like culture medium, pH, fluid flow, mechanical stimuli,

temperature, origin of cells, number of cells, mobility of the cells, and cell activity affects
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the growth of new tissue. Finally; defect sites, species, gender, age, inflammatory
process, immunological process, mechanical stimuli, biochemical stimuli, enzymes and

vascularization determine the bone regeneration processes in in-vitro environments [27].

1.3 Socioeconomic considerations

In 2007, it was calculated that the whole area of tissue engineering consists of 50
companies employing 3000 equivalent full time positions worldwide [42]. In 2010 the
number of companies related to regenerative medicines increased significantly to 391, but
only a small portion of these has a commercial product [43]. About 500000 bony grafts
are performed each year in the United States [44] which are in correspondence with the
assessment that between 5 and 10% of the 6 million fractures that occurred in North
America were delayed or not consolidated [45].

Scaffolds, implants, biomaterials, cell based therapies and growth factors are usually
considered as bone grafts substitutes in bone tissue engineering. Diverse analyses show
different market sizes and their growth rates depending on what it is denominated as
bone graft substitute: The global bone graft substitute market was valued at $1.9 billion in
2010 and it is forecast to reach $3.3 billion in 2017 [46]. Another source states that the
market for orthopedic biomaterials in the United States was at almost $3.4 billion in 2012
[47]. Another study affirms that 1g of bone graft substitute costs approximately 100 USD
and the volume of materials estimated was close to 10 tons per year in 2010 [6]. The
European market for bone graft substitute products for spinal fusion was valued at USD
177 million in 2010 and its growth rate is projected close to 17% per year, reaching an
estimated of $461 million in 2016. [48]. The global bone graft substitute market consists of
eight different segments [47]: orthopedic bone graft substitute, growth factors, stem cells,
cell therapies, orthopedic hyaluronic acid viscosupplementation, orthopedic tendon graft,
orthopedic cartilage repair and spinal machined bone allograft. Growth factors represent
the largest segment, close to 40% of the market. The segments related to synthetic
materials represent only about 15% of the market, but their growth rate is the largest

(close to 15% per year) [6].
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The cost of replacing organs was estimated in 8% of the worldwide health costs in 2009
[7]. The high cost of tissue engineering is associated not only with research and
development but also with the regulations governing human healthcare products [49].
Besides, some reasons for the size and growth rates of the bone tissue engineering
markets are aging but also more active population, the increase of overweight issues in
population, the increased interest of individuals in their own healthcare, the improvement
of public health systems around the world and the development of orthopedic procedures

for people of all ages [50].

1.4 Growth factors

Growth factors are substances, like cytokines or hormones, which act as biochemical
signals capable to trigger cellular processes like growth, proliferation or differentiation,
among others. The most considered growth factors in bone tissue engineering are listed
below:

e Bone morphogenetic proteins (BMPs): BMPs are a family of cytokines that
stimulates the proliferation of chondrocytes and osteoblasts and increases
extracellular matrix production. BMPs induce the differentiation of mesenchymal
stem cells into osteoblasts. BMPs allow not only skeletal tissue formation during
embryogenesis, growth and adulthood, but also bone healing process. In
newborns’ skeletons, BMPs can be found in the collagen fibers of the bone matrix,
and also in cells located in the periosteum, and the bone marrow. After a fracture,
BMPs growth factors diffuse from bone matrix and activate osteoprogenitor cells
which, in turn, produce more BMPs [51]. The BMP 2, BMP 4 and BMP 7 are the
only growth factors that can singly provoke bone formation in in-vitro cultures and
at in-vivo heterotopic sites. BMP1-3 increase the production of collagen type | and
osteocalcin in in-vitro osteoblasts like cells, and improve the formation of
mineralized bone nodules from bone marrow mesenchymal stem cells [52]. BMPs
are the most representative bone graft substitute of growth factors segment due to
their therapeutic possibilities [7], [42], [53]. Studies of combined application of
BMPs and scaffolds showed that these growth factors promote novo bone tissue

growth inside the porous structure [54]—-[58].
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o Fibroblast growth factors (FGFs): FGFs stimulate the proliferation of mesenchymal
cells, osteoblasts and chondrocytes. FGFs enhance growth of different tissues
due to their angiogenic properties [58], [59].

e Insulin-like growth factors (IGFs): IGFs promote the proliferation of osteoblasts
and chondrocytes as well as induce matrix secretion from both cell types [58], [59]

o Platelet-derived growth factors (PDGFs): PDGFs increase the proliferation of
chondrocytes and osteoblasts. However, depending on their concentration levels,
they have also been implicated in bone resorption [58], [59].

e Transforming growth factors-B (TGF-B): TGFs-B cause the differentiation of
mesenchymal cells into chondrocytes and may also induce chondrocyte and
osteoblast proliferation [60]. Like PDGFs, they have been seen to increase bone
resorption at certain concentrations playing a role in coupling bone formation and
resorption activities [58], [59]

e Parathyroid hormone (PTH): PTH enhances the release of calcium from the bone
extracellular matrix and induces osteoclast differentiation from stem cells. It plays

a role in the inhibition of osteoblast functions [58], [59].

1.5 Scaffolds

Scaffolds are fundamental devices for the regeneration of lost or damaged tissues and
they have become an important tool in tissue engineering [61]. Their functions, from the
mechanical point of view, consist of bearing external loads and giving shape to the tissue
that is regenerated on it [62]-[64]. From the biological point of view, those structures
support the development of the extracellular matrix and cell colonization. In addition,
scaffolds should allow transit of nutrient substances from the surrounding tissue or the
culture media and waste disposal coming from the tissue being formed. Therefore
scaffold stiffness, mechanical resistance, and permeability are important properties. An
additional scaffolds’ desirable feature may be a controlled degradation after they are

implanted in order to get void space where new tissue can grow.

The mechanical properties and degradation of the scaffold depends on the material

properties and the porosity geometry of its structure, meanwhile permeability depends on
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its structure. The mechanical properties of the scaffold must be similar to the properties of
the replaced bone tissue in order to prevent stress shielding. Finally, the degradation rate
must be as close as possible to the tissue growth rate to maintain stable properties in the

tissue-scaffold compound during the regeneration process.

1.5.1 Design considerations

A bioactive scaffold reacts in a controlled manner with its environment in order to
stimulate specific biological responses where it is placed. The development of scaffolds to
promote cellular growth inside them has been one of the fundamental goals of bone
tissue engineering [41], [65], [66]. The biomechanical processes of bone regeneration are
complex, so the requirements for scaffold design are diverse [20], [67]-[73]. Some of the

most important design considerations are listed below:

e Biofunctionality: Ability of the scaffold to meet the functional requirements for
which it was designed, restoring the functions of the replaced tissue.

e Biocompatibility: Ability to support a normal cellular activity, including molecular
signaling systems, without eliciting or evoking local or systemic adverse effects to
the host. Among the undesirable effects that must be eliminated, minimized, or
controlled upon scaffold implantation in the body are: citotoxicity, genotoxicity,
immunogenicity, mutagenicity, thrombogenicity and swelling. For example,
inflammation should be avoided because it can decrease the regeneration rate
and promote tissue rejection.

e Bioresorbability or biodegradability: Ability to degrade over time in in-vitro or in-
vivo environments, preferably at a controlled resorption rate in order to create
space for new tissue to grow. In other words, it is expected that, as long as cells
proliferate, void space in the scaffold increases and degradation rate of the
material should match growth rate due to the healing or regeneration process. It is
related with biocompatibility because degradation products should be non-toxic,
and must be able to get metabolized and eliminated from the body. For example,
the degradation behavior of the scaffolds should vary based on applications such
as 9 months or more for scaffolds in spinal fusion, or 3 to 6 months for scaffolds in

craniomaxillofacial applications. [74]
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¢ Mechanical properties: Mechanical properties such as elastic modulus, tensile
strength, fracture toughness, fatigue, elongation percentage, etc. should be as
close as possible to the replaced tissue (mechanical compatibility) in order to
prevent bone loss, osteopenia or "stress shielding" effect associated with the use
of bone grafts. They are related to bioresorbability because the variation in
mechanical properties due to degradation process should be compatible with bone
regeneration process. A scaffold must have enough mechanical strength to retain
its structure in order to comply with its mechanical function after its implantation, in
the case of hard, load-bearing tissues as bone. The large variation in mechanical
properties as seen in Table 1-1 makes it difficult to design an ‘ideal bone scaffold’.
o Pore size and porosity: A three dimensional design affects the spatial distribution
and location of cells, nutrients and oxygen, thus affecting the viability of the new
formed tissue. Porous scaffolds facilitate the migration and proliferation of cells,
providing an appropriate microenvironment for cell proliferation and differentiation
and allowing the mass transfer of nutrients, oxygen and waste metabolic products
within the structure. Scaffolds should have a large internal surface area due to
overall porosity and pore size. The surface to volume ratio of porous scaffolds is
affected by the pore size. A large surface area allows cell adhesion and
proliferation, whereas a large pore volume is required to contain and later deliver
enough cell population for healing or regeneration process. Mass transfer and cell
migration will be inhibited if pores are not connected even if the overall porosity is
high. Unfortunately, an increase in porosity causes a decrease of mechanical
properties such as compressive strength, and increases the complexity for
scaffold manufacturing. On the other hand, osseous tissue typically have been
arranged on curved surfaces; therefore, to mimic this biomorphic pattern, pores

are intended to have curved cross-sections [20].

Regard to bone scaffolds, there are some specific features like:

e Osteoconductivity: Ability to allow the bone cells to adhere, proliferate and form

extracellular matrix on its surface and pores [74]. This property is related to the

biodegradability because the scaffold material must be reabsorbed to make space
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for the mature tissue that it initially helped to support. Besides, scaffolds act as a
mold of the desired anatomical form.

e Osteoinductivity: Ability to induce new bone formation through biomolecular or
mechanical stimuli, recruiting progenitor cells and allowing differentiation in a
controlled phenotype or particular lineages [75].

e Osteogenicity: Ability to act as an osteoblasts or mesenchymal cells (capable to
derive in an osteoblastic lineage) reservoir because these cells can form and
mineralize the extracellular matrix of new osseous tissue.

e Osteointegrity: Ability to form strong bonds with surrounding osseous tissue
allowing material continuity and proper transfer load.

Finally, additional functions for bone scaffolds could be:

e Act as carrier of drugs (i.e. antibiotics and/or anti-inflammatories), growth factors
or cultured cells.

¢ Radiolucency: Ability to differentiate radiographically with respect to the tissue
where it was implanted.

o Formability: Ability to be shaped by a manufacturing process in order to obtain the
necessary internal and external geometry.

o Sterilizability: Ability to ride out and facilitate a process of microbial destruction
after being manufactured and before being used.

e Stability on storage (shelf life): Ability to preserve their physical, chemical and
dimensional properties within the estimated storage period between manufacture

and its use.

The conflicting nature of the above desired characteristics was described by
Karageorgiou and Kaplan [76] who reported that higher porosities induce greater bone
ingrowth but lower mechanical stiffness and strength. Therefore, scaffold porosity must lie
within a critical range small enough to maintain the mechanical integrity of the scaffold

and large enough to provide optimal bioactivity [68].
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1.5.2 Design scales

The design and fabrication of scaffolds for bone regeneration applications attempt to
obtain and control architecture at different levels due to external form and internal
structure to meet the clinical requirements specified in the previous section. The
architecture has different properties and characteristics depending on the dimensions of a

scaffold element. Three basic scales refer to different features and processes:

The macro—meso scale describes the geometry measured in millimeters. Among its

features are:

e Scaffold external shape (appropriated to the site where it will be implanted)
¢ Mechanical Properties
e Density

e Porosity: As a percentage of volume of the scaffold is empty.
The microscale describes features in the order of micrometers as:

e Pore size
¢ Interconnectivity of pores and tortuosity

e Degradability
The features in nanometers include factors such as:

e Surface topology of the pores

e Surface Physical Chemistry

1.5.3 Porosity design

Pore size and porosity are important geometric properties in scaffolds for bone
regeneration because they affect the phenotype and the amount of tissue that grows on
the element. As mentioned before, interconnected pores are necessary for bone tissue

regeneration because they allow migration and proliferation of osteoblasts and
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mesenchymal cells besides vascularization. It is observed that even a biomaterial like
hydroxyapatite must have a porous structure in order to promote bone growth in-vivo [77]
or a high porosity to allow cell seeding in-vitro [78]. Scaffolds implanted in-vivo with pore
sizes close to 100 um allow chondrogenesis but scaffolds with pores close to 350 um, or
above promote osteogenesis [79]. Although intensive research has been developed in
both experimental and computational modeling, there are not final conclusions about the
optimal porosity and pore size of a scaffold for bone regeneration. For example, the
porosity range is between 50 to 90% for scaffolds that are not subjected to mechanical
loads [80] meanwhile the recommended size of the pores varies between 150 and 600
pMm [81], from 400 to 1200 pm [82] and 350 um, or above [76]. The variety of conclusions
may be due to the complexity of the process of bone regeneration, which is multivariable
and multiobjective [83]. Considering this, and the emergence of solid free form
manufacturing methods to fabricate scaffolds [84] that allow to control geometry
characteristics better than other conventional methods like salt leaching, there is an
increasing interest in porosity design. Giannitelli et al. [72] showed an extensive review of
design approaches used to create porous structures in the scaffolds noting that these
geometries can be obtained in three ways: Periodic structures, non-periodic structures
and optimization techniques. Periodic porous structures can be based on CAD systems
for solid and surface modeling, such as constructive solid geometry (CSG) using
primitives like cubes, cylinders and spheres to represent the pores [85]-[91] and
boundary representation (B-Rep) supported on facets and vertices [92]. In the last years,
there has been researches on the use of implicit surfaces like triply periodic minimal
surfaces [93]-[98] and space-filling curves like Hilbert curves [99]. Meanwhile, non-
periodic structures have been developed based on image of bone surfaces [100],
trabecular bone portions [101], [102], foams [103], stochastic methods and Voronoi
diagrams [104]. The disadvantage of periodic and non-periodic structures is the necessity
of trial and error methods to determine if they are suitable for a particular purpose [105],
[106]. In contrast, optimization methods [107] using finite element methods obtain porous
structures considering different objectives as mechanical properties and permeability [64],
[65], [108]-[110].
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1.6 Biomaterials for bone tissue engineering

A number of definitions have been developed for the term “biomaterials”. One definition
is: “Material exploited in contact with living tissues, organisms, or microorganisms” [111].
Another definition is: “A biomaterial is a substance that has been engineered to take a
form which, alone or as part of a complex system, is used to direct, by control of
interactions with components of living systems, the course of any therapeutic or
diagnostic procedure, in human or veterinary medicine” [112]. In general, biomaterials are
intended to interface with biological systems to evaluate, treat, augment or replace any
tissue, organ, or function of the body and are now used in a number of different
applications throughout the body. The major difference of biomaterials from other classes
of materials is their ability to remain in a biological environment without damaging the

surroundings and without being damaged in that process.

Natural, ceramics, polymers and composites can be used as biomaterials. Natural
materials can be the bone from the same individual, from individuals of the same species,
or form different species. On the other hand, ceramic materials are based on calcium
phosphates and bioglasses. They have good osteoinductive properties but low
mechanical properties and manufacturing difficulties. Polymers such as those derived
from polyglycolic acid (PGA) and polylactic acid (PLA) have easy formability, good
mechanical properties and biodegradability according to their molecular weight but low
osteoinductive capacity. For their part, ceramic-polymer composite materials allow to
obtain a biodegradable material, with good mechanical strength, osteoinductive,
osteoconductive, and conformability properties by combining the properties of each
material family. Here we mention some of the most common biomaterials for bone tissue

engineering:

1.6.1 Grafts

A biomaterial commonly used for bone regeneration is osseous tissue taken from the
same individual (Autografts). Autografts are considered the "gold standards" because
they are osteoinductive, osteoconductive, and osteogenic. This material is normally taken
from a site that is not under mechanical load such as the iliac crest. Autografts contain

cells and growth factors that support the process of bone regeneration and do not exhibit
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risk of rejection and disease transmission [113]. Some drawbacks of autografts are the
necessity of additional surgeries, possible infections, bone morbidity, pain, and limited
availability. Considering the osseous tissue source, there are allografts (tissue from
individuals of the same species) or xenografts (tissue from individuals of different
species). Allografts presented benefits as ready availability and easy handling, but require
treatments such as freeze drying, irradiation or acid wash, among other processes to
prevent rejection by the receptor and remove any possible infections from the tissue
before implantation; but, these procedures can affect tissue mechanical and biological
properties. Xenografts that usually come from cows and coral [114] could be
osteoinductive and osteoconductive and low cost with high availability but have the
disadvantages of immune response and risk of transmission of animal diseases [115].

1.6.2 Ceramics

Ceramic materials are a group of inorganic oxides and salts used in bone tissue
engineering because of their similarity to the mineral component of bone in the case of
calcium phosphate or because their capacity of strength bonding to osseous tissues in the
case of bioglasses [113]. Some ceramic materials used in bone regeneration are listed

below:

Calcium phosphates: Calcium phosphates are a family of minerals composed of calcium
ions (Ca?"), orthophosphates (PO.*), metaphosphates, or pyrophosphates (P.O7*). The
most common calcium phosphates for tissue engineering are: Hydroxyapatite (HA),
Calcium sulphate hemihydrate (CSH), Gypsum, calcium sulphate dehydrate (CSD),
Calcium carbonate, Dicalcium phosphate (DCP), Octacalcium phosphate (OCP), -
tricalcium phosphate (B-TCP), Biphasic calcium phosphate (BCP) and [(-calcium
pyrophosphate (B-CPP) [6]. Commercially available calcium phosphates proceed of
natural or synthetic sources and are processed in many physical forms like particles,

blocks, cements and coatings on metal implants or ceramic-polymer composites.

The most commonly calcium phosphate for bone tissue regeneration is hydroxyapatite
(HA) which is a crystalline calcium phosphate (Cas(PO.)3(OH)) present in bones.
Depending on its source, it can be natural or synthetized. For example, it can be

produced from calcium carbonate and monoammoniumphosphate at ambient pressure
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[116] or from natural sources like cattle or coral [117]. Some HA presentations exhibit a
very similar bone structure with osteoconductive characteristics allowing connective tissue

wrappings to start the regeneration process.

Calcium phosphates are bioactive materials because of their ability to form bone apatite
like material or carbonate hydroxyapatite on their surfaces. They have the ability to
promote cellular function and expression, besides the capacity of form a strong bind
between bone and biomaterial interface. In addition, calcium phosphates biomaterials
processed in porous forms are capable to bind and collect growth factors and become
osteoinductive biomaterials [118], [119]. Calcium phosphates are materials that allow
osteoblasts adhesion and promote mesenchymal cells migration. Related to degradation,
tricalcium phosphates are capable of tunable bioresorption rate [120]. Different calcium
phosphates can be used simultaneously to improve the scaffold performance [121].

Calcium phosphates applications in bone regeneration include their use as a scaffold in
periodontal treatment, healing of bone defects, fracture treatment, total joint replacement,
orthopedics, craniomaxillofacial reconstruction, and spinal surgery. Moreover, calcium
phosphates are widely applied as a coating material to provide strength to polymeric

scaffolds or to enhance the bioactivity of metallic surfaces [117].

Bioglasses: Bioglasses are a family of bioactive glasses composed of molecules of SiOa,
Na:O, CaO and P:Os in variable proportions. There are several types of bioactive
glasses: conventional silicates, such as Bioglass 45S5; phosphate-based glasses; and
borate-based glasses. A hydroxycarbonate apatite (HCA) layer is formed on the surface
of the glass, following initial glass dissolution. HCA is similar to bone hidroxyapatite and
interacts with collagen to bind the bioglass with the host tissue. Osteoinductivity in
bioglasses is related to the stimulus of dissolution products of these biomaterials on
osteogenic cells; besides, the HCA layer provides a surface capable to enhance
attachment and proliferation of those cells. As a calcium phosphate, the HCA layer
adsorbs protein and growth factors promoting new bone formation. An advantage of

bioglasses above calcium phosphates is their faster degradation rate [122].

Bioglasses are used in bone regeneration like periodontal pocket elimination, alveolar

ridge augmentation, maxillofacial reconstruction, spinal surgery and
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otorhinolaryngological reconstruction [123], [124]. They can be processed and
manufactured to generate three-dimensional scaffolds with different porosities and

surface characteristics. [113]

1.6.3 Polymers

In tissue engineering, biopolymers are synthetic organic materials which are
biocompatible with humans. In bone tissue engineering, biopolymers must exhibit an
important property: biodegradability. This feature is important in order to obtain a scaffold
that can be naturally unmounted while osseous tissue grows. Poly(a-esters), like
polyglycolide PGA, polylactides PLA or polycaprolactone PCA, or polyurethanes
degraded by hydrolysis. Poly(amino-acids) and collagen degraded by enzymatic action.
Considering its ease of obtention and wide medical use [125] erosion of PLA has been
studied by multiple authors [62], [126], [127]-[129] considering water diffusion into bulk
polymer. Polymers such as those derived from polyglycolic acid (PGA) and polylactic acid
(PLA) have mechanical properties and biodegradability which may vary according to their
molecular weight and easy formability but low osteoinductive capacity [41]. Considering
the scope of this thesis, biopolymers are better detailed in section 3.1 Polymers at page

59 of this document.

1.6.4 Biocomposites

The literature review has shown in recent years a trend in the development of scaffolds
made of ceramic-polymer composites [130]. This is because ceramics such as calcium
phosphates have excellent osteoinductive properties but low degradability, low
mechanical strength and difficulty in forming processes for controlling the physical and
geometrical characteristics required from the scaffold. In turn, polymers such as PLA
exhibit poor osteoinductivity but better mechanical properties and degradability rates and
they can be molded using various manufacturing processes that allow better control of its
geometric characteristics. The development of ceramic-polymer composites allows
biodegradable materials with good mechanical and biological properties as seen in Table
1-2 and Table 1-3.
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Table 1-2: Porous biocomposites used for bone tissue engineering. NA. Data not
available. From: Chen et al. [130]
PERCENTAGE ELASTIC
BIOCOMPOSITE OF CERAMIC POFES?'TY PORE SIZE (um) ST'(?,\'/:TPNSTH mMobULUS | 5T /L'\I/'NA(TO/E)
(WT.%) 0 (GPa) °
é’;‘grphous PLGA 2810 75 75 >100 NA 65 NA
B-TCP Chitosan- 10t0 70 NA 32210355 | 0.32t00.88 | S410 NA
gelatin 10.88
PLLA 50 85 to 96 100x300 0.39 10to 14 NA
HA PLGA 60 to 75 81 to 91 800101800 | 0.07100.22 | 2t07.5 NA
PLGA NA 30 to 40 110 to 150 NA 337 to 1459 NA
PLG 75 43 89 0.42 51 NA
approximately
100 (macro);
PLLA 20 to 50 771080 | o imately 10| 151039 | 13710260 | 1110137
Bioglass® (micro)
PLG 0.1to1 NA 50 to 300 NA NA NA
approximately
PDLLA 51t0 29 94 100 (macro); 10 | 0.07t00.08 | 0.65t01.2 | 7.21t0 13.3
to 50 (micro)
PLA-
Phosphate | pPDLLA 40 93 to 97 0.017 to 0.075to
glass AW 9810154 0.020 0.12 NA
PDLLA 20 to 40 85.5 t0 95.2 : :
Bioglass PGS 90 >90 300 to 500 0.41t01.0 NA NA
Human cancellous bone 70 60 to 90 300 to 400 0.4t04.0 100t0 500 | 1.65t02.11

Table 1-3: Properties of bone graft substitutes. Adapted from : Ma y Elisseeff [24] and
Brown et al. [131].

CELL
GROWTH
PROPERTY ALLOGRAFT | POLYMERS | CERAMICS | COMPOSITES BASED
FACTORS
THERAPIES

Biocompatibility Yes Yes Yes Yes Yes Yes
Osteoconductivity Yes Yes Yes Yes No No
Osteoinductivity Yes No No Yes No Yes
Osteogenicity Yes No No No Yes No
Osteointegrity Yes No Yes Yes Yes No
Mechanical Match No Yes Yes Yes No No
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1.7 Scaffold fabrication techniques

Various manufacturing methods have been used to achieve certain properties at different
scales. These methods are classified into conventional and additive manufacturing
methods. Conventional methods are solvent -casting/particulate leaching, phase
inversion/particulate leaching, fiber meshing/bonding, melt molding, gas foaming,
membrane lamination, hydrocarbon templating, freeze drying, emulsion freeze drying,
solution casting and ceramic sintering. These methods use physicochemical phenomena
to ensure internal structures with a variable pore size between 100 and 500 pm with
porosities up to 90% [27]. They have the disadvantage that the internal structure consists
of randomly arranged trabeculae and physical properties as permeability variation are
difficult to control. Meanwhile, methods of additive manufacturing, also called rapid
prototyping (RP) or free-form modeling (SFF), which can be used for scaffold fabrication
are fused deposition modeling (FDM), three dimensional printing or plotting (3DP),
selective laser sintering (SLS) and stereolitography (SLA). These methods achieve large
scaffolds with oriented structures but fail to obtain high porosity with small pores. A list of
specific materials, processing methods, and properties obtained are given in Table 1-4.
An alternative to solid bone scaffolds are injectable bone cements [132], [133]. These are
mainly used in the fixation of prostheses and filing bone cavities and kyphoplasty
treatments [134].

1.8 Discussion

Bone tissue engineering is a complex and challenging area. From a social point of view, it
can provide benefits to population around the world but it implies a high cost that not all
health systems of countries, like Colombia, can maintain in a sustainable manner over
time. Nevertheless, the global bone graft substitutes market is actually growing, mainly
due to the population needs and the improvement of the health services. In this context,
design and manufacture of biodegradable scaffolds is one of the mayor research and
development interests in tissue engineering. This chapter gives a review about the
scaffold design considerations and requirements, the biomaterials that can be selected for

a biodegradable scaffold and their related manufacturing processes.
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Table 1-4: Manufacturing techniques for polymer and ceramic-polymer composites. From:

Meyer et al. [27]

FABRICATION METHOD MATERIAL POROSITY ELASTIC MODULUS PERMEABILITY
(GPa) (m%Ns)
Porogen leaching and compression molding
Particle leaching PLGA 80-92% 0.1-1.88* 2.1x10°-16.1x10°%*
Compression molding/ Particle PLLA 78-97% 0.5-13 -
leaching
Compression molding / Particle PLGA 87% 6.6-12.9 -
leaching
Foaming/Particle leaching PLGA 95% 0.4-0.5 -
Fiber
Electrospinning PCL 85% 1-20 -
Electrospinning PCL - 7.1-33.2 -
Fiber PGA 95% - 2.6 x10%-4.7 x10°
Woven fiber PGA 70-74% 0.14-0.2 0.4 x105-0.9 x10°%°
300-500"
Additive manufacturing methods
Fused deposition modeling PCL 48-77% 4-77 -
Nozzle deposition PLGA/ PLLA/ 74-81% 17-23 -
TCP
Nozzle deposition HA 41% 1,110-1,240 -
Nozzle deposition PEOT/ PBT 29-91% 0.2-13.7 —
3D printing PLLA 0% 187-601 -
Stereolitography PCL 37-55% 54-65 -
Inverse prototyping HA 40% 1 —
Collagen | - 0.1-1 -
POC 30/50/70% 0.35-1.05
PCL—dry - 6.9 x10°-40 x10°
PCL—wet - 2.9 x107-15.4 x107

During the scaffold design

process there are many considerations to be made:

biofunctionality, biocompatibility, biodegradability, mechanical properties, and porosity are
among the most important ones. Designing a biodegradable scaffold is a complex
process in three ways: First, there are contradictions between the design parameters
which must be considered, for example, high porosity versus high mechanical stiffness.
Second, the scaffold must be designed using patient-specific parameter values in order to
satisfy its functional requirements, thus it is necessary to estimate individual porosity, pore

size and mechanical properties of the affected tissue. Third, the scaffold has to be
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designed as easy as possible to manufacture, therefore design for manufacturability

concepts must be taken into account.

As shown, many biomaterials and their manufacturing processes were developed; but,
limited work has been done in order to obtain scaffolds specific and complex clinical
requirements. One of the future challenges in bone tissue engineering is to design and to
manufacture biodegradable scaffolds with a homogeneous growth rate over their entire
volume, using pore size gradients or specific distributions of embedded growth factors.
This requires manufacturing processes with higher resolution and biofabrication

capabilities.






2 Modeling scaffold structure using a
reaction-diffusion system

Scaffolds, cells seeding and growth factors are the main strategies used in tissue
engineering [61]. One area of tissue engineering concerns researches on alternatives for
new bone formation and replacement of its function. Scaffolds have been developed to
meet this requirement, allowing cell migration, bone tissue growth and transport of
metabolic substances. Scaffolds are made from different biomaterials and manufactured
using several technigues that, in some cases, do not allow full control over the size and
orientation of the pores characterizing the scaffold as mentioned in the previous chapter.
A novel hypothesis that a reaction—diffusion system can be used for designing the
geometrical specifications of the bone matrix is thus presented here. The hypothesis was
evaluated by making simulations in 2D and 3D reaction-diffusion models in conjunction
with the biomaterial scaffold. The results showed the methodology’s effectiveness in
controlling features such as the percentage of porosity, size, orientation, and

interconnectivity of pores in a matrix produced by the proposed hypothesis.

2.1 Introduction

One of the major objectives of bone tissue engineering is to achieve similar geometries
than those of trabecular bone. Up to date, there exist several methodologies for scaffolds
design based on regular and irregular structures [72]. Most constructive approaches are
based on regular arrangements: an internal geometry filled with a periodic distribution of
unit cells. Unit cells are constructed with computer aided design (CAD) tools using design
primitives like cylinders, spheres, cones, blocks organized in rectangular or radial layouts
[135]. The advantages of such regular porous structures consist of their easier modeling,
physical simulation and manufacturing. Besides the unit cell approach, there are

parameterized models using mathematical functions to generate implicit surfaces with
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porosity gradients [136]. It should be noted that those methodologies can be
complemented by optimization techniques to improve the mechanical strength or
permeability [137]-[142]. Although, periodic or regular porous structures can be relatively
sophisticated, they are still limited to represent the structures present in nature [72], [137].
On the other hand, irregular structures are obtained from fractal curves or clinical images.
For example, space-filling curves, continuous fractal curves that covers domains like
planes or tridimensional spaces can create irregular architectures that are not generally
achieved in models made with unit cell approaches [143]. Besides, variable porous
structures can be acquired directly from computed tomography bone images [144]—[146].
Finally, designed structures can be fabricated using additive manufacturing methods such
as SLA, SLS, FDM, 3D Printing and many others [147].

Although most of the work of bone scaffold modeling is supported in regular porous
structures, it is important to consider that some studies show that imposing the same
shear stresses might not be adequate for bone scaffold regeneration. Regeneration and
remodeling of osseous tissue is not only caused by a high value of stress or strain but
also by differences or gradients of those signals in nearby sections of bone tissue [148],
[149]. This raises the possibility that irregular structures may be better to stimulate tissue
regeneration due to less uniform stress distributions than those observed in regular
structures. Another possible explanation for the irregular structure visible in trabecular
bone is that regular structures have a tendency to exhibit catastrophic failure opposite to
irregular structures [150]. As a result, biomimetic design has been introduced and widely

used as an alternative method for irregular porous structure modeling.

For the previous reasons, computer simulation in tissue engineering has increased during
recent years due to the costs involved in the experimental testing of Scaffolds [151];
modeling techniques have thus been developed to describe scaffold’s internal geometry
determining their behavior in certain physical-chemical conditions. One approach involves
obtaining and reconstructing these materials’ structure using X-ray computed tomography
[152]. There are also design techniques for ordered [70], [110] or random porous
structures; Voronoi decomposition implemented using CAD systems [153], [154] and

reaction—diffusion (RD) systems are random structure design techniques [155], [156].
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Reaction-diffusion systems consist of one or more reactive substances where reactive
(synthesis and degradation) and diffusive events (transport) create patterns that can be
stable or unstable in time and/or space[157]. The reaction-diffusion systems studies
began with Turing’s theoretical work [158] and Belousov’s discoveries as mentioned by
Zaikin and Zhabotinsky [159]. Turing showed in his work about mathematical modeling of
reaction-diffusion systems that diffusion generates instability under certain parameters;
small perturbations in one substance concentration can cause a variable pattern in space.
He postulated that reaction-diffusion systems may be one of the mechanisms causing the
morphogenesis of living beings. The Reaction-diffusion system research has been
developed from this initial work along theoretical and experimental lines such as nonlinear
analysis of reaction-diffusion systems [155], [156] modeling patterns and structures of
living beings [160], [161], simulating predators and prey populations [162], searching for
evidence of reaction-diffusion systems as a morphogenetic process [163], physical and
chemical process modeling [164], and to a lesser extent, manufacturing materials [157].

Murray and Meinhardt’s studies may be highlighted among the works that implemented
reaction-diffusion systems to study morphogenesis. Murray has shown that a reaction-
diffusion system can generate different patterns depending on the form and domain size
[165]. Meinhardt's book developed multiple morphogenesis reaction-diffusion systems
describing patterns in both animals and plants [166]. Reaction-diffusion systems have
been used in Garzon-Alvarado’s work in the field of bone morphogenesis to explain
endochondral ossification [167]. Tabor used them for elucidating the origin of trabecular
bone structure [168], Tezuka for describing bone remodeling [169], Courtin modeled
cancellous bone structure with them [170], and Chaturvedi modeled the skeletal pattern in
a growing embryonic vertebrate limb [171]. It is worth noting that, except for Refs. [170]
and [171], the aforementioned work deals with 2D models and tends to be more
qualitative than quantitative in describing how changing reaction-diffusion system

parameters influence the patterns thus generated.

Some authors have studied 3D reaction-diffusion systems by nonlinear analysis. Callahan
has analyzed Lengyel-Epstein and Brusselator models for identifying the parameters
creating lamellar, face-centered FCC, body-centered BCC, or prism patterns [172].
Leppanen has studied the morphology and stability of the patterns obtained by the Gray
Scott model and suggested that they may be a neuronal growth system [155]. Shoji has
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simulated FitzHugh—Nagumo systems, obtaining the structures described by Callahan as
well as gyroid and perforated sheets [173]. Such work was focused on obtaining a

gualitative description of patterns without assessing their geometric properties.

Maselko [174] and Grzybowski [157] have suggested using reaction-diffusion systems for
manufacturing materials. There is some experimental evidence that biomaterials such as
hydroxyapatite [175], [176] and agarose [177] can exhibit reaction-diffusion systems
characteristics but no studies have yet been made into how porous structures can be
obtained by using reaction-diffusion systems or how to quantitatively control some of their
geometric characteristics.

Therefore, the purpose of this chapter is to develop a design methodology for bone
regeneration scaffolds, which is inspired in the self-assembling behavior that occurs
during the formation of mineralized collagen composites such as trabecular and cortical
bone [178]. We used a reaction-diffusion system in order to synthesize 3D porous struc-
tures according to the patient’s requirements of pore distribution, size, shape, and
connection. Different pore sizes and orientations could be achieved varying reaction-
diffusion system parameters; these features could provide different isotropic or anisotropic
physical properties and could be useful in order to stimulate bone growth in a specific
orientation. A finite element model, based on the Schnakenberg system, was thus
constructed and the 3D porous structures obtained in domains with sizes and shapes

comparable with commercial Scaffolds, were analyzed.

Reaction-diffusion based-designed Scaffolds can be useful in tissue engineering because
they mimic the trabecular bone and could be a new approach to manufacturing Scaffolds.
Reaction-diffusion systems could control the internal architecture of the Scaffolds in terms
of pore size and orientation, and overall porosity. Thus, reaction-diffusion systems could

obtain Scaffolds of greater dimensions than other manufacturing methods.

2.2 Materials and methods

Considering a reaction-diffusion system as a morphogenesis process, we supposed that a
3D porous scaffold structure could be obtained by using this model. We developed the

hypothesis in this section.
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2.2.1 Assumptions required for scaffold design using reaction-
diffusion systems

According to the main hypothesis, the manufacturing of self-assembled Scaffolds requires

a biomaterial with four fundamental features:

The species comprising the reaction-diffusion system must allow Turing pattern
formation (such patterns being stable in time and unstable in space). Examples of
real chemical reactions generating spatial patterns can be found in Refs. [179] and
[180].

e The species comprising the reaction-diffusion system and their environment must
be biocompatible in two periods: when the reaction takes place and when the
biomaterial is degraded. For example, an active reaction-diffusion system within
an agarose matrix (a biomaterial gel used as scaffold material) is presented in Ref.
[177].

e The biomaterial must retain the Turing pattern resulting from the reaction-diffusion
system in order to obtain the porous structure by polymerization depending on the
concentration of one of the reaction-diffusion system species. Similar examples of
substances depending on the concentration of one reaction-diffusion system
species can be seen in Ref. [172].

e The reaction-diffusion system parameters must be able to control the shape,

connection, amount, and distribution of cavities or pores in the biomaterial.

Numerical reaction-diffusion system simulations where patterns vary according to

the parameters are presented in Refs. [181] and [182].

These assumptions meant that Scaffolds had to be manufactured with minimal
mechanical intervention. Self-assembled Scaffolds can be tailored to satisfy patient’s
needs of specific pore size and structure, according to their clinical records. Thus, scaffold
design must consider two geometric levels. First, the scaffold external architecture
requires knowledge about the shape and volume of the bone defect to be repaired. The
Scaffold size defines the manufacturing method if it is made out of the patient and then
implanted. Second, the scaffold internal structure is defined by pore size, porosity, and
mechanical characteristics of replaced bone, and cell growth needs. Those properties can

be obtained using computerized tomography (CT), magnetic resonance (MRI), X-rays,
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densitometry, and mechanical testing, among other techniques [152], [183]-[185].
Scaffold requirements can also be controlled and designed just by the reaction-diffusion

system and the polymerization reaction variables.

The theory necessary to design a scaffold by meeting the above requirements started
from this hypothesis. A hypothetical reaction-diffusion system capable of developing Tur-

ing patterns is shown, followed by the theory of copying material.

2.2.2 The external chemical reaction

A hypothetical Schnakenberg chemical reaction as described by Maini and Othmer [186]

was first supposed, this being an autocatalytic reaction given by:

K, 2.1
X—>A 1)

Ky
K

2X +Y —3X

K

B—Y

By the law of mass action, the reaction rate is directly proportional to the product of active
concentrations of the reactants; then, the reaction kinetics is given by:

diX] _

IXT_ A1 K IX T+ KX PIY] (22)

dt
div] _ _ 2
—qr ~ [BI-KIXTTY]

Where Ki, Kz, Kz and K4 are positive constants. Assuming that A and K are constants, the
previous system of equations only rely on X and Y variables. Note that X is created in the
presence of Y and Y is destroyed in the presence of X. This hypothetical equation has
been widely used in numerical experiments [187], explanations of morphogenesis, and

other biological applications [177].

The equation’s dimensionless process and behavior analysis can be seen in Appendices

A and B. The dimensionless equation is derived from the kinetic equation, including a
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diffusive term that considers the spatial movement of each molecule, written as a

reaction-diffusion system given by:

ou 2 2
——-Vau=y(@a-u+u‘v
o 7( )

(2.3)
f (u,v)

N _aviy = y(b—uv)
at %,—/

g(uv)

Where a, b, u and v represent the reactants A, B, X e Y at a dimensionless level, y is a
dimensionless constant and d is dimensionless diffusion constant (see Appendix A for
details). Furthermore, terms f and g represent the reactive term of the equation. This
eqguation has space instabilities converging in time if it is verified that equation parameters

are in a Turing Space (see Appendix B).

2.2.3 Polymerization reaction

Suppose a biomaterial obtained by polymerization of one specie in the reaction-diffusion
equation due to concentration level of it. In other words, once the reaction-diffusion
system reaches stability, the biomaterial inherits the spatial pattern that occurs in the
Turing instability generated by the Schnakenberg equations. To model pattern formation
in the biomaterial, it has been assumed that polymerization follows a step-growth process
like the used to produce some synthetic polymers as polyesters, polyamides,
polyurethanes [188]. This is given by a step function activated when exceeding a
threshold value of reaction-diffusion system molecules. Once the polymerization function
of the material is activated the final shape of the scaffold is obtained. The equation is

given by:

M _ XTI t° (2.4)
dt  [X]"+[S]"tP+T"

Where M is the biomaterial concentration, S is the threshold concentration value X which
starts the polymerization, t is the time from initiating the polymerization process, T is the

threshold time value which initiates polymerization, C is a constant speed and p and n are



34 Mechanobiological model of bone tissue regeneration on scaffolds

constants defining the slope of the threshold function. The dimensionless form is given by
(see Appendix A):

dm, _ t.° (2.5)
gt U 4s"t4T.

Where m;s is the dimensionless concentration of the biomaterial, c and s are constants, u
is the dimensionless concentration of X (see appendix A), t is the dimensionless time and
Ta is the dimensionless time threshold which starts the polymerization process. Figure 2-1
and Figure 2-2 show the behavior of threshold functions.

Figure 2-1: Example of threshold polymerization function. For s = 1.0
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Figure 2-2: Examples of threshold polymerization function over time. For Ta = 1.0
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2.2.4 Analysis of wave number in the reaction-diffusion system

Chemical reaction, diffusion process, and polymerization function were proposed by
manipulating the parameters using linear stability analysis (Appendix B) to design a
scaffold. As shown in Appendix B d, y, a and b are the dimensionless parameters of a
reaction-diffusion system that allows controlling structures and forms of Turing patterns.
Conversely, when designing a scaffold, it is necessary to know the required wave number
to define the number of pores in one direction, besides a and b; after this, values of d and

v are obtained.

The wave number indicates the number of half sine waves in each of the directions x and
y. Figure 2-3 provides an explanation for a wave number (4.2), which notes 4 half waves
in x direction and 2 half waves in y direction. If each spot is considered as a pore, two

pores in x direction and one in y direction are predicted.

Figure 2-3: Explanation of the correspondence of the wave number and Turing pattern for
a (4.2) value. Note the relationship between wave number with shape and distribution of
pores. Two pores in x direction and one in y direction are formed
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The points Krf,i and K2 (eR) (see Appendix B) define an interval where the wave

n
numbers or eigenvalues (Pores in the considered case) define the solution of the

reaction-diffusion system. These points are given by:

o 70t +9,) -0, +9,)f ~adr’ (1,9, - 1,0,) @9
min 2d

o 7t +9,) + 0, +9,))" - 4dy* (.0, - 1,0,)
max 2d

—_— — — 2 — —
Where d y y are dimensionless constants of the model; fu =2uv 1, fy=u , 9u 2uv

g, =—u’ ivati - - - (Kain: K o)
and v are the derivatives of the reactive term. The interval given by * "min’ " "max
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defines the wave number of the reaction-diffusion system solution in a Turing space as

long as constraints given in (2.7) are complained:

fu g, — 1:vgu >0 (27)
f,+9,<0
df, +g, >0

(df, +g,) > 4d(f,g, - f,9,)

To clarify the instability behavior, it is necessary to define the domain geometry over
which the solution takes place. In [34] is solved on a square, but information for various

types of domains [36] can be provided. For example, considering a rectangle with length

of each side in the direction of Xand y are L, and L, respectively:

R={xy)eR?0<x<L A0<y<L,} (2.8)

Then the wave numbers: m (half waves in x) and n (half waves in y), with m, n integers,

will be in the range given by:

2 2 (2.9)
K2 < ﬁ{n:_ern_J < K,iax}

| ={(m,n)eZ’ -

2 2
Therefore, given the values of (Kpnin: K ) certain values of m y n that define the pores

distribution in a domain can be found. In a square domain, as described in (8), the

n
number of whole pores in x direction is given by % and T in y direction. An
y

X

exhaustive review of the methodology to find the wave numbers can be found in Appendix
B.

This chapter proposes the design process, for which, given K2. . K2 aand b allows to

find vy y d, which satisfies the requirements of the Turing space (2.7) and allow to obtain m
y n. Thus, the nonlinear equations (2.6) that allow finding these parameters are solved

using Newton-Raphson method [38], where the residuals are given by:
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Voin = [P(df, +9,)—2dK%, [ = 2(df, + g, ) +4dy?(f,g, + ,0,)

= [2dk?,, —#(df, + g,)f —7*(df, + g, +4dy*(f,g, + f,9,)

And the entries of the tangent matrix are given by:

Vi~ gly(of, +9.)-20K2, Jof, ~ 22 )-2°(e, + 0,)F, +47° (.9, + 1,9,)

Wmin _ ol (df, +g,)-2dK2, [, +9,)-472(df, + g, F +8dy(f,g, + 1
d 7/ u g min gv 7/ g 7/ gV g
y
dggax = 22, -y, + 9, 2dk?,, ~ A, )-27°(f, + 0,7, + 47°(f,9, + T,9,)

dgﬂ - [deriln (dfu +0, )k_ (dfu +0, ))_47(dfu +0, )2 +8d7/( fug" + f"g”)
v

(2.10)

(2.11)

Therefore, values of d and y that meet the requirements of the wave number and

modulate the pores distribution for a specific application can be found.

2.2.5 Hypothesis testing using numerical simulation

To test the hypothesis of scaffolds design using reaction-diffusion systems, the equation

system given by (2) and (3) is solved using the finite element method. Newton-Raphson

method is also used to solve the nonlinear problem that evolves over time. The time

integration has been made using the trapezoidal rule. Then u, v and ms must be obtained

by proper interpolation functions as given in [39, 44-45]. The exhibition starts with the

weak formulation of the problem and follows a procedure similar to that used in Ref. [181].

Let (2.3) and (2.5) rewritten as:

ou
——Viu-y(@a-u+u®v)=0
i 7( )=
ov
— —dV&—y(b-u*v)=0
o 7( )=
dm, u t,”

_C =

dt u'+s"t, " +T,” in O

(2.12)
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Multiplying (2.12) by a weighting function, integrating over the domain and using the
Gauss theorem it can be proved that (2.12) has Newton-Raphson method residuals given

by the next set of equations (2.13):

ou 2.13
r, = J.QawldQJrJ-QVUVWldQ—IQ ;/awldQ+jgyuwldQ—IgyuszldQ—Ir(Vu en)w,dl" =0 (2.13)

ov
r, = .[QEWZdQ + _[QVVVWZdQ - IQ7bW2dQ+ +Iﬂyu2vwde - L(Vv- n)w,dl" =0

om u" t,”
rwzj W, dQ—| C—r—2 w,dQ
@ ot o u"+s"t,"+T,°

Wherew,,w, j.q W; are weighting functions and n is the normal vector directed out the

domain over the boundary (see Figure 2-4). Considering that homogeneous Neumann
boundary conditions had to be imposed, then the boundary terms of Egs. (2.13)
disappeared.

Figure 2-4: Description of Q domain and Dirichlet ', and Neumann [4 boundaries. In
formulation of equation (2.13) the term j (Vuen)w,dr corresponds to Neumann boundary.
r

L,

Variables were written in terms of nodal values using weighting functions such as given in
Refs. [189] and [190] to obtain the discrete solution:

u"=N,(x,y)U (2.14)
v =N, (x,y)V
m." =N _(x y)M,

U, Vy M.are the values of u, v and ms at nodal points and the superscript h indicates

the variable discretization in finite elements. By substitution of (2.14) in (2.13) and
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choosing weighting functions as the shape functions, Newton-Raphson method residual

vectors are given by (2.15):

" 2.15
ﬂ:jQNT%d +[VN'VU"d0- [ NTjad+ [ NTu"do- [ NTy(u" fv'da =0 (213)
n=[N %d(ﬂjVN dVv"dQ— [ N"bd0+ [ NTy(u" fv'dQ=0
=[N M o [Ne % goog
- 0 ot @ u"+s"t P4+TP

I I : . :
Where -~ and -~ are the residual vectors calculated at the new time step. Meanwhile

h
r- . . .
the second term -™ is calculated in the previous step.

Each of the positions (inputs) of the Jacobian matrix are given by (2.16):

% (2.16)
aU aAJN NdQ + [ VNTVNAQ + 7 [N"NdQ - 7 N"(2u" /"Nd =0
or! ,
~ = =~ N"/{u" ) Nd©
LN henae
2:/ Ath NdQ +d [ VN"VNAQ + [ NTy(u" ] Nd©
(04
al’m 1
p——— NTNdO

Where « is a characteristic parameter of temporal integration method and

VN = [(VNl)T...(VN nod )T]T is the row vector of spatial first derivatives of shape functions.

In this case we used 4-node bilinear elements.

2.2.6 Design process for self-assembled scaffolds

The process for the design methodology proposed above can be seen in Figure 2-5,

summarizing the steps for scaffold synthesis with a reaction-diffusion system. In brief, the
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patterned structure could be generated by varying a, b, y, and d equations parameters. In
fact, the attractor state and the generated pattern are unique and independent of the initial
conditions for no instantaneously growing domains. Considering this, reaction-diffusion
equations were solved to prove the design hypothesis; biomaterial equation parameters

were adjusted during such design process to obtain the required scaffold geometry.

Figure 2-5: Scaffold design process using a Reaction-Diffusion system
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2.3 Application examples and results

This section presents numerical examples and results. 2D and 3D application examples
were performed. The solution of reaction-diffusion system was found in 2D for a square
domain, as well as the wave numbers predicted by linear stability theory. Initial tests were
made for verifying the theoretical prediction. Several types of domains were then chosen
on which reaction-diffusion equations and biomaterial equations were simulated.

Likewise, initial 3D tests were developed on a unitary cube and other solid shapes.
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The finite element method with Newton—Raphson method was implemented in FORTRAN
for solving the resulting equation system and all examples were resolved as illustrated
below on a 4,096-MB RAM Laptop with 800-MHz speed processor. In all cases, the
dimensionless problem was solved with null initial conditions for biomaterial and random
conditions around steady state (see Appendix B) for the reaction-diffusion system. The
choice of random initial conditions around the steady state was similar to injecting two
substances into a cavity, meaning that each concentration at the beginning of the reaction
could not be accurately determined. Null flow on all geometries’ boundaries was also

considered.

Dimensionless parameters with running reaction-diffusion system simulations, shown
below, were obtained by the process described in Appendix A. It was assumed that
reference reactant length, time, and concentration values were magnitudes of unit value
to simplify analysis and reading the results so there was correspondence between
dimensional and dimensionless parameter numerical values. Distance in mm was

particularly used as reference.

2.3.1 Initial numerical tests in 2D

The mesh used for the examples shown is the same in all cases, which has 2500 bilinear,
4-node elements each, for a total of 2601 nodes (see Figure 2-6). Moreover, the initial
conditions are equal for all examples, with small random perturbations of 10% around the
steady state. Initially the reaction-diffusion system was solved for square domains in order

to have a framework to compare all subsequent numerical tests.

Figure 2-6: Mesh used in the numerical solution. The mesh has 2500 elements and 2601
nodes.
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Figure 2-7 shows the results for the variable u of the Schnakenberg equation. Note the
formation of dot patterns (cases b, d, e, g, h, i, k, I, n) and rows (a, c, f, j, m). Special
attention deserves the case m) where m? +n” =25. There are two possibilities of Turing
pattern formation, this is, the dynamics of the system can choose among forming a wave
number (m=4,n=3), or, it could also form a pattern of type (m=>5,n=0). By the principle
of minimum energy, in this case the pattern was formed (m =5,n =0) . All examples are in

full agreement with those obtained in Turing pattern formation in reaction-diffusion
systems literature [191].

Figure 2-7: Turing Patterns in steady state for different wave numbers. a) (1,0), b) (1,1),
¢) (2,0), d) (2,1), e) (2,2), f) (3,0), 9) (3,1), h) (3,2), 1) (3,3) ]) (4,0), k) (4,1), ) (4,2), m) (5,0)
and n) (4,4). For further reference see Table B.1 in appendix B. The black color indicates
concentration values higher than 1.0. Black: high concentration, white: low concentration.
Diagrams show u concentration in a reaction-diffusion system.
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2.4 Simulations on 2D domains

2D tests were performed on figures of different sizes and forms based on the catalog of
Kasios orthopedics products [192]. Figure 2-8 shows the mesh used to test the

hypotheses stated.
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Figure 2-8: Different geometries used for testing the hypothesis of the chapter. Figure a)
Circle of Radio 4 mm with 5652 nodes and 5525 elements. b) Square of side 4 mm with
10,201 nodes and 10,000 elements. c) Wedge similar to that shown in Ref. [192], with
32,761 nodes and 32,400 elements.

c)

Figure 2-8 a) shows, in 2D, a circle with similar measures to those observed in
commercial scaffolds [30]. Circle diameter is 8 mm. In the same way, a square scaffold
was developed in Figure 2-8 b); besides, a wedge-shaped scaffold is showed in Figure
2-8c.

Figure 2-9: a) Biomaterial distribution (black means there is biomaterial and white its
absence in the scaffold). b) Results for the u variable of reaction-diffusion system, c)
results for the variable v.

Figure 2-9 b) and c) shows the formation of circular spots patterns for the variables u and
v. Note that circular spots are out of phase for each variable, i.e., where u is maximum, v
is minimum and vice versa. The parameters used in the simulation are d = 8.6076, y =
909.66, a = 0.1, b =0.9, s = 0.95, T, = 10.0. The threshold polymerization time T, is the
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time required for the reaction-diffusion system to reach steady state. In addition, other
computational parameters are: At = 0.01 and used a total of 1000 steps. Plotting the
concentration of the variable u pattern in Figure 2-11a), which provides the scaffold
morphology, is obtained. In this case biomaterials polymerize in regions where the
variable u has exceeded the threshold value of s = 0.95 and a polymerization time Ta =
10.0. A homogeneous distribution of holes, mostly circular, can be observed over the
entire domain. As the scaffolds listed in the Kasios manufacturer catalog [192], average
pore diameter is 350 um and the distance between each pore is 500 um. The resulting

porosity is 65%.

Figure 2-10: a) Biomaterial distribution (black means there is biomaterial and white its
absence in the scaffold). b) Results for the u variable of reaction-diffusion system, c)
results for the variable v.
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Change of reaction-diffusion system parameters provides a different structure as seen in
Figure 2-10, different to Figure 2-9. In this case the parameters are d = 8.7176, y =
625.35, a=0.1, b = 0.9, s = 0.95, T, = 10.0. It shows the formation of channels in the
scaffold from Schnakenberg system patterns (see Figure 2-10 a). Note that this example
shows intricate channels that may allow bone growth. The channels average width is 350
um and the distance between channels is 500 um. It should be noted that channels have
a homogeneous structure throughout the scaffold which, however, has some isolated

cylindrical pores in the top left and bottom right. The resulting porosity is 60%.
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Figure 2-11: a) Biomaterial concentration (black means there is biomaterial and white its
absence in the scaffold). b) Results for the u variable of reaction-diffusion system, c)
results for the variable v.

a) b) c)

Changing the geometry to a square, Figure 2-12, and using the parameters d=8.6676,
y=230.82, a=0.1, b=0.9, s=0.95, T.=15.0 different behavior of reaction-diffusion system is
obtained. In this case, spots patterns on the Schnakenberg system allow polymerization
of rectangular slightly elongated pores in the x direction as showed. The equivalent pore
diameter is 420 ym; the distance between pores is 1600 um in horizontal direction and
800 um in vertical direction. Note, in this case, the special orientation of pores allows

preferential growth of bone. The resulting porosity is 65%.

Figure 2-12: a) Biomaterial distribution (black means there is biomaterial and white its
absence in the scaffold). b) Results for the u variable of reaction-diffusion system, c)
results for the variable v.
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The case of wedge-shaped geometry, Figure 2-12, uses the parameters: d=8.6676,
a=0.1, b=0.9, y=230.82, s=0.95, T,=15.0. The pattern forms a scaffold that has a mix of
channels and pores (see Figure 2-12 a). Note that channels passing completely through
the scaffold and the pores are located in the lower left and upper right corners. The width
of each channel is 400 ym and the distance between channels is 800 um. Resulting

porosity is 55%.

2.5 Simulations on 3D domains

As in the two-dimensional case, in this case, numerical tests are performed on minimum
basic geometries that conform a larger scaffold. In this case unitary cubes were used and
different parameters were chosen in order to get porous structures with an orientation
defined by the designer. The geometry for all numerical tests is similar, using unitary
cubes with 17,576 nodes and 15,625 elements. Furthermore, all simulations have as
parameters: At = 0.01, with 1000 steps. On the other hand, each of the structures is
achieved by inheritance of Turing pattern, therefore, total time of stabilization Ta = 10.0 is
used.

Simulation with wave number (2,2,2). Numerical tests were conducted on unitary cubes in
order to observe the fundamental structure of the scaffolds. To define the structure shown

in Figure 2-13, a Matlab program was used as described in appendix B. By the

2
min

parameters, a=0.1, b=09,K’. =110 and Krf,ax =12.999 results are obtained as

d =8.6123 and y = 346.3578 and the wave number is determined as (2,2,2) . Results

show the formation of two half waves in each of the x and z directions. The structure
formed is similar to FCC crystal structure with centered pores on each side of the figure
besides at the corners as seen in Figure 2-13 a), b) and c); meanwhile, BCC crystal
structure is observed in Figure 2-13 e) and f). Varying polymerization threshold value s,
different porosities are obtained; therefore, a design curve showing porosity as function of
the polymerization threshold value s can be plotted as seen in Figure 2-13 a), b), c), d),
e), f) and g). It is important to mention that figures 2-13 e) f), and g) are not possible as
scaffold geometries, as they show solids not connected between them. Figures 2-13 h)

and i) show the results for u and v variables of a reaction-diffusion system.
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Simulation with wave number (4,2,2). Similarly, using the parameters a=0.1,

b=09,K2 =235 and K2, =24.999 and using the Matlab program with Newton

Raphson method, parameters d =8.5737 and y = 700.4675 are obtained and the wave

number is (4,2,2) . Results (see Figure 2-15) show the formation of four half waves in x

direction and two half waves in each of the directions y and z. The structure formed a
hollow face-centered cube in two of its opposite surfaces and two holes in each of the four
remaining sides. In addition, there are holes in each vertex of the faces containing the
greatest amount of pores. Figures 2-15 h) and i) show the results for u and v variables of

a reaction-diffusion system.

Besides, varying the threshold polymerization value s, different porosities are obtained;
so, a design curve showing porosity as a function of the polymerization threshold value s
can be plotted as seen in Figure 2-16.

Simulation for wave number (2,2,0). In the case of Figure 2-17, a wave number of (2,2,0)
is considered so two half waves in front and back faces with no waves in the remaining
sides are obtained. The structures have a central hole in the middle of faces and edges of
the cube in y direction. Varying the polymerization threshold value s, different porosities
are obtained; so, a design curve showing porosity as function of the polymerization

threshold value s can be plotted as seen in Figure 2-18.
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Figure 2-13: Results of different porosities depending on polymerization threshold value s
(wave number (2,2,2)). a) s = 0.86, % porosity = 1.5, b) s = 0.87, % porosity = 5.3, ¢) s
0.88,% porosity = 12, d) s = 0.89,% porosity = 23, €) s = 0.90,% porosity = 51, f) s
0.91,% porosity = 77, g) s = 0.92,% porosity = 88, h) distribution for u variable of reaction-
diffusion system (black) and i) for v variable (black)

i)
Figure 2-14: Percentage of porosity as a function of polymerization threshold value s for

a wave number (2,2,2)
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Figure 2-15: Results of different porosities depending on the threshold of polymerization
(wave number (4,2,2)). a) s = 0.96, % porosity = 11.1, b) s = 0.97, porosity = 13.5%, c) s
= 0.98, porosity = 19.5%, d) s = 0.99,% porosity = 29.4, e) s = 1.0, porosity = 55.4%, f) s =
1.01,% porosity = 81.4, g) s = 1.02,% porosity = 91.8, h) results for u variable of reaction-
diffusion system and i) for v variable

g) , h) i)

Figure 2-16: Percentage of porosity as a function of polymerization threshold value
s for awave number (4,2,2).
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Figure 2-17: Results of different porosities depending on the threshold of polymerization
(wave number (2,2,0)). a) s = 0.96,% porosity = 3, b) s = 0.97,% porosity = 11, ¢) s =
0.98,% porosity = 21, d) s = 0.99,% porosity = 34, e) s = 1.0, porosity = 55.2%, f) s =
1.01,% porosity = 71.1, g) s = 1.02, porosity = 81.1%, h) results for u variable of reaction-
diffusion system and i) for v variable

h)

Figure 2-18: Percentage of porosity as a function of polymerization threshold value s for
a wave number (2,2,0)
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2.6 Simulation over domains similar to bone scaffolds for
clinical applications

Figure 2-19 shows other shapes for the manufacture of a tridimensional scaffold. In the
following simulations, different parameters of the reaction-diffusion system are used. For
biomaterial, the value s = 0.9 and different curing times T, are considered. In the first set
of results, the first example 3D, polymerization time is variable therefore the obtained
structures do not correspond to final the Turing patterns, this allows the formation of a
transitional structure not corresponding to the final state of the reaction-diffusion system.
The second simulation uses a set of parameters that conforms a final pattern compound
by lamellae structures. The last example shows results for a set of parameters that give a
complex structure in the scaffold. All the examples use the meshes and geometries
described in Figure 2-19. Figure 2-19 a) shows a cube of 3 mm per side (in the simulation
46,656 nodes and 42,875 cubic elements were used). Figure 2-19 b) shows a cylinder
with radius 1.5 mm and height of 3 mm (at the simulation 36,312 nodes and 33,462
elements were used). Finally, Figure 2-19 c) shows a wedge similar to those given in
catalog [192] with approximate dimensions of a cube of 3 mm per side (in the simulation

29,791 nodes and 27000 elements were used)

Figure 2-19: Meshes for the simulation of scaffold construction over different geometries.
a) Cube of 3 mm per side (in the simulation 46,656 nodes and 42,875 cubic elements
were used). b) Cylinder with radius 1.5 mm and height of 3 mm (at the simulation 36,312
nodes and 33,462 elements were used). ¢) Wedge similar to those given in catalog [192]
with approximate dimensions of a cube of 3 mm per side (in the simulation 29,791 nodes
and 27000 elements were used)
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Simulation with parameter variation of polymerization time: Figure 2-20 shows the scaffold
formation for a value of Ta (polymerization time) different to the time necessary to stabilize
the Turing pattern. In all cases, the time T, = 50.0 and model parameters are d = 8.6123,
a=0.1,y=346.3578, b = 0.9. Furthermore, At = 0.01 and the total steps are 5000 and s
= 0.9. Note the formation of an intricate system of channels and pores with an average
pore size of 400 um. It should be noted that the final outcome of each scaffold is not the
steady-state pattern of a reaction-diffusion system with Turing patterns. Therefore, the
scaffold corresponds to an intermediate pattern in the path of a reaction-diffusion system

to stabilize over time.

Figure 2-20: Simulation results of the scaffold construction on different geometries. a)
Scaffold on a cube, b) values of the variable u for T, = 50, ¢) Scaffold on a cylinder, d)
values of the variable u for Ta = 50, e) scaffold on a wedge, f) values of the variable u for
Ta=50
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Simulation of a matrix developed from a stable Turing pattern. In the following example
the parameters are d = 8.6123, a=0.1, b = 0.9, y = 346.3578. Furthermore, At = 0.01 and
the total number of steps is 8000. In this case, Turing pattern development for the
formation of the scaffold (steady-state) is considered. Therefore, Ta = 80.0 is the time
value necessary to reach a steady-state Turing pattern. Figure 2-21 a) and b) shows two
different views of the results for the scaffold formation on the geometry of a wedge. Note
the shape of the plates that allow the anisotropic growth of bone. The distance between
plates is 600 um and width of the foil is about 400 um. Figure 2-21 c) and d) show the
formation of plates on a cylinder (with a width of foil of 400 um and a distance between
plates of 600 um. Special attention requires Figure 2-21 e) and f) which are two different
views of a scaffold on the geometry of a cube. In this case, the simulation is at time T, =
70, so it does not show the final result of Turing pattern formation and therefore the final
pattern but an interesting result of this simulation is the formation of continuous

trabeculaes on one side of the array that can confer mechanical rigidity to the scaffold.

Figure 2-21: Simulation results of scaffold construction on different geometries. a)
Scaffold on a wedge, a) and b) different views to the scaffold on a wedge geometry, c)
and d) on a cylinder geometry and, e) and f) on a cube geometry. Note the formation of
trabeculaes on one side. Simulation parameters are d = 8.6123, a = 0.1, b =09,y =
346.3578. Furthermore, At = 0.01 and the total number of steps is 8000
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Examples for other scaffold figures developed from stable Turing pattern. A final example
of the formation of a scaffold on the same geometric shapes used in previous examples
but with different parameters was developed as Figure 2-22 shows. The parameters used
are d = 8.5737,a=0.1, b = 0.9 and y = 700.4675. Furthermore, At = 0.01 and the total
number of steps is 15000. In this case, as in the previous one, a Turing pattern
development is recognized for the scaffold formation. Therefore, a time value T, = is
necessary to reach a steady-state temporal pattern. Figure 2-22 a) shows the result for a
wedge. Note the formation of complex channels and holes throughout the structure. The
average distance between channels is 300 ym. The porosity is 53%. Figure 2-22 b)
shows the result for a cylinder. Note the formation of complex channels and holes
throughout the structure; however, it appears that the channels are developed
preferentially in the direction of the plane of the circle. The average distance between
channels is 400 ym. The porosity is 54%. Figure 2-22 c¢) shows the scaffold formation on
a cube-shaped geometry. Note the formation of well-distributed pores with a pore size of
300 um. The resulting porosity is 55%.

Figure 2-22: Simulation results of scaffold construction on different geometries. a)
Scaffold on a cube, b) Scaffold on a cylinder, c) Scaffold on a wedge

2.7 Discussion and conclusions

This chapter has reported the computational simulation of two and three dimension
patterns obtained by varying Schnakenberg model parameters to establish a methodology
for designing scaffold geometries for bone regeneration. Important features such as pore

size and distribution and percentage porosity could be controlled depending on the value
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for parameters K, a, b, d, y, Ta and s in the considered model. The synthesized structures

are similar to cancellous bone and could be self-assembled in situ.

The work began by studying a 2D reaction-diffusion system where Turing space analysis
determined the possible ranges of values for parameters a, b, d, and y in the reaction-
diffusion system. All simulated cases were performed with Turing space parameters
defined by a set of conditions defined in Eq. (7). It was found that wave number K
determined pore spatial distribution frequency and that there could be more than one
wave number K for the same parameters, so the system adopted the wave number
having greater stability, according to the minimum energy principle. Figure 2-7 shows how
different wave numbers gave patterns composed of circular, elliptical, or striped shapes in
a 2D system, whereas, in three dimensions, they were widespread in a solid having
spherical or ellipsoid pores and lamellar structures respectively.

Figure 2-13, 2-15 and 2-17 show how the pattern obtained in three dimensions could be
changed according to wave numbers K. As shown in Appendix B, wave number value
depended on Schnakenberg model values d and y and domain size. Figures 2- 9 to 2-12
show how varying parameters d and y determined pore or channel occurrence. It could be
seen in 2D circular domain simulations that increased d and decreased y values in pattern
formation led to channels (d =8.7176 and y = 625.35) instead of uniformly spaced pores
(d =8.6076 and y = 909.66). The same values (d =8.6076 and y = 909.66) produced
different patterns depending on domain geometry, forming symmetrical patterns of holes
in the square in Figure 2-11 and a mixture of channels and holes in the wedge in Figure
2-12. This showed that domain geometry and size caused changes in the pattern

generated by a reaction-diffusion system even if the parameters were the same.

3D simulation showed that d and y values could modify pore order and/or distribution.
Increased d and decreased y values (d =8.6123 and y = 346.36) led to the formation of
patterns having lower wave number (2, 2, 0) compared to wave number (4, 2, 2) obtained
with d =8.5737 and y = 700.4675 parameters. Figure 2-21 shows how lamellar structures
could be obtained using parameters d =8.6123 and y = 346.36, causing wave number (2,
2, 0). Turing patterns similar to a spongy structure could be obtained as those appearing
in Figure 2-20 and Figure 2-22 having parameters d =8.5737 and y = 700.4675.

Parameters mainly determined a structure’s percentage of porosity. The percentage of
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porosity increased as the value of s increased. It should be noted that the simulations

reached temporary stability after time T, with initial random spatial conditions.

The typical nonlinear behavior of reaction-diffusion systems could be observed with small
parameter changes in all simulations and domains, causing significant changes in the
morphology of the obtained pattern and the interaction between various reaction-diffusion
system parameters. Although the structures obtained may have seemed disorderly or

randomly organized, channel and trabecula widths were relatively uniform.

The porous or lamellar solid structures obtained in this study were consistent with other
reaction-diffusion system studies like those of Kapral [193], Callahan [172] and Leppanen
[194]. Figure 2 21 provides lamellar patterns, similar results also having been mentioned
by Leppanen [194]. Figure 2 20 and Figure 2-22 show porous patterns having a similar
shape to bone tissue and porous Scaffolds produced by particle leaching [24]. This
technique’s computational cost is low compared to others like that of Leppanen [194]
since 500000—-2000000 time steps are required in his 3D simulations to obtain stabilized

patterns whilst stable structures were obtained here with 8000 time steps or less.

This work was aimed at obtaining porous structures from reaction-diffusion systems that
could be used in Scaffolds for bone regeneration. A design methodology was thus based
on analyzing DR system parameters for controlling the geometry of the developed
pattern. It should be noted that this approach may be useful for modeling not only scaffold
formation but also phenomena involving cell proliferation and tissue growth conditioned by
growth factors or other chemical or physical signals. It has been shown that composite
structures can be obtained by pores or channels and that the size and distance between
them was relatively uniform and could be controlled. Both 2D and 3D patterns obtained in
the simulations showed pore size and channel width consistent with the ideal 200—-800
pm pore size mentioned in Ref. [195].

Some considerations and simplifications made in this work must be considered. The first
concerns the experimental data supporting the model; however, it should be noted that
nearly 30 years passed between Turing’s work on reaction-diffusion systems as a
mechanism for morphogenesis [196] and the first experimental evidence [163]. The

second consideration is that the model assumed that at least one species led to
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biomaterial polymerization. The third aspect concerns the simplification of domain size
and reaction-diffusion system shape. Several authors, like Shoji [173], have reported the
influence of domain size and shape on the generated pattern’s form and stability.
Available information regarding a commercial matrix for bone regeneration has been used
in this study [192]. A fourth simplification considered Neumann conditions at domain
boundaries. Actually, there may have been flux at the boundaries changing reaction-
diffusion system patterns. Considering diffusion coefficients and reaction constants was
also an oversimplification, as these are subject to various factors in the microenvironment

where the reaction takes place.

Other systems, such as Brusselator RD, Gray-Scott, and Lengyel-Epstein, should also be
studied to broaden the scope of this work [173]. The effect of domain and mesh element
size should be analyzed regarding the obtained pattern’s wavelengths. The numerical
method’s effect on pattern stability and shape should also be assessed. Subsequent work
will consider Scaffolds in nonconventional geometries and impose Neumann boundary

conditions to simulate biological substance flow rate along the boundaries.

Further research will be developed in order to manufacture reaction-diffusion structures
using SFF techniques [197], [198] such as fused deposition material (FDM) [199]-[202],
selective laser sintering (SLS),[92], [203]-[207] 3D printing (3DP) [208]-[211], among
other processes. Scaffolds made by reaction-diffusion systems, such as other porous
Scaffolds, could be used for other TE applications. They allow cell adhesion and
proliferation of many cell types according to the organ or tissue that must be replaced. For
example, Scaffolds for skin, cartilage, and liver replacement are mentioned in Ref. [39].
Again, geometrical properties such as porosity and related physical properties such as
mechanical strength and permeability could be achieved by varying reaction-diffusion

system parameters according to the specific application.

Despite the simplifications and the need for further studies, this work has been useful for
several reasons. The model was useful in bone tissue engineering because it controlled
geometric characteristics such as pore size and porosity percentage, these are design
requirements necessary for enabling mobility and cell proliferation in addition to nutrient
and waste transport inside the implant. The ability to vary implant pore size can also be

used for providing preferential orientation of the implant structure conferring anisotropic
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physical properties. From the numerical simulation viewpoint, it has helped in analyzing
Turing patterns in three dimensions, a lacking work area, as mentioned by Shoji [173].
From a functional standpoint, this work compared to others such as Refs. [172] and [173],
provided a methodology for controlling the geometry of the patterns so obtained, being
important for scaffold’s clinical applications. This work has provided a possible line of
experimental research that can approach the resolution of complex problems in tissue

engineering.



3 Modeling degradation of  polymeric
scaffolds

As the new bone growth, it is necessary scaffold degradation. Biodegradable materials for
bone scaffolds applications could be ceramics, polymers or composites. Ceramics based
on calcium phosphates show excellent osteoconductivity but low degradation rates [212].
Calcium phosphates degradation is due to multiple mechanisms like dissolution,
precipitation, hydrolysis, and phase transformation [14]. Furthermore, polymers
degradation occurs by hydrolysis and enzymatic action [213]. For their part, ceramic-
polymer composite materials have good mechanical strength, osteoinductive,
osteoconductive and conformability properties combining base materials properties [214].
In this chapter, a simulation of degradation process is performed assuming a hydrolysis

mechanism.

3.1 Polymers

In tissue engineering, biopolymers are synthetic organic materials which are
biocompatible with humans. They may be of natural or synthetic origin. Among the
synthetic polymers most used for bone tissue regeneration are polylactic acid (PLA),
polyglycolic acid (PGA), and copolymers of PLA-PGA (PLGA). Properties of some

polymers and co-polymers biomaterials are listed in Table 3-1.

Poly (a-ester)s: Poly(a-ester)s are thermoplastic polymers with hydrolytically labile
aliphatic ester bonds in their chains. Poly(a-ester)s can be developed from a variety of
monomers using ring opening and condensation polymerization routes changing the
monomeric units. Bioprocess methods can be used to develop some Poly(a-ester)s [215].
The Poly(a-ester)s are biodegradable, non-toxic and biocompatible. Among the class of

Poly(a-ester)s, the most extensively investigated polymers are the poly(a-hydroxy acid)s,
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which include poly(glycolic acid) and the stereoisomeric forms of poly(lactic acid). The
most extensively studied monomers for aliphatic polyester synthesis for biomedical
applications are lactide, glycolide and caprolactone [213]. Poly(a-ester)s mainly are
degraded by hydrolysis bulk erosion. The polymeric matrices degrade over their all cross-

section and have erosion kinetics that usually are non-linear with discontinuities [216].

Polyglycolide (PGA) is a highly crystalline polymer (45-55% crystallinity); therefore,
exhibits a high tensile modulus with very high degradation rate due to organic solvents.
The first biodegradable synthetic suture that was approved by the FDA in 1969 was
based on polyglycolide [217]. Non-woven polyglycolide scaffolds have been widely used
as matrices for tissue regeneration due to its excellent degradability, good initial
mechanical properties, and cell viability. High mechanical properties of PGA are due to its
high crystallinity. Self-reinforced forms of PGA show higher stiffness than other
degradable polymeric systems used clinically and exhibit an elasticity modulus of
approximately 12.5 GPa. Polyglycolide degrades by non-specific scissions of the ester
chain. PGA loses its strength in 1-2 months when hydrolyzed and losses mass within 6—
12 months. In the body, PGA degradation product is glycine which can be excreted in the
urine or converted into carbon dioxide and water via the citric acid cycle [218]. Due to its
good initial mechanical properties, polyglycolides have been investigated as bone internal
fixation devices (Biofixs). However, the high rates of degradation and acidic degradation
products limit the clinical applications of PGA. Therefore, copolymers containing PGA

units are being developed to overcome those disadvantages.

Polylactide (PLA) is a chiral molecule and exists in two optically active forms: L-lactide
and D-lactide. Their polymerization forms a semi-crystalline polymer and PLA behaves as
crystalline or amorphous depending on these stereoisomers. The polymerization of
racemic (D,L)-lactide and mesolactide results in the formation of amorphous polymers
[219], [220]. The molar mass of the polymer as well as the degree of crystallinity have a

significant influence on the mechanical properties [221].

Poly-L-lactide (PLLA) is a slow-degrading polymer compared to polyglycolide, has good
tensile strength and a high Young’s modulus (4.8 GPa approx.); therefore, it is useful for
load bearing applications, such as orthopedic fixation devices [213]. It has been reported

that high molecular weight PLLA can take between 2 and 5.6 years for total resorption in
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vivo [222]. On the other hand, semicrystalline PLA is preferred to the amorphous polymer
when higher mechanical properties are desired. Semicrystalline PLA has an approximate
tensile modulus of 3,5 GPa, tensile strength of 50MPa, flexural modulus of 5 GPa, flexural
strength of 100 MPa, and an elongation at break of about 4% [223].

Poly(lactide-co-glycolide) (PLG): Both L- and DL-lactides have been used for co-
polymerization with glycolide monomers in order to obtain different degradation rates.
PLG degradation rates depend on a variety of parameters including the LA/GA ratio,
molecular weight, and the shape and structure of the matrix. For example, 50/50%
poly(DL-lactide-co-glycolide) degrades in approximately 1-2 months, 75/25% PLG in 4-5
months and 85/15% copolymers in 5-6 months. [224]. The popularity of these co-
polymers can be attributed to the FDA approval for use in humans and its good
processability [213].

Polycaprolactone (PCL): PCL is a semicrystalline polyester obtained by the ring opening
polymerization of monomeric units of ‘e-caprolactone’. PCL presents hydrolytic
degradation due to the presence of hydrolytically labile aliphatic ester bonds; however,
the rate of degradation of homopolymer is rather slow (2—3 years) respect to polymers like
PLA. PCL has low tensile strength (approximately 23MPa) and high elongation at
breakage (>700%) [213]. It can be used in conjunction to other materials for load-bearing

applications [225].

3.2 Biomaterial degradation

In the case of scaffolds made of biodegradable polymers, many resorption mechanisms
are identified depending on the material type as seen in Table 3-2 [6]. In those models
water molecules diffuse into the polymer and break the link into polymer molecules.
These phenomena cause a molecular weight decrease besides a decrease of elasticity
modulus. After a certain threshold of molecular weight the polymer is considered
completely degraded [62], [216]. A more elaborate model is proposed by Chen [226]
including autocatalysis. Han proposed a model that includes the effect of crystallization
[227]. On the other hand, ceramics such as calcium phosphates and hydroxyapatite

degrade by dissolution and osteoclasts effect, as modeled in Ref. [228].
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Table 3-1: Mechanical properties of typical polymers and copolymers for tissue
engineering. [218], [229], [230]

MATERIALS COMPRESSIVE / YOUNG’S MELTING GLASS- LOSS OF LOSS OF
TENSILE MODULUS | POINT (°C) | TRANSITION | STRENGTH MASS
STRENGTH (MPA) (GPA) TEMP (°C) (MONTHS) | (MONTHS)
PDLLA 35-150 Amorphous 55-60 1-2 12t0 16
poly(L-lactide) 29-35 1.9-2.4
PLLA 870-2300 10-16 173-178 60-65 6 ?
poly(L-lactide) 28-50 1.2-3.0
40-120
PGA 340-920 7-14 225-230 35-40 1-2 61to 12
poly(glycolide)
PLGA 41.4-55.2 1.4-2.8 —
PCL poly(e- 0.4 300-500 -65-—60 >24
caprolactone)
85/15 DLPLG 2.0 3-10 50-55 5t06
poly(DL-lactide-co-
glycolide)
75/25 DLPLG 2.0 3-10 50-55 4t05
poly(DL-lactide-co-
glycolide)
65/35 DLPLG 2.0 3-10 45-50 3to4
poly(DL-lactide-co-
glycolide)
50/50 DLPLG 2.0 3-10 45-50 lto2

poly(DL-lactide-co-
glycolide)

3.3 Degradation model

Here, degradation is defined as a molecular change due to the division of the polymeric
chains. This degradation can be homogeneous or heterogeneous when it occurs in
certain areas of the polymer depending on the variation of its composition. In the case of
a scaffold made of PLA, degradation is due to hydrolysis which causes a change in
molecular weight and in turn a change in its mechanical properties. Water diffused into
the polymer breaks the ester bonds leading to the formation of oligomers and monomers.
In this model, the diffusion rate is assumed constant. Rapid diffusion leads to bulk erosion
while surface erosion is caused by slow diffusion. Degradation produces a progressive

decrease in the mechanical properties of the polymer and ultimately a scaffold loss mass.




Modeling degradation of polymeric scaffolds

63

Table 3-2: Resorption mechanisms for biomaterials for scaffolds used in bone
regeneration. From: Bohner [6]

MATERIAL TYPE

MATERIAL

DEGRADATION MECHANISM

Bioglass

Generally: very limited degradation through

partial dissolution

Plaster of Paris
(= calcium sulphate hemihydrate, CSH)
Gypsum

Dissolution

Dicalcium phosphate dehydrate

(= calcium sulphate dihydrate, CSD)

Dissolution and/or conversion into an

apatite

Dissolution or Cell-mediated depending on

Ceramic Calcium carbonate
the mineral phase
Dicalcium phosphate (DCP)
Octacalcium phosphate (OCP)
B-tricalcium phosphate (B-TCP) )
Biphasic calcium phosphate (BCP) Cell-mediated
Precipitated hydroxyapatite crystals
B-calcium pyrophosphate (3-CPP; 3-Ca2P207)
Sintered hydroxyapatite Practically no degradation
Magnesium (alloy) Corrosion
Metal Iron (alloy) Corrosion
Tantalum, Titanium Practically no degradation
Polylactides, polyglycolides )
Hydrolysis
Polycaprolactone
Cellulose Transport to lymph nodes
Polymer Hyaluronan Hyaluronidase
Fibrin Plasmin
Collagen Collagenase
Chitosan Lysozyme

A numerical model that couples the molecular weight and the modulus of elasticity is

used. It is assumed that the modulus of elasticity is proportional to polymer molecular

weight. In turn, polymer molecular weight changes depending on the value of water

concentration into the polymer.

To model the hydrolysis phenomenon of hydrolysis representative volume elements,

(RVE) was chosen. The RVE can be considered as a unitary cell that can be arranged in

a spatial matrix to obtain the desired structure. In turn, the RVE are divided into voxel or




64 Mechanobiological model of bone tissue regeneration on scaffolds

hexahedral type elements to facilitate meshing. The boundary conditions do not consider

the flow of water or other substances to or from the RVE.

Considering that the dominant mechanism for biodegradation of Polylactides is hydrolysis
as mentioned in Table 3-2, in this study we adopt the degradation model proposed by

Adachi et al [62]. A summary of the model is presented here.

Elasticity module Es is proportional to the polymer’s molecular weight:

W(t) (3.1)

Es(\N (t)) = EsO Wo

In (9) Eg is the elasticity module at an initial molecular weight Wo.

Meanwhile, molecular weight is changing in time due to a hydrolysis process:

W (c) =—pc
(3.2)

Where gis a biomaterial constant and c is water concentration varying between 0 and 1.

For its part, ¢ is depending on a diffusion equation:

¢=aVic
(3.3)

Where a is the diffusion coefficient of water in biomaterial.

3.4 Results and discussion

This section presents numerical examples and results show the degradation of scaffold
unit cells. Numerical tests were developed in a 3D cube, in order to obtain degradation
evolution due to hydrolysis. The Finite element method with a Newton-Raphson scheme
was implemented in a FORTRAN code to solve the resulting equation system. All the

examples were resolved in a Laptop of 4096 MB RAM and 800 MHz speed processor
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After the unit cells were obtained with the three different wave numbers as described in
the previous chapter, numerical tests were conducted with the degradation model in order
to examine their microstructural evolution due to hydrolysis. The considered material
properties for the hypothetical scaffold were: initial elasticity modulus Eso = 20 GPa,
Poisson’s ratio vs= 0.3, initial molecular weight Wy = 70 000 g/mol, diffusion coefficient « =
4.0x10* mm?#day, and degradation rate constant g = 4000/day. Those properties are
similar to the ones exhibit by the Polylactic acid [62], [125]. Figure 3-1 a) and b) show the
evolution of the water concentration and the elastic modulus, respectively, for the unit cell
obtained with wave number (2,2,0). It takes 127 days for fully degradation. Figure 3-2
shows the degradation process for the unit cell obtained using the wave number (2,2,2).
Figure 3-2 a) illustrates the evolution of the water concentration and Figure 3-2 b)

illustrates the elastic modulus. The full degradation of the unit cells takes 118 days.

The degradation process for the (4,2,2) unit cell is illustrated in Figure 3-3. The evolution
of the water concentration and the elastic modulus is shown in Figure 3-3 a) and b),

respectively. The full degradation of the structure occurs after 91 days.

Figure 3-1: Degradation of the unit cell obtained with wave number (2,2,0) (a) water
concentration (b) Elastic modulus.
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Figure 3-2: Degradation of the unit cell obtained with wave number (2,2,2) (a) water
concentration (b) Elastic modulus
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Figure 3-3: Degradation of the unit cell obtained with wave number (4,2,2) (a) water
concentration (b) Elastic modulus.

t=72d

The Figure 3-4 illustrates the evolution of the normalized mass remaining over the
degradation time. After 20 days, the degradation begins and it can be seen that the use of
a high wave number decreases the time needed to achieve the full degradation.

Two coupled phenomena are appreciated in the obtained results: Degradation and
erosion. Degradation as a change in the physicochemical properties of the polymer
begins to manifest since the first days when there is a change of the elastic modulus of
the polymer. Meanwhile, as it can be seen in Figure 3-4, the simulations show no

apparent erosion for the first 20 days. From day 20 to day 50, approximately, similar
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erosion rates are observed. Finally, from day 50 and subsequent, different degradation
rates leads to higher mass decreasing in representative volume with wave number
(4,2,2).

Figure 3-4: Normalized mass remaining over erosion time for the three unit cells
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It is observed that the structure or geometry of the analyzed RVESs not only determine the
initial stiffness of the scaffold but how it changes during the degradation process. The
degradation rate of each RVE studied is affected by geometric parameters as the surface
of the trabecula in contact with the aqueous medium and the width of the trabeculae
which affects the distance that water must travel during the diffusion process into the
polymer. It is noted that at lower wavenumbers, thicker trabecula is obtained and thus an
increased degradation time. The object wavenumber (4,2,2) completely eroded at 80 days
while the erosion time was close at 120 days for RVEs with wavenumbers (2,2,2) and
(2,2,0).
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3.5 Conclusions

The concept that a scaffold for tissue engineering must be removed as new tissue grows
is widely accepted by the scientific community. However, the change of mechanical
properties of stiffness and resistance can lead to scaffold premature failure. To avoid this
problem, it is Important to know how the scaffold degradation and erosion occur but this is
a challenging task. Computer simulation can be useful to analyze the complex
phenomenon of degradation. Therefore, the aim of this chapter is to show the application
of polymer in bone tissue engineering and to apply the hydrolysis model in the study of

the degradation of hypothetical porous scaffolds.

Within various biopolymers, we decide to work on polylactic acid PLA considering this
polymer is representative in the polyester family like PGA and PCL. PLA presents many
advantages as it can be obtained from natural sources, biodegradability, and
biocompatibility. Also, it is considered eco-friendly and with an easy formability as a
thermoplastic polymer. The PLA in various isomeric, mixed or copolymerized forms can
be used not only as a scaffold but besides to manufacture pins, plates and screws for
bone fixation. The PLA in Its various forms is degraded generally by hydrolysis even that
may be other mechanisms such as enzyme action. In the case of PLA, bulk erosion is the
phenomenon that usually occurs. But, surface erosion should be preferred because its
effects are easier to control. Then, it is desirable to use high molecular weight polymers to

increase the degradation times.

The model used in this chapter is an elementary model for degradation due to hydrolysis.
To obtain results closer to experimental observations it is necessary to consider more
complex geometries and autocatalysis effects. During the hydrolysis process lactic acid
released in the hydrolysis process accelerates the polymer degradation. Besides, acid
degradation products may result in inflammatory processes altering the viability and
motility of cells of regenerated tissue. In addition, experimental studies and computer
models must be developed to establish the effects of polymer synthesis and scaffold

manufacturing in the degradation and erosion parameters considered in the model.



4 Bone tissue formation under ideal
conditions

In this chapter a review of the main theories of mechanobiology applied to bone
regeneration is presented and subsequently bone growth on a polymeric implant is
simulated. For this purpose, mechanobiology of bone tissue and computational models
developed for simulating bone healing inside a scaffold are described. Finally, a
simulation of an ideal process of bone regeneration over a biodegradable scaffold is
developed.

4.1 Mechanobiology of bone tissue

Mechanobiology studies how mechanical stimuli influences the shape and structure of
tissues of living beings; in particular, muscle, tendon, cartilage and bone tissues [231].
Mechanical and biochemical stimulus influence proliferation, differentiation and cell
functions [232]. Therefore, mechanobiology would be useful to suggest clinical and tissue

engineering strategies to control osseous tissue behavior.

Bone tissue is formed by a process called osteogenesis [233]. In this process, cells
capable of tissue production interact with chemotactic factors to form bone. First,
osteoblasts secrete substances to form osteoid tissue or immature bone, a non-mineral
matrix compound of collagen and glycosaminoglycans [234]. Subsequently, the matrix
mineralization occurs by deposition of hydroxyapatite [235], [236]. During this process,
some osteoblasts become trapped in the newly formed bone and become osteocytes
surrounded by osteons. Osteocytes maintain the extracellular matrix and it is
hypothesized that they act as a network sensing mechanical stimuli that activates the

bone remodeling units (BMU) formed by osteoblasts and osteoclasts.
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Once the bone is formed, it can be remodeled or regenerated by mechanical and
biochemical stimulus. Remodeling process takes place in old bone when tissue is
replaced by new one in order to support changing loads or to replace bone with
microdamage. It is estimated a turnover rate of 100% per year in the first year of life, 10%
per year in late childhood [20] and nearest 5% per year in adult life [237]-[239].
Regeneration allows the creation of new tissue when an injury or lack of continuity occurs;
for example, in case of fracture [240]-{242]. Both processes are carried out by BMUs
[243]-[246], in which osteoclasts resorb deteriorated bone matrix and osteoblasts deposit
new bone. Sometimes, those processes present disorders like in Paget's disease [247].
The processes of remodeling and regeneration are still under study because of the large
number of physical and biological factors creating complexity in their interactions [21]. For
example, it is hypothesized that osteocytes by piezoelectric phenomena respond to
mechanical deformations or stresses and send signals to osteoblasts and osteoclasts so
they engage and conform BMUs to perform the resorption or deposition of new bone [10].

Remodeling and regeneration requires actions at different scales. The mechanosensitive /
mechanoresponsive process starts in nanoscale or molecular level activating genes and
signals in cells [149], [248], it continues with a mechanotransduction process at cell level
in nano - microscale activating electrical, chemical, or biochemical activity; for example,
ion channels or integrins, the differentiation of mesenchymal cells into bone cells
(osteocytes, osteoblasts and osteoclasts) and the interactions of those cells in the bone
deposition and resorption processes [249]. Finally, in a macroscale, stimuli determine the
mechanical properties of bone tissue, bone shape, and magnitude of the loads they can
support. One example of shape and structure of bone adaptation due to mechanical loads
is described in Wolff's law [250]-[252]. It states that bone adapts its internal and external

form depending on the forces applied on it [253].

From the clinical point of view, mechanobiology is studied using in-vivo and in-vitro
models. These methods can be expensive, time-consuming, and difficult to control and, in
some cases, with ethical drawbacks. An alternative to these models are computational
methods or in-silico experiments. Computational mechanobiology studies the effect of
mechanical stimuli in the differentiation, growth, adaptation and maintenance of tissues,

establishing qualitative and quantitative rules between the different variables involved in
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these processes. In computational mechanobiology, numerical methods, generally finite
element method FEM, are used to solve systems of equations describing the relationships
between the variables and parameters of the studied phenomena. Whereas some
variables and parameters of these processes may not be measurable, trial and error
methods are applied. [254], [255].

4.1.1 Mechanical stimuli variables

A first task in computational mechanobiology is to determine which mechanical stimulus
will serve as an input variable. It is still debated the mechanical stimuli that monitor the
cells and the means they used to measure that signal [256]-[261]. Signals can be
essentially a volumetric deformation component (change in size) and a deviatoric
deformation component (change in shape). Several researchers have proposed various
types of mechanical signals: Frost proposed a minimum stress value in the osseous
tissue to trigger a bone apposition process [262], later, he changed the stress signal by a
deformation signal [263], [264], Carter et al. propose the principal strain and hydrostatic
stress as a mechanical signal [265], Claes and Heigele use the principal Strain and the
hydrostatic pore pressure to study the fracture healing process [266], Lacroix and
Prendergast use the deviatoric strain & fluid velocity to study tissue differentiation in
fracture healing [267] and Huiskes studied Strain energy density or SED to predict bone
remodeling [268]. The output variables help to describe the differentiation process (how
many and which cell lines are produced), proliferation (which is the rate of growth),
adaptation and maintenance of tissues (position and mechanical properties of formed

tissues).

4.1.2 Regeneration and remodeling of bone tissues

The study of the bone regeneration process may consider tissue differentiation depending
on the type and magnitude of the mechanical stimulus. There are four basic
mechanoregulatory models of bone tissue differentiation. Pauwels postulated that high
strains led to the formation of fibrous tissue, while higher pressures led to cartilage tissue
[269]. Later, Carter proposed a model where the type of tissue depends on the direction
and magnitude of the stress. For example, the osseous tissue is possible where stresses

and deformations have low magnitudes due to tension [265]. Claes and Heigele [266]
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developed a model that, unlike the previous two qualitative models, proposes ranges of
values in which different types of tissues are obtained . For example, osseous tissue is
generated by intramembranous ossification if the stress is + 0.15 MPa and the strain is
less than +5%. Finally, Prendegrast proposed a model where tissues are not considered
as a single material but as solid phase biphasic poroelastic materials. In this model, high

fluid velocity values and deviatoric strains cause fibrous tissue [270].

Another line of research involves bone remodeling. This process includes the adaptation
of the properties of the tissue that supports the mechanical loads. This line of work,
developed by Carter and others [271], is one of the first to be used in computational
models. It is considered that the bone tissue is a continuous system with variable
apparent density p. This apparent density is expressed in terms of the stress ¢ to which

the material is subjected. This is defined by the expression:

p=Ac” (4.1
Where A and a are constants. Considering a =0.5, it follows that:
o’ =2EU (4.2)

Where E is the elastic modulus and U the strain energy density. Regard to the elastic

modulus E, experimentation leads to the relationship:

E=cp’ (4.3)

For example, one form of this equation that considers the viscoelastic behavior of the
material is:

Epia = CE*%p0° (4.4)

axial

Where C is a constant that considers values of elastic modulus and density of reference

while € is the rate of deformation.
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Therefore, and considering that bone remodeling is an optimization problem follows that

the strain energy and bone density are related by:
p=cU (4.5)

4.1.3 Other processes

Besides bone regeneration and bone remodeling due to mechanical stimulus, other
processes must be considered in bone tissue engineering. Sengers [151], in an extended
review, analyzes the processes listed below:

Proliferation: Growth of cell population due to mitosis. Exponential or logistic law

are usually considered here [272], [273].

o Nutrient transport and consumption: nutrient concentration gradients due to cell
population location and generation and disposal of waste substances. Regard the
interaction of nutrient availability and cell proliferation reaction diffusion equations
are employed as seen in [272], [273].

e Senescence: Decrease of cell population due to apoptosis [249], [274].

e Motility: Cells movement and adhesion throughout their environment due to taxis.
Although, in bone remodeling and regeneration process is usually considered that
osteoblasts are not migrating cells; models as random walk or diffusion sometimes
are applied. Random walk is a stochastic process consists of a series of discrete
steps of specific length. A random variable determine the step length and walk
direction [68], [275]. Diffusion processes are used to predict osteoblast movement
[276] or Darcy’s law to model movement in porous media [277].

o Differentiation: Stem cells turn into other more specialized cell types. Regarding
bone regeneration, mesenchymal cells turn into fibroblast, chondrocytes and
osteoblasts due not only to mechanical signals as mentioned above but also to
chemical factors.

o Extracellular matrix changes: cells like osteoblasts produce matrix components

(i.e. collagen and hydroxyapatite) and matrix degradation may occur by the action

of osteoclasts.
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e Cell to cell interactions: Cells can communicate with each other in order to trigger
processes. For example, osteocytes act as receptors of mechanical or chemical

signals and dispose the formation of BMUs.

4.1.4 The Mechanostat Theory

Frost suggests that bone change must be considered in two phases: The internal, where
the bone tissue changes its density, so its mechanical properties; and the external where
there are changes due to the deposition or removal of osseous tissue on the bone surface
[262]. In both cases the remodeling process is active depending on the value of the
mechanical stimulus. It can be seen that in a range of mechanical stimulus, remodeling is
inactive [268] (See Figure 4-1).

For external remodeling, the rate at which a bone is deposited or removed is given by:

dX
E_CX(U _Un) (4.6)

Where X is the thickness of the formed layer, U is the strain energy density (SED), U, is a
reference value and C, is a proportionality constant. Similarly, the Young’s modulus E

change due to the mechanical stimulus is:

dE
E_CE(U _Un) (47)

Therefore, the description of the external remodeling process is given by:

(ll_)t( =C,(U-(@A+s)U,)forU> (1+s)U, (Boneformation)

dX

E:Ofor(l—s)Un >U < (1+s)U, (Lazy zone) (4.8)
dX :

Ty =C,(U-(@Q-s)U,)forU<(@-s)U, (Boneresorption

Meanwhile, the elasticity modulus change for internal remodeling is expressed as:
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(jj—ltz =C.(U-@Q+s)U,)forU> (1+s)U, (Stiffnessincrease)

dE

EZO for (1-s)U, <U < (1+s)U, (Lazy zone) (4.9)
dE :

’m =C.U-(@1-s)U,)forU<(1-s)U, (Stiffnessdecrease)

This type of response model to mechanical stimulation is widely used in bone remodeling

and bone regeneration simulations.

Figure 4-1: Rate of bone change as a function of the strain energy density (U). From:
Frost [262].

Rate of bone
change

Bone
2s .
formation
|Un Strain energy
density (U)
Bone
resorption

4.2 Mathematical modeling of bone regeneration on
scaffolds

Considering the foregoing, there are two different and complex processes: Degradation,
which decreases scaffold’s mechanical properties and regeneration that increases
stiffness and mechanical resistance of new bone tissue. Therefore, experimental [278]—
[286] and computational models are required to show the system evolution over time and
to help to identify the optimal initial properties of the scaffold when it is implanted. [103],
[106], [109], [226], [287]-[297].

Computer simulations allow analyzing scaffold properties and their effect on growth rate
and mechanical behavior of the tissue. Those models vary as different properties,

assumptions, domains and solving approaches are considered. From the geometric point
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of view the most studied property is porosity [68], [298], [299]. The development of
additive manufacturing methods has generated interest in the effect of the shape and size
of the scaffold pores. In those studies, a representative volume element (RVE), instead of
the whole model of the scaffold, is studied [62], [226]. Simulations can be developed for
different processes at different scales. At a nanoscale level, the mechanisms of cell
adhesion to the walls can be studied [300], [301]. In the microscale, the effect of the
shape and size of the pores can be considered [62], [226], and, at the meso and
macroscale, the external shape of the scaffold and the effect of mechanical loads acting
on it [100], [289], [302]. Finally, the use of homogenization and multiscale methods has
allowed the researching of various phenomena influencing the process of bone
regeneration [106], [303], [304] like substances transport [305], [306]. Some examples of
computational mechanobiological models for fracture healing and bone regeneration on
porous scaffolds are listed below in Table 4-1.

4.3 Computational implementation

In this section, three representative unit cells or volume elements representing the pores
of the implant are studied. Each of the geometries of these cells was obtained from a
reaction-diffusion model as discussed in Chapter 2. The cells are made from a cubic
domain. In these domains, the degradation of the scaffold by hydrolysis (described in
Chapter 3) and the growth of bone tissue which replaces the polymer, once this is
completely hydrolyzed, were simulated. The model of scaffold degradation and bone
tissue growth was implemented using the finite element method applied to a cubic mesh
of 17576 nodes and 15625 elements. The side of the cube is assumed as 2.4 mm. All
simulations consider a step increment of At = 1 day, until it reaches 130 days. It was

considered that flow is null at the boundaries of the domain.

4.4 Results

This section presents the results of the degradation of the scaffold and the growth of bone
tissue on it. Numerical tests were carried out with different parameters of the reaction-
diffusion system in order to obtain three wave numbers that result into different

geometrical configurations. Thus, the structure obtained from a wave number (2,2,0)
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determines an inner structure formed by canals of uniform thickness, the structure

obtained with the wave number (2,2,2) represents relatively uniform pores similar to a

sphere and the wave number (4,2,2) would result into pores similar to ellipsoids.

Table 4-1: Computational mechanobiological models for fracture healing and bone
regeneration on scaffolds

MODELED OUTPUT CELLS
INPUT VARIABLE MATERIAL REFERENCE
PHENOMENA VARIABLES CONSIDERED
Elastic modulus,
Fluid motion of a bone P:Icfi)osri]t; ;itéo‘
s.,ubspt.ute applied to th.e Fluid-induced permeability
high tibial osteotomy with [307]
. shear stress values that
three different wedge o
sizes optimize the
internal fluid
motion
Qell growth_ . Local oxygen Cell density PLGA Preosteoblast [272]
In vitro vs. In silico tension
Cell differentiation Mesecr;tI:II;ymal
cell d|ff.erent.|at|on and Shear strain and cel Groyvth Osteoblast
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4.4.1 Scaffold canal-shaped

The Figure 4-2 shows the formation of the microstructure obtained for the variables u and
v, when s is equal to 0,995 using the wave number (2,2,0). The reaction-diffusion system
parameters were d = 8.6676, a= 0.1, b = 0.9 and y= 230.82. The Turing pattern stabilized
at a dimensionless time of t = 5.8, with a resulting porosity of 46%. The trabecular width
obtained from the unit cell is 1.2 mm. Figure 4-2 a) and b) show the tissue regeneration
and scaffold degradation, respectively. The Figure 4-3 shows the percentage of remaining
volume of the scaffold as a function of time expressed in days. It is observed that 127
days are required for degradation and complete regeneration.

Figure 4-2: Bone tissue regeneration and scaffold degradation in a representative volume
element obtained with a wave number (2,2,0). a) Growth of bone tissue. b) Degradation of
the scaffold
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Figure 4-3: Bone tissue regeneration and scaffold degradation in a representative volume
element obtained with a wave number (2,2,0) as a function of time
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4.4.2 Scaffold with spherical pores

The Figure 4-4 shows the formation of the microstructure obtained for the variables u and
v, when s is equal to 0,895 using the wave number (2,2,2). The reaction-diffusion system
parameters were d = 8.6123, a = 0.1, b = 0.9 and y= 346.3578. The Turing pattern
stabilized at a dimensionless time of t = 8.4, with a resulting porosity of 32%. The
trabecular width obtained from the unit cell is 1.2 mm. Figure 4-4 a) and 6 b) show the
tissue regeneration and scaffold degradation, respectively. Figure 4-5 shows the
percentage of remaining volume of the scaffold as a function of time expressed in days. It
is observed that 118 days are required for degradation and complete regeneration.

Figure 4-4: Bone tissue regeneration and scaffold degradation in a representative volume
element obtained with a wave number (2,2,2). a) Growth of bone tissue. b) Degradation of
the scaffold

t=0 t=30d t=50d t=80d t=100d t=120d

2800
OB N

Figure 4-5: Bone tissue regeneration and scaffold degradation in a representative volume
element obtained with a wave number (2,2,2) as a function of time

a)

80%
70% A

50% - !
T e Scaffold 222

i, - --Bone 222

Volume percent of material
S
]
X

20% A — - -Bone + Scaffold Volume |




80 Mechanobiological model of bone tissue regeneration on scaffolds

4.4.3 Scaffold with ellipsoid pore

The Figure 4-6 shows the formation of the microstructure obtained for the variables u and
v, when s = 0.995 using the wave number (4,2,2). The reaction-diffusion system
parameters are d = 8.5736, a = 0.1, y= 700.4675, b = 0.9. The Turing pattern stabilized at
a dimensionless time of t = 28.8, with a resulting porosity of 29.6%. The trabecular width
obtained from the unit cell is 0,6 mm. Figure 4-6 a) and 9 b) show the tissue regeneration
and scaffold degradation, respectively. Figure 4-7 shows that for this configuration, 91
days are required for the scaffold degradation and tissue regeneration.

Figure 4-6: Bone tissue regeneration and scaffold degradation in a representative volume
element obtained with a wave number (4,2,2). a) Growth of bone tissue. b) Degradation of
the scaffold
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Figure 4-7: Bone tissue regeneration and scaffold degradation in a representative volume
element obtained with a wave number (4,2,2) as a function of time
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Finally, Figure 4-8 shows the evolution of the normalized mass remaining as a function of
time as the degradation process occurs. After 20 days, the degradation begins to be
considerable. It can be observed that the use of reaction-diffusion systems with a high
wave number and higher porosity (4,2,2) decreases the time necessary for a complete
degradation. We can also see that the degradation process in highly porous structures
with a wave number (4,2,2), have higher smoothness in the evolution of degradation

processes and bone formation than in structures with wave numbers (2,2,0).

Figure 4-8: Standard masses remaining in the degradation time of the three volumes
considered for different wave numbers
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4.5 Discussion

The mechanobiological computational models of the bone regeneration and remodeling
processes can assist the design of biodegradable scaffolds because they can help to

understand the effect of scaffold properties on bone ingrowth, therefore, their results can
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be used to optimize the scaffold structure in order to meet patient-specific mechanical and
pore characteristics. A disadvantage of these models is that they involve many
parameters whose values have to be estimated with in-vitro or in-vivo experimentation. It
is necessary to rationalize the number of model parameters without loss of reliability of

the numerical results.

The regeneration of bone tissue inside a biodegradable scaffold is a complex process in
which two mechanisms act in a coupled manner. In the beginning of the sequence, a
degradation process of the scaffold, where neither volumetric nor structural changes on
the scaffold material, but a change on the mechanical properties of the polymer, due to
hydrolysis, is observed. During this time, no appreciable growth of bone tissue is
detected. After day 20, a rapid process of erosion is visible as loss of scaffold material in
its periphery. This change triggers the growth of bone tissue on the scaffold. This
phenomenon may be due to the change of the geometrical and mechanical properties of
the scaffold that causes changes in the stress distribution acting as a mechanical signal
which activates the bone regeneration process. It can be seen sustained growth of bone
tissue between days 20 and 70 of the process (Figure 4-8). During this period, the
regenerated bone assumes the mechanical function of the scaffold. After this time, the
bone growth continues, but is lower for spherical pores or channels scaffolds represented
in wave numbers (2,2,0) and (2,2,2) than those with ellipsoidal pores (4,2,2). The highest
growth rate in the ellipsoidal pores could be explained by a larger surface area per unit
volume which would facilitate cell adhesion. The results exposed here are similar to other
works. Byrne et al. [68] study shows that in 60 days scaffolds regenerate between 70%
and 85% of bone while the Gorriz et al. [312] study shows bone growth between 65% and
75% for the same period. Here bone growth is observed between 57% and 67% for 60
days as shown in Figure 4-8. Differences in percentages of regenerated tissue may be
due to differences between different models as types of stimuli, phenomena and tissues

considered.

In this study it can be seen that scaffolds lose their structural integrity depending on the
shape of the pores and initial porosity. The scaffold with channels that had an initial
porosity of 46% of their trabecular connectivity was lost by day 45. The scaffold with

spherical pores which had an initial porosity of 32% of their trabecular lost connectivity at
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day 65. Finally, the scaffold with ellipsoidal pores had an initial porosity of 24% of their
trabecular losing connectivity at day 70. On the other hand, the regenerated bone tissue
shows connectivity to day 45 for the scaffold with channels, by day 40 to the scaffold with
spherical pores and from day 50 shows connectivity to the scaffold with ellipsoidal pores
(Figures 4-2, 4-4 and 4-6).

As we can see in Figure 4.8, the simulations do not show an appreciable degradation in
the first 20 days. This may be due to the time required to increase the concentration value
of water in the interior of the trabeculae of the scaffold to be high enough to break the
sufficient amount of molecular bonds. This allows the degradation of scaffold solid portion.
From day 20 until day 50, approximately, we observed similar degradation rates. Finally,
from day 50 there is degradation at different rates that lead to a high decrease of the
mass in the element with ellipsoids pores.

Comparing with previous work, we can see that different approaches lead to similarities in
the internal architecture of the scaffold. For example, from considerations of topology
optimization, Almeida et al. [110] obtained structures similar to the canals and ellipsoids
reported in this chapter. It is also noteworthy that the structures obtained in this work are
similar to the surfaces used in previous works with gyroids surfaces [96], [313]. There is a
previous report where reaction-diffusion systems may cause this type of surfaces [156].
On the other hand, the implementation of the model has a low computational cost since it
required about 1000 or less time steps to model the complete degradation of each of the

elements of the scaffold.

4.6 Conclusion

In this chapter some theoretical bases for the study were mechanobiology and analysis of
bone regeneration processes on biodegradable polymers. It was shown that the rate of
degradation, porosity and shape of the pores affect the rate of bone regeneration and,
therefore, are important factors in scaffolds design. Mechanical strength can be increased
by decreasing the porosity and degradation rate of the polymer. However, an important
point for designing scaffolds is to make the growth rate of bone tissue the same at which

the scaffold is degraded. Thus, there cannot be failures due to excessive mechanical load
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for the amount of polymeric-tissue materials present in some instant or overgrowth of
bone tissue in the periphery of the scaffold that closes the external pores. The scaffold
design should ensure that this has stiffness as close to the bone to be regenerated. If
stiffness is very low, there may be a fracture or deformation of the scaffold which can lead
to premature collapse of the material or formation of other types of tissue like cartilage. If
stiffness is too high may have stress shielding effects that weaken the surrounding tissue.
It is in this type of studies where computer simulations can help to estimate the

mechanical properties of the scaffold.

Although this work is similar to that described by other authors, it assumes a number of
assumptions that must be taken into account to be improved in future works. For
example, it is considered a hydrolysis process without autocatalysis and no change is set
to the mechanical properties of tissue when it grows and matures. It is important that
variables that represent the environment will be better defined. Regeneration processes
in-vivo or in-vitro involve different processes and variables. For example, in an in-vivo
scenario can occur growth of various types of tissue like connective, cartilage, and bone
inside the scaffold, or an accumulation of acid products in the environment due to low
vascularization, or low flow of medium for waste transport. Meanwhile, in in-vitro
conditions can be growth of one class of tissue and pH level can be controlled within the
scaffold using bioreactors. Besides, in order to obtain a more realistic model, the

interaction with the environment should be considered.



5 Evaluation of geometric and mechanical
properties of scaffolds for bone tissue
applications manufactured with a Polyjet
Printing system

5.1 Introduction

One of the major objectives of bone tissue engineering is to achieve similar geometries
than those of trabecular bone. Up to date, there exist several methodologies for scaffolds
design based on regular and irregular structures [72]. Most constructive approaches are
based on regular arrangements: an internal geometry filled with a periodic distribution of
unit cells. Unit cells are constructed with computer aided design (CAD) tools using design
primitives like cylinders, spheres, cones, blocks organized in rectangular or radial layouts
[135]. On the other hand, biomimetic design has been introduced and widely used as an
alternative method for irregular porous structure modeling. However, a faithful
reproduction of the structures present in nature, in most cases, is not strictly necessary: a
simpler approach to the achievement of a biomimetic design to mimic tissues or organs
functionality, is the global variation of porosity of the different regions according to a

natural reference model [72], [314].

This chapter explores the modeling of geometric structures by reaction-diffusion models
and the geometric and mechanical properties of these structures produced by additive
manufacturing processes. For this purpose, porous structures are obtained from a
Schnakenberg reaction-diffusion model. Later, those structures are fabricated using an
additive manufacturing system and the capacity of these systems to reproduce the

modeled geometry is estimated. Finally, structures stiffness is established by measuring
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its modulus of elasticity. Results show that different geometrical characteristics of porous
structures are possible by varying the parameters of the reaction-diffusion system.
Additive manufacturing systems can reproduce complex geometries depending on the
geometrical feature size; and, the modulus of elasticity determined by the geometric

structure and specific characteristics of the selected manufacturing process.

5.2 Materials and methods

To obtain a porous structure that can be used as scaffold for osseous tissue engineering
the process illustrated in Figure 5-1 is established. Based on a model of reaction diffusion
it generates a geometric pattern in a specific domain. In this work the domains used are
cube-shaped, cylindrical or wedge shaped. More complex shapes that resemble complete
bones or portions of them may be used if it is required. From the retrieved pattern it is
defined at the interior of the domain part which portions of it are considered solid
(resembling trabeculae) or empty (representing pores). Once this process is done, a
model of the scaffold geometry is obtained and it can be taken to manufacture using an

additive manufacturing process.

Figure 5-1: Graphic description of the stages of the proposed process from scaffold
design to manufacture
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5.2.1 Geometry generation

Using the methodology proposed in chapter 2, a generation of geometric patterns will be
done in three domains: a cube that has 3 mm in its side represented in a mesh 46656
nodes and 42875 cubic elements, a cylinder with a radius of 1.5 mm, 3.0 mm height
represented in a mesh of 36312 nodes and 33462 elements and a wedge of minor height
of 2.5 mm, major height of 3.5 mm, 4 mm length, and 3 mm width represented in a mesh
of 29791 nodes and 27000 elements. Mesh elements are hexaedrical 8-node elements.
The frontal views of the meshes are shown in Figure 5-3a, 5-4a and 5-5b respectively.

In order to solve the system of equations in the proposed domains, the finite element
method along with the Newton-Raphson method programmed in FORTRAN are used. To
obtain the porous structure from the previous process, elements that have a concentration
value v above threshold value v; are selected. They are defined by trial and error
depending on the porosity that is desired to obtain.

Highest concentration of u are indicated with blue color and higher v concentrations are
indicated for cube, the wedge and the cylinder in Figure 5-3b, 5-4b and 5-5b, respectively.
To determine the porous structures, a threshold value of concentration vier is taken. Vies
values were obtained using a trial and error method as described in [76] in order to obtain
porosities (void volume/domain volume) close to 50% that is the minimum porosity value
recommended for bone scaffold applications. Porosity is calculated as V./Vi, where Vo is
the void space volume inside the Vi domain volume. The mesh elements that have a
concentration value of v greater than v are considered as solids. Finally, the resulting
mesh of finite elements of the items selection process is displayed and exported to a STL
file using the visualization software Vislt (Lawrence Livermore National Laboratory,

Livermore, California, USA).

5.2.2 Scaffold Printing

The structure is manufactured using a 3D printing system Object Eden 260 (Stratasys,
Eden Prairie, Minnesota, USA). This system uses the Polyjet technology that by means of
a mobile jetting head on a horizontal plane sprays drops of photocuring liquid polymers in

order to print the workpiece material and the support material. This deposition is done on
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a tray that moves vertically to complete the three-dimensional construction (see Figure
5-2).

Figure 5-2: Polyjet printing system. The printed structure in Fullcure RGD720 material is
embedded in the support material Fullcure 705

X Axis Y Axis
Jetting Head
Model Material
UV Light
Support Material
Z Axis

Build Tray

The materials used are Fullcure RGD720 (Elasticity modulus E = 2000 - 3000 MPa,
Tensile Strength 55-60 MPa) for the structure material and Fullcure 705 for support
material. Although the RGD720 material is not a biomaterial, it has mechanical properties
similar to Fullcure MED610 that can be used in the printing system Polyjet and complies
with 1SO standard ISO 10993-1: 2009. It also has similar mechanical properties of
modulus of elasticity compared with PDLLA (E = 1900 MPa), PLGA (E = 2000 MPa) or
calcium phosphate compounds chitosan-gelatin (E = 3940 MPa to 10880 MPa) [130],
[315].These materials are specific to this printing technology. The manufacturing is done

at full resolution of manufacture of X-axis: 600 dpi; Y-axis: 600 dpi; Z-axis: 1600 dpi.

Scaffold fabrication is based on STL files. This is done at different scales (1 x, 5x and
10x) with respect to the measures initially proposed for a better visualization of the
designed geometry details. The software of additive manufacturing system calculates
where to place the support material and the material that constitutes the piece to
manufacture. The jetting head moves by placing and curing through ultraviolet light, the
photopolymer and the support material that forms superimposed layers as the tray,

descends vertically. Finally, the material is removed using water and air in a high-
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pressure water cleaner (waterjet unit). Later curing of the workpiece material is not

required.

5.2.3 Verification of mechanical properties and roughness

The measurement of the scaffolds geometric properties is carried out using an electron
microscope scan or SEM (Scanning Electron Microscopy JSM-6010LA, JEOL, USA) and
Outside Micrometer 103-138 (Mitutoyo, Japan) and the mechanical properties in a
material testing machine (TinusOlsen H5KT single column materials testing machine,
USA). Surface roughness was determined using a surface roughness tester (Surftest SJ-
301, Mitutoyo, Japan).

In the case of mechanical properties, the scaffolds were subjected to compression tests
according to the standard 1SO604 Plastics - Determination of Compressive Properties,
applying a load of 890 N (approx. 200 Ibf). Stress strains were graphed in order to
characterize the scaffolds behavior to compression loads and to obtain the variable

elasticity module.

5.3 Results

5.3.1 Reaction diffusion model

Morphogens concentrations after a certain reaction time Ta form labyrinth distributions for
each one of the proposed domains. In all cases the model parameters are d = 8,6123, a =
0,1, y = 346,3578, b = 0.9. A value of Ta = 2 is used considering it is the minimum time to
patterns occurrence. In addition, a computational parameter of At = 0.07 with a total
number of increments of 2000 is used to solve the proposed equations system in (2).
Elements with high concentrations of u will be considered void spaces and elements with
high concentrations of v will be considered solid components in order to obtain porous
structure that resembles a porous scaffold for bone tissue engineering applications. Loss
of geometric features like curved details, appear in all domains due to a voxelization effect
when the threshold value is applied to define the solid portion of the initial volume. The

maximum and minimum values for u and v concentrations are displayed in Table 5-1.
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Table 5-1: Concentrations u and v for cubic, cy

lindrical and wedge domains

CONCENTRATION

CUBE

CYLINDER

WEDGE

u

0.9603 - 1.044

0.9615 - 1.044

0.9603 - 1.044

\

0.08837 - 0.9179

0.8834 - 0.9169

0.8745 - 0.9248

In the cubic domain, the morphogen v forms a pattern with dots and stripes irregularly
arranged over the domain (Figure 5-3b) similar to a high density trabecular bone [316]. To
define the elements considered as solid scaffold components, a threshold value vt =
0,9008 is defined. Thus, the elements having a higher concentration than value Vie
conform a geometry made of plateau and rods components (visible as orange elements in
Figure 5-3c). Therefore, a structure with channels and interconnected trabeculae are
achieved. The mesh is subsequently exported to a STL file (Figure 5-3d). The solid
obtained has a volume of 13,53 mm?, a porosity of 57.54% considering the volume of the

cubic domain of 27 mm?3, a surface of 259,63 mm?, 70652 facets and 33618 nodes.

Figure 5-3: Modeling and printing of a porous structure from a cubic domain. a) Front
view of the finite element mesh, b) Concentration distributions u and v, c) Determination
of the solid elements (orange) from the reference value, and d) three-dimensional model

)., b),

In the wedge domain, the morphogen v forms a pattern with dots and stripes irregularly
arranged over the wedge domain (Figure 5-4b) in a similar way than the previous cube.
To define the elements considered as solid scaffold components, a threshold value vier =
0,8997 is defined. A geometry with predominant plateau components oriented along the x

axis is obtained (visible as orange elements in Figure 5-4c). The solid obtained has a
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volume of volume of 17,56 mm?, a porosity of 48.79% considering the wedge volume of
36 mm?, a surface of 315,06 mm?, 52264 facets and 24145 nodes (Figure 5-4d).

In the cylinder domain, the morphogen v forms a pattern with dots and stripes irregularly
arranged over the domain (Figure 5-5b) in a similar way than the previous domains. To
define the elements considered as solid, a threshold value vt = 0,9001 is defined. A
geometry with plateau components is obtained (visible as orange elements in Figure 5-
5c). The solid obtained has a volume of volume 10,80 mm?, a porosity of 50,93%
considering the volume of the cylinder of 21,21 mm?®, a surface of 204,59 mm?, 55048
facets and 26143 nodes were obtained (see Figure 5-5d).

Figure 5-4: Modeling and printing of a porous structure from a domain in a wedge shape.
a) Front view of the finite element mesh, b) distributions u and v in the wedge domain, c)
determination of the solid elements (orange) from the reference value, and d) three-
dimensional model

Additionally, to verify the possibility of controlling the porous structure, a different case
over the same cylinder domain is proposed with parameters d = 8,5737, a = 0,1, y =
700,4675, b = 0.9 solved in value of T, = 15 in order to obtain a Turing pattern following
the methodology described in [317]. A porosity of 50,93% is achieved when a threshold
value vies = 0,9012 is defined. It can be seen that channels and trabeculae are oriented in

parallel to cylinder base as showed in Figure 5-6.
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Figure 5-5: Modeling and printing of a porous structure from a domain in the form of
cylinder. a) Front view of the finite element mesh, b) distributions u and v in the cylinder
domain, c) Determination of the solid elements (orange) from the reference value, and d)
three-dimensional model
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Figure 5-6: Modeling and printing of a porous oriented structure from a domain in the
form of cylinder

5.3.2 Analysis of manufactured scaffolds

Using the models in STL format, different scaffolds were fabricated using the Polyjet
additive manufacturing system to make an analysis of geometric properties. The cube-

shaped scaffold was printed at 1x, 5x and 10x scales to review the ability of the printing
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system to reproduce details of the designed geometry (see Figure 5-7). Assessment

between designed models and obtained parts is made by visual inspection.

External dimensions vary slightly depending on the surfaces orientation respect to the
printing direction. Dimensions perpendicular to the print direction were on average 0,12
mm greater than the design dimensions. While the dimensions in the x axis were 0.05 mm

less than the nominal dimension.

The measurement of the trabeculae in the scaffold scale 10x shows that trabeculae can
be up to 0.1 mm wider in the x and y directions inside scaffolds faces and up to 0.05 mm
at the trabeculae close to the vertexes (Figure 5-7). This causes the width of the channels
are lesser than the designed dimension. For example, when the geometry is printed to a
1x scale, the channels having the width of an element of the domain (0,086 mm) are
smaller than the space of 0,1 mm estimated to be occupied by sobrematerial and
therefore they are not reproducible.

Figure 5-7: Comparison between designed geometry and Polyjet technology made cubic
scaffold geometry at 10x scale. a) and b) Nominal measurements details of trabeculae
and channel in the STL model, c) trabecular detail at the corner, d) L shape pore, €)
trabecular measurements in a vertex half (compare with STL detail in b).
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It is not possible to obtain right angles both in concave and also the convex details of the
geometry. There are rounding radii among 250 um and 360 um according to the face
orientation in regard to the z axis and edges proximity. Straight corners have been
rounded by effect of systems used for the removal of the support material which can
cause wear on the details with straight angles. Wear causes a decrease in dimensions as
can be seen in trabeculae close to the scaffold edge. Rounded corners can be seen in
cubic scaffold at 10x scale (Figure 5-7) as well as in cubic scaffold at 5x scale (Figure
5-8).

Figure 5-8: Details of finished surfaces of Polyjet technology made cubic scaffold at 5x
scale. a) Trabecula at the corner of the scaffold in the STL model b) Trabecula details at
the middle of a vertex in the STL model, ¢) Trabecula at the corner of the scaffold in the
manufactured scaffold, d) Trabecula at the middle of a vertex in the manufactured
scaffold.

a)

The designs of STL files and printed elements have different degrees of similarity
depending on the printing scale. The general form of geometric features as trabeculae
and channels are visible at 5x and 10x printing scales; but, at 1x scale, it is not possible to
appreciate the internal structure of the scaffold. It seems that the material occupies the
whole space of the channels. Therefore, the printed scaffold does not replicate the details

of trabeculae and pores properly (Figure 5-9).
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Figure 5-9: Micrograph Polyjet technology made cubic scaffold at 1x scale

5.3.3 Surface roughness

The surface roughness has a defined orientation and its value depends on the surface
position in respect to the z axis which is the printing axis (Figure 5-10). Parallel faces to
the printing axis have an average roughness Ra=4,55um. The profile of the surfaces is
not uniform and has peaks and valleys making the maximum height of the roughness
profile Rz to raise to 30.28 um (Figure 5-11a). These faces have grooves clearly oriented
in the direction where material layers were deposited. On the other hand, perpendicular
faces to the printing axis show a smoother surface with an average roughness Ra of
0.40um although still appreciable irregularities cause the total height of valley-to-peak,
can be up to Rz = 4.02 um (Figure 5-11b).

Figure 5-10: Detail of the scaffold surface on a surface parallel to the z axis direction
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5.3.4 Mechanical properties

The mechanical behavior evaluation of the designed scaffolds is made by the following
assessments: test compression of the cubic scaffold printed at 5x scale in each of its
three axes to evaluate the anisotropy of the element, test compression of cylindrical
scaffolds at 5x scale and 10x scale to check the size effect on the properties and

compression tests of cylindrical scaffold with oriented channels at 5x scale to evaluate the
effect of pore geometry.

Figure 5-11: Surface textures and roughness profiles of manufactured scaffolds a)

Surface parallel to the z axis direction, b) Surface perpendicular to the z axis direction
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The cubic solid at 5x scale exhibits an anisotropic elastoplastic behavior with a strain
hardening stage at the end of the stress-strain curve. The modulus of elasticity in the
linear portion of the stress-strain curve corresponds to Ex = 68 MPa, Ey, = 64 MPa and E;
= 32 MPa (Figure 5-12) in x, y and z axis respectively. It can be seen that elasticity
modulus in the z-axis is almost 50% of the measured at the other two axes.

It is evident a size effect in mechanical properties in cylindrical scaffolds. There is a non-
linear behavior in scaffold printed at 5x scale different to the almost linear behavior

exhibited for the same geometry printed at 10x scale. Besides, it is visible an increase in
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the elasticity modulus from E; = 66 MPa to E; = 125 MPa on each scaffold respectively

(Figure 5-13 and Figure 5-14).

Figure 5-12: Stress - Strain curve by applying axial compression load on the on x, y and z
axis of the cubic scaffold at 10x scale
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Figure 5-13: Stress - Strain curve by applying axial compression load on the z axis of the
cylindrical scaffold with random pores at 5x scale

Height 15 mm
Diameter 15 mm

Stress (Mpa)

O —
c 4 8 12 16 20

Strain (%)



98 Mechanobiological model of bone tissue regeneration on scaffolds

Figure 5-14: Stress - Strain curve by applying axial compression load on the z axis of the
cylindrical scaffold with random pores at 10x scale
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Pore size and orientation change the mechanical behavior of cylindrical scaffolds.
Oriented channels scaffold exhibit an elasticity modulus of E, = 10 MPa at the beginning
of stress-strain curve lower than elasticity modulus of scaffold at 5x scale even they have
the same external size and similar porosity. A strain hardening behavior is also evident

(Figure 5-15).

Figure 5-15: Stress - Strain curve by applying axial compression load on the z axis of the
cylindrical scaffold with oriented pores at 5x scale
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5.4 Discussion

The studied reaction-diffusion system generates an interconnected network of channels
and trabeculae. Although the components of the structure are dispersed in the domain
trabeculae and channels, width is relatively uniform. This may be due to local activation -
by lateral inhibition principle proposed by Gierer and Meinhardt [318]. From this principle,
it is possible to generate a periodic distribution of morphogens forming an arrangement
that resembles dots or lines, those figures combined can form different configurations.
These patterns may be irregular as described in [319], or periodic minimal surfaces
similar to those studied by De Wit et al [320]. Besides reaction-diffusion systems
parameters, the shape of porous structure is determined by the size of mesh elements. A
smaller element size can result in a geometric pattern that more closely resembles the
visible distribution pattern of morphogens before the application of threshold value Vi to
define solid elements. The smaller size of the elements decreases the voxelization effect
but has the disadvantage of greater computational cost. To improve this aspect,
smoothing surface from voxels can be obtained using techniques such as marching cubes
[321] and additional work must be done in order to determine the appropriate size of the
elements of the mesh to achieve a balance between geometry resolution and
computational cost to solve the reaction-diffusion system. It is also important to study how
the element size affects the size of the trabeculae or channels generated. For now, it is
suggested that the element size should not exceed the recommended maximum pore size
that can be close to 800 um [76], [322].

Considering the manufacturing process, it is appreciated that the Polyjet system
adequately reproduces geometry details. This can be attributed to the printing system
used in this work that allows a high resolution of up to 16 um compared to 100 um of FDM
or 3DP printing and SLS 80 pm process resolution [323]. In a similar way to these
systems, variations in the geometry and mechanical properties are influenced by the

orientation of the printing axis [140], [324].

Dimensional errors that can be up to 0.1 mm agree with other printing systems such as
SLS [140], [145]. But the intricate geometry obtained by the reaction-diffusion system
make difficult the deletion of the support material. This issue limits the minimum pore size

which can be used for geometry design. It was also visible that the methods for support
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material removal cause wear especially at the edges of the scaffold as shown in Figure
5-8. This raises the need for studies that consider how to design the scaffold considering
the effects orientation in the size of the channels and the effects of cleaning the support

material.

The surface roughness of a scaffold helps to increase the surface where cells can be
attached promoting proliferation. It is estimated that the roughness must be of the same
order of size of osteoblasts (2-8 pm) to influence attachment and growth rates [325].
Roughness of Ra = 4.55 um present in surfaces parallel to the printing axis, is similar to
the roughness of scaffold surfaces with other polymers [326], [327]. This roughness could
facilitate cell adhesion and differentiation of mesenchymal cells into osteoblasts [328]. On
the other hand, in the case studied, roughness is the most affected feature by the
orientation of the surfaces relative to the axis printing. This phenomenon could be used to
control cell growth, as the preferential orientation of roughness profile can influence cell
proliferation direction and osteoblasts depending on the surface roughness for proper
adhesion [329], [330].

Results of Figure 5-12 show a scaffold with transversely isotropic or orthotropic behavior.
Similar modules elasticity in the x and y axis were obtained, which differ from those
obtained in the z axis. This may be by reason of the material orientation due to the layer
by layer printing system, or the mechanical properties of the scaffolds that can be
modulated according to pores orientation. The mechanical properties obtained are similar
to those of scaffolds made from unit cells repeated in space [331] [332], to those of
scaffolds designed from periodic minimal surfaces [139] or bone tissue whose properties
are conditioned by the orientation of the collagen fibers that compose it [333], [334].
Furthermore, the strain hardening observed in the stress-strain curves of Figure 5-13, 5-
14 and 5-15 may prevent apoptosis by high stress or deformation [335] or prevent so high

deformations that do not promote formation of bone but cartilage [27,28].

This is important because the mechanical properties condition the processes of tissue
regeneration in two ways: The tissue will grow faster in areas with higher mechanical
stimulus that will correspond to greater stress or strain [262]. Moreover, stem cells

differentiate in osteoblast cells in more rigid areas and chondrocytes in less rigid areas
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[238], [269]. That is, bone regeneration tends to follow the direction of apparent maximum
stiffness; therefore, if pores are oriented, it is possible to modulate the rate and type of
created tissue. Computer simulations and experimental tests must be made to quantify
the contribution of design and printing systems in the anisotropy of the observed
mechanical properties. The subsequent work may include the effect of mechanical
properties gradient not only of geometrical characteristics as porosity but also the
possibility of working with blending materials with gradient properties taking advantage of

the Polyjet printing system.

The print scale significantly affects geometry and mechanical properties of the printed
parts. Resolution of the printed object and the fidelity with which the scaffold reproduces
details of designed geometry depends on the ratio between the width of the channels and
dimensional error due to printing method. Besides, an increase in print scale tends to

cause a linear behavior in the stress-strain curve as shown in Figure 5-14.

Finally, results of elasticity modulus for the manufactured scaffolds are within the range of
elastic modulus between 10 and 1000 MPa reported for trabecular bone [336]. More
precisely, the elasticity modulus are similar to those available for trabecular tissue in tibia
and vertebrae according to the data available on Lakatos [334] so they could be used for

scaffolds to replace trabecular bone tissue in those bones.

5.5 Conclusion

This chapter presents a method for generating irregular porous geometries that can be
used in designing scaffolds for bone tissue applications besides geometric and
mechanical properties after they were manufactured by a Polyjet printing system. The
difference between the STL model geometry and the manufactured might be due to
inherent characteristics of the manufacturing processes used, such as resolution, printing
scale, and cleaning methods to remove support material. It is also observed that the
orientation of the surfaces with respect to the direction of deposition is a very important
factor affecting the mechanical and geometric properties of the produced parts. All the
above factors cause an anisotropic behavior that can be taken into account in a more

realistic modeling of the scaffold geometric features and physical properties.






6 Conclusions and perspectives

This thesis presents a study of the factors involved in the design, manufacture, and

performance of degradable scaffolds for bone tissue engineering. The main conclusions

are as follows:

A geometry obtained from the simulation of a reaction diffusion process can be a
starting point for the design and manufacture of scaffolds for bone tissue
engineering.

A design methodology based on analyzing reaction-diffusion system parameters
for controlling geometry features was developed. It has been shown that complex
structures with pores or channels can be obtained. The size and distance between
those geometric features are relatively uniform. Although the structures obtained
may have seemed disorderly or randomly organized, trabecula widths were
relatively uniform.

The ability to vary implant pore size and orientation can be used to provide
anisotropic physical properties similar to those observed on bones.

The typical nonlinear behavior of reaction-diffusion systems could be observed
with small parameter changes in all simulations and domains, causing significant
changes in the morphology of the obtained pattern and the interaction between
various reaction-diffusion system parameters.

The concept that a scaffold for tissue engineering must be removed as new tissue
grows is widely accepted by the scientific community. However, the change of
mechanical properties like stiffness can lead to a scaffold premature failure. To
avoid this problem, it is important to know how the scaffold degradation and
erosion occurs but this is a complex and challenging task.

The degradation model used here is the basis for describing the behavior of the

polyesters utilized as biomaterials since hydrolysis is the main degradation
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mechanism for these polymers. However, more complex models that contemplate
autocatalysis besides enzymatic or mechanical process are required to obtain
results closer to real material behavior.

¢ In the case of PLA, bulk erosion is the phenomenon that usually occurs due to
hydrolysis. But surface erosion should be preferred because its effects on
mechanical properties are easier to control. Therefore, it is desirable to use high
molecular weight polymers.

e |t was shown that the rate of degradation, porosity and shape of the pores affect
the rate of bone regeneration and, therefore, are important factors in scaffolds
design.

¢ Mechanical strength can be increased by decreasing the porosity and degradation
rate of the polymer.

e The geometric differences between the modeled and the fabricated scaffold might
be due to inherent characteristics of the manufacturing processes such as
resolution, printing scale and cleaning methods to remove support material.

e |t is also observed that the orientation of the surfaces with respect to the material
deposition direction is a very important factor affecting the mechanical and
geometric properties of the produced parts. They cause an anisotropic behavior
that must be considered in order to obtain a more realistic modeling of the scaffold
geometric features and physical properties.

¢ Computational models of bone regeneration can contribute to the design process
because they can help to understand the effect of scaffold properties on bone
ingrowth. A disadvantage of these models is that they involve many parameters
whose values have to be estimated with in-vitro or in-vivo experimentation that

was not considered in this work.

In summary, the scaffold design process implies many considerations: biofunctionality,
biocompatibility, biodegradability, mechanical properties, and porosity that are among
others the most important ones. Therefore, biodegradable scaffold design is a complex
process: there are contradictions between the design parameters which must be solved,
i.e., high porosity versus high mechanical stiffness. Scaffolds must be designed using
tailor-made parameter values in order to satisfy functional requirements for specific

patients, thus it is necessary to estimate individual porosity, pore size and mechanical
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properties of the tissue to be replaced. Finally, scaffolds must be designed considering

the manufacturing process.

On the other hand, considering what has been done in this thesis, the research

perspectives are concerning the different elements involved in bone tissue engineering:

Design of irregular porous structures obtained through simulation of reaction-
diffusion or stochastic processes. This line of work is relatively new and should be
considered as an alternative to the current design lines of scaffolds proposing
relatively uniform structures. It proposes irregular structures that more closely
resemble the trabecular bone, and its geometry would be less susceptible to
sudden failure or crack propagation.

This type of porous and irregular designed geometry requires additive
manufacturing methods that do not require support material. Therefore,
development of biomaterials for fabrication by stereolithography or sintering
methods must be done.

The effect of the principles of operation of manufacturing methods in geometric
and physical properties of the manufactured scaffolds should be studied in depth.
The computer simulation must be accompanied with in-vitro or in-vivo
experiments. Once obtained the scaffold, studies with osteoblast cultures in them
must be carried and gradually increase the amount of factors, as adding types of
stimulation and cells. Then, animal models can be performed in order to feedback
the computer simulations.

An extension of this study is necessary in order to analyze the effect of domain
size and elements of the mesh used in the FEM method with respect to the wave
length of the patterns obtained.






7 Appendix A: Dimensionless model of the
Schnakenberg reaction-diffusion system

Let the dimensional reaction-diffusion equation given by (A.1):

D _ 0,901+ 1,141~ K DX+ K DXV A1)
T

W p,vepy1+ K 1B1- KX PIY)

Let the variables[X], [Y] and the time 1 values defined by (A.2):

[X]=u*[XREF] (A.2.2)
[YI=V*[Yeer] (A.2.2)
r=t*T (A.2.3)

Where u, v and t are the dimensionless values, and Xrer, Yrer and T are the references
values of the process to be studied. Also, considering that Xger and Yrer have the same
order of magnitude, it can be assumed that Z =Xrer=Yrer . Replacing (A.2) in (A.1) gives
(brackets omitted):

A3.1
E%:zolvzwKl[A]—ZK2u+z3K3u2v (A.3.1)
T dt
%%: 7D,V + K, [B] - Z°K,u?v (A3.2)

Furthermore, the Laplacian can be dimensionless using x = x*L, then (A.4) is obtained:

Vz(*)=%§2(*) (A.4)
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Where L is the reference value of length, x is the dimensionless value of x coordinate and
52(*) is the Laplacian for which derivatives are made with respect to the dimensionless

x coordinate. Using (A.4), replacing in (A.3) and by algebraic manipulation gives (A.5.):

™ K,T[A 5.
%: TR Al 1 ustz2K 0y (A-51)
%:EVZVJFL[B]—TZZKNZV (A.5.2)
t L

2
Following [1], [11] is possible to choose D, :I_I__ and 7 = f% , then (A.6) is given by:
3

(A.6.1)
ﬂ=V2u+TK2 K, [A] Ko usuw
dt K, VK,

(A.6.2)
ﬂ=&VZV+TK2 K.[BI LSRN
dt D, 5 )

Therefore, it is possible to choose the following dimensionless numbers (A.7):

7 =TK, (A.7.1)
azw\/g (A.7.2)
K, VK, (A.7.3)
b:K4_[B]\/E (A.7.4)
K, \K,
4D
Dl

In order to have the biomaterial equation dimensionless (A.8) is considered:

dM _ . [IXT' 7P (A.8)

dr [X]" +[S]" " +T,°

Choosing again the dimensionless values as in (A.2) equation (A.9) is:
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~ u (A.9)
T dt u”+([s]jntp+(T1Jp
Z T

Where M=ms*Mger, With ms equals to the dimensionless value of concentration

biomaterial and Mger is the concentration reference value. Using some algebra (A.10):

dm, CT u t°

n

(A.10)
dt Mo, +([S]) tp{nj"
T

Z

Where the dimensionless numbers are given by (A.11):

. CT (A.11.1)

M e (A.11.2)
s :[;—] (A.11.3)
;T






8 Appendix B: Analysis of dimensionless
Schnakenberg reaction-diffusion model

For the case of the reaction-diffusion Schnakenberg model, the reaction-diffusion system

(2) can be written as (B.1):

Z—:—V2u=y(a—u+u2v) (B.1)

N _4viv = (b - uv)
ot en Q

Where u,v are the chemical species, V’u and dV?v the diffusive terms and
f(uv)=(a-u+u®) and g(u,v)=(b-u’) reactive terms. Moreover, y is a
dimensionless constant and a and b are constant parameters of the model. Neumann

homogeneous conditions have been imposed and initial conditions are small

perturbations around the homogeneous steady state of each of the reactive terms, so

f(ug,v,)=0 and g(u,,v,)=0

Conditions for instability by diffusion

From Murray [165] we can establish that without the presence of the diffusive term, u and

v must satisfy (B.3):

du 2 (BZ)
— =y(a—-u+u’v

m 7( +U°v)

dv

— =y(b-uv

. 7( )

For small perturbations around the steady state (&,77) (i.e. (u,v)=(u,+<&,v,+7)),

equation (B.2) is linearized as (B.3):
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ouy (a5 (B.3)
ot |_| ot =y fu fv g
|| 9n 9. 9, )\7
ot ot v
%’_J
87‘{’
ot

Where f, =2uv-1, f =u®, g, =-2uv and g, =—U’. In (6), a series expansion took

place and terms of order greater than 2 have been neglected. It should be noted that

f(u,v) and g(u,v) are evaluated at a steady state (u_,v,)= (aer’Lj.

(a+b)
A solution to (B.3) can be written as (B.4):
¥ = ge’ (B.4)
Where a is a vector containing information on initial conditions. Replacing (B.4) in (B.3)
gives (B.5):
(J-A1a=0 (B.5)

Where | is the identity matrix. For a nontrivial solution it is requireddet(J—4,1)=0, the

following characteristic equation is obtained (B.6):

ﬂ’tz_(fu+gv)ﬂ’t+(fugv_fvgh):0 (86)
%,_/ %/—/
tr(J) det(J)
Then (B.3) is linearly stable if and only if the conditions (B.6) for which the real part of the
eigenvalues 4, are negative. Note that these conditions are analogous to the Routh-
Hurwitz [165]:

tr(d)=f,+9g, <0 (B.7)
Det(‘]) = fugv - fvgh >0

If a diffusive term is considered the linear differential equation is (B.8):

oY

E:yJT+DV2\P (B-8)
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With D =diag(l d) . Using the homogeneous boundary conditions ((neV)¥ =0), equation
(B.8) can be solved by variables separation, with ¥(x,t) = ¢(X)e(t), so a solution of the

form (B.9) is obtained:

Y(x,t) =Y c.e’p () (B.9)

Where k is the wave number or eigenvalue of the spatial pattern described in [28], ¢, is
Fourier coefficients vector and ¢,(X) is the eigenfunction of the Laplacian (with

(neV)p=0) given by (B.10):

Vip +k’p =0 (B.10)

Replacing (B.9) in (B.10) gives:
(11 -y3+DK?k, =0 (B.11)

Where 0 is the zero vector and | is the identity matrix. As in the case of the differential
equation without diffusion, requires that the vector of Fourier coefficients is not trivial, so
you must verify the following condition:

det(41 —yJ +Dk?)=0 (B.12)

Then a dispersion relation (or characteristic equation of (B.11)) can be written as (B.13):

22 +b(k?)A+c(k?)=0,con (B.13)
b(k*)=k*(L+d)-»(f, +9,)
c(k?) =dk® —y(df, +g,)k* +»*(f,9, - 1,0,)
Therefore, if Turing instability occurs, the roots of (B.13) must satisfy ReA(k?)>0 for any
k?. According to Ruth-Hurwitz conditions, real part of the eigenvalues is positive, it is

required b(k?)>0 and c(k?)<0, or vice versa. From the condition (B.7 1) it can be

concluded b(k*)>0 for all k?. So c¢(k?) <0 is required.
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Equation (B.13) shows that d >0 and using (9.2) is known that f,g, - f,g, >0, so
df, +g, >0, must be satisfied although it is a necessary but not sufficient condition.

Additional relation is found by minimizing c(k’) where they must meet c_. (k?) <0. This

2
dek”) _ 2dk?® —y(df, +g,) =0, where (B. 14) is obtained:

k2

is done by

kZ — y(dfu + gv) (814)
2d

Replacing (B.14) in (B.13.3) yields (b.15):

2 B.15
Cmin(k2)=—W+(fugv—fvgu)<0 (815

From which the last condition for Turing instability is obtained. Reorganizing the
conditions to be met, in summary, the following inequalities (B.16) are defined:

f.g,—-fg,>0 (B.16)
f,+9,<0
df,+g, >0

(dfu + gv)2 > 4d(fugv - fvgu)

B.1.1. Wave number definition. From [167] in points where c . (k*)=0 a bifurcation

2
parameter is obtained. Therefore, from (B.16.4) c_. (k) =_W+(fugV —f,9,)=0

determines the bifurcation point, for a valued,, called critical diffusion coefficient, above

from this point Turing instabilities are obtained. Therefore, the critical value of diffusion d,

is given by (B.17):

fudc2 +2(2 fvgu - fugv)dc + g\? =0 (8'17)
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On the other hand, making c¢(k’)=0 the value k? for which there is a range of possible

wave numbers is obtained as long as d > d.. This is shown in Figure 1.B.

Figure 8-1: Graphics for c(kz). Each curve is drawn for the Schnakenberg reaction
model with a=0.1, b=0.9 and y=176.72. Previously, using equation (19) d, =8.5676
has been found. Using d_ and replacing its value in c(k®) (equation (15.3)) red curve is
obtained. The magenta curve is obtained with d =8.0and the green curve is obtained
ford =9.1676. In the graphic K?, =43.1469 and K2, =78.9525

min

x 10 Plots of C(12)

o 20 40 60 80 100

As shown in Figure 1.B, if d >d.it is satisfied at the intersecting point of c¢(k?) with k?

axis (in other words, points where C(kz) =0) two important points can be obtained, Kfﬂn y
KZ.. . These points define a range where the wave numbers or eigenvalues present the

solution of the reaction-diffusion system. These values are given by:

K2 — y(df, + gv)_z\/(7(dfu + gv))z _4d7,2(fugv -f,9,) (B.18)
min Zd

o 7+ 00+, +9,)) -4dy’ (1,9, - 1,0,)
" 2d

The interval (K2 ,K2 ) defines the wave number of the reaction-diffusion system

min?

solution in a Turing space. To define the behavior of the instability it is necessary to define
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the domain over which the solution takes place. In [1, 28] is solved on a square, but for

generality information about a rectangle will be provided.

B.1.2 Eigenfunctions of a rectangle. Consider a rectangle which sides lengths are L, and

L, in x and y directions respectively [1, 28]:

R:{(x,y)em2\0<x<LxAO< y < Ly} (B.19)

In [28] could be verified that eigenfunctions for the equation (B.9) are given by (B.20):

max nay (B.20)
¢ =@, ., =C0§ — |CO§ —
L, L,

2 2 (B.21)
c [m__]

Eigenvalues are of the form:

When t — o0, the solution of the linearized system (B.8) takes the form:

B.22
Yxt)=> c,.e" co{n:_—ﬂxj cos[r:_—ﬂyJ (522

m,nel X y

Where

I ={(m,n)ez2

X y

2 2 (B. 23)

For example, in the case shown for Figure 1.B, with a=0.1, b=0.9, y=176.72 and

d =9.1676, it follows that K2, =43.1469 and KZ, =78.9525. Then, in a unitary square

min
(L, =L, =1.0) interval is given by (4.3717<m?+n’ <7.9996). It is necessary to choose

M y N so that they comply the whole proposed range. In this case the values are m=2

and n=1, or vice versa. In conclusion, the wave number is given by (2.1). Following a
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similar analysis yields Table B.1 [28] where wave numbers and values for d and y with

constant values a=0.1 and b=0.9 are observed.

Table 8-1: Vibration modes (m,n) for different values of d and y for Schnakenberg

model [28]

MODE

(. ) d /4
(1,0) 10.0000 29.0000
1,1 11.5776 70.6000
2,0) 10.0000 114.0000
2.1 9.1676 176.7200
2.2) 8.6676 230.8200
(3.0) 8.6176 265.2200
3.1 8.6676 329.2000
(3.2) 8.8676 379.2100
(3.3) 8.6076 535.0900
@,0) 8.6676 435.9900
@1 8.5876 492.2800
@2) 8.7176 625.3500
@3) 8.6676 666.8200
@9 8.6076 909.6600
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