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RESUME

Tato prace predstavuje komplexni studii struktury kosti a mechanisml hojeni
zlomenin se zaméfenim na ndvrh scaffold v kontextu regenerace tkani. Regenerace
kosti s kritickymi defekty vyzaduje slozité procesy, jako je roubovani, k dosazeni
pivodni formy. Tkanové inzenyrstvi kosti se stalo slibnym feSenim a pro podporu
hojeni kosti jsou vyvijeny biokompatibilni scaffold. Scaffold poskytu;ji platformu pro
bunécné ptipojeni, proliferaci a diferenciaci. Tato studie zkouma klicové aspekty
navrhu scaffold, v€etné pozadavkii na vykon, vybéru biomaterialii a technologii
vyroby. Experimentélni prace zahrnuje syntézu a charakterizaci biokompozitnich
scaffold odvozenych z bakterialni celulozy (BC), oxidu grafenu (GO), acetatu
celulézy (CA) a hydroxyapatitu (HAp). Tyto biomateridly byly vybrany pro své
jedine¢né a dopliikové vlastnosti se zaméfenim na udrzitelnost — vétSina z nich byla
odvozena z potravinového odpadu a syntetizovana za pouZiti nizkoenergetickych
procest, kde je to mozné. K vyrobé scaffold, kterd vykazuji vlastnosti vhodné pro
regeneraci kosti, byly pouzity razné techniky. SEM odhalil nanovlakennou
architekturu BC, ktera pfispivd k jeho strukturdlnim charakteristikdim. FTIR
spektroskopie potvrdila ptitomnost funkcénich skupin obsahujicich kyslik v GO,
zatimco EDX analyza ukézala, Ze pomér Ca/P syntetizovaného HAp se blizi
stechiometrické hodnoté. Pokud jde o biokompozity, in situ rist hydrogelu prokézal
biokompatibilni povahu BC; GO zvysil pevnost v tahu elektrostaticky zvlaknénych
CA vlaken; a zaclenéni ¢astic HAp zvysilo bioaktivitu a osteokonduktivni potencial
scaffold. Dale byly provedeny numerické vypocty za Gielem analyzy strukturalniho
chovani teoretického navrhu scaffold pti ptedpokladaném zatiZzeni a modifikace jeho
struktury pro pozadovany vystup.

Klicova slova: Udrzitelné biomateridly, Konstrukce scaffold, Biokompatibilita,
Bakteridlni celuloza, Oxid grafenu, Hydroxyapatit, Vypocetni analyza



SUMMARY

This thesis presents a comprehensive study of bone structure and fracture healing
mechanisms, focusing on scaffold design within the context of tissue regeneration.
Regeneration of bone with critical defects requires complex processes, such as
grafting, to obtain the original form. Bone tissue engineering has become a promising
solution for developing biocompatible scaffolds to promote bone healing. The
scaffolds provide a platform for cellular attachment, proliferation, and
differentiation. This study explores key aspects of scaffold design, including
performance requirements, biomaterial selection, and fabrication technologies. The
experimental work involves the synthesis and characterization of biocomposite
scaffolds derived from bacterial cellulose (BC), graphene oxide (GO), cellulose
acetate (CA), and hydroxyapatite (HAp). These biomaterials were chosen for their
unique and complementary properties, with a focus on sustainability—most were
derived from food waste and synthesized using low-energy processes where possible.
Different techniques were utilized to fabricate scaffolds that demonstrate properties
suitable for bone regeneration. SEM revealed the nanofibrous architecture of BC,
which contributes to its structural characteristics. FTIR spectroscopy confirmed the
presence of oxygen-containing functional groups in GO, while EDX analysis showed
the Ca/P ratio of the synthesized HAp to be close to the stoichiometric value.
Regarding the biocomposites, in situ growth of hydrogel showed the biocompatible
nature of BC; GO enhanced the tensile strength of electrospun CA fibers; and the
incorporation of HAp particles increased the bioactivity and osteoconductive
potential of the scaffolds. Additionally, numerical computation was conducted to
analyze the structural behavior of a theoretical scaffold design under predicted
loading and to modify its structure for a desired output.

Keywords: Sustainable biomaterials, Scaffold design, Biocompatibility, Bacterial
cellulose, Graphene oxide, Hydroxyapatite, Computational analysis
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1. INTRODUCTION

Bone tissue regeneration (BTR) is the concept of healing a damaged bone using
engineered biomaterials. These biomaterials are designed and fabricated in a process
known as bone tissue engineering (BTE), one segment of tissue engineering whereby
biological elements are fabricated to repair or reconstruct bone tissues and cellular
products [1]. It is a multidisciplinary field that encompasses a wide variety of
concepts. It integrates the principles of materials science, physical and chemical
sciences, engineering, biomedicine, and clinical research to create functional
scaffolds for bone regeneration.

To discuss about essence of BTR, it is essential to state the composition and
properties of bone first. Bone has a complex, layered, and compartmentalized
architecture, as it is evident in Fig. 1.1. Bone’s profile is classified as cortical
(compact) and cancellous (spongy) bone. Cortical bone constitutes the wall of the
tubular shaft of a long bone known as the diaphysis. In its layer called periosteum,
an interplay between osteoblasts, osteocytes, osteoclasts, other bone cells, and matrix
takes place. Whereas the cancellous bone is the hierarchical, porous bone that is
found in the epiphysis and metaphysis of long bones [2]. The osteons that make up
this part of the bone also house bone cells and bone matrix.
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Figure 1.1: The essential classification of bone. The layered structure containing the
periosteum and endosteum [3]

Osteogenesis, the bone-forming process, is an interesting phenomenon. Bone
progenitor cells, known as pre-osteoblasts, are found in the periosteum and
endosteum. They are derived from mesenchymal stem cells (MSCs) and differentiate
into osteoblasts with the help of growth factors such as bone morphogenetic proteins
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(BMPs) and transforming growth factor-f (TGF-B) [4]. These bone cells grow and
mature through crosslinking of proteins and formation of collagen as bone matrix,
becoming osteocytes [5]. On the other hand, when it is time, osteoclasts resorb parts
of the bone by first embedding themselves to the surface and then creating an acidic
environment that dissolves bone mineral and degrades its organic matrix [6].

Bone is a composite structure by nature. It mainly consists of proteins (out of
which collagen is the most abundant) (30%), bone mineral (60%), and water (10%)
[7]. The collagen fibers (mainly type 1 collagen) constitute the organic bone matrix.
Whereas the bone mineral is the inorganic part of the matrix and is mainly composed
of hydroxyapatite (HAp) crystals. These crystals are calcium phosphate minerals
with a chemical formula of Ca;,(P0O,)¢(OH),[8]. The former serves as a scaffolding
for the crystals to grow on and calcify/mineralize [9, 10]. Through these
mineralization processes, the HAp gives the bone its hardness. In essence, collagen
provides elasticity to bone, and its fibers reinforce HAp crystals, denoting that bone
functions as a structural composite.

Due to its stiff structure, owing to the presence of the lamellae and surrounding
cement lines, the cortical/compact bone can withstand a larger stress both in tension
and compression. The difference between the mechanical performance of cortical
and trabecular bone is given in Table 1.1 below.

Table 1.1: Mechanical properties of parts of bone [11, 12]

Components Compressive Tensile Young’s
strength (MPa) | strength (MPa) | modulus (GPa)

Cortical bone 100-200 50-150 7-30

Cancellous bone 2-20 10-20 0.1-2

Bone also possesses other excellent features in its mechanical form. Although it is
considered a brittle material, it has a commendable toughness. For instance, its
fracture energy (G.) measures 1.5kJ/m?, which is parallel to that of steel at low
temperatures and of wood when measured in alignment to its grain [13].

When bone health is not maintained, however, either in the absence of the above
functionalities or due to diseases, bone trauma occurs. The following chapter
discusses bone damage, healing mechanisms, and trends in regeneration through
BTE.



2. CURRENT STATE OF TOPIC

Bone injury is an increasingly common global health issue. Globally, over 178
million bone fractures occur every year, according to a study made in 2019 [14]. This
number was projected to increase every year. The causes can vary from accidents to
infections and bone diseases. For a limited injury, bone can heal itself through the
integrated work of its cells. The regeneration process has four distinctive steps:
hematoma formation, soft callus formation, resorption of soft callus to form hard
callus, and lastly bone remodeling (Fig. 2.1). These steps encompass various aspects
of bone functions. Stem cells differentiate into fibroblasts, osteoblasts, and
chondroblasts [15]. Ossification takes place to construct a layered woven bone. The
angiogenesis process then follows with the involvement of growth factors. Finally,
osteoblasts deposit new bone, which hardens through time to complete the cycle [16].
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Figure 2.1: Bone remodeling process from fracture to healing [3]

If the damage to the bone is beyond a certain limit, however, i.e. a critical defect,
a fracture gap greater than 2-2.5 cm [17], it needs an external intervention for the
tissues to regenerate. This is through grafting, mainly classified as autograft,
allograft, and xenograft [18]. However, these methods present challenges in terms of
immunology, donor site rejection, and the need for additional surgery [19].

BTE presents an alternative to the conventional practices mentioned above with
the introduction of scaffolds. Suitable scaffolds are fabricated from biomaterials.
Stem cells are seeded onto their surfaces under growth medium. Then, the enriched
scaffolds are implanted into the required site. The following sections discuss the ideal
requirements, types of materials used, and methods of fabrication of scaffolds.



3. THEORETICAL BACKGROUND

In order to achieve the desired result, a scaffold needs to qualify for several
requirements. The more requirements fulfilled, the greater the success of its
regenerative capacity. Several of the anticipated properties are discussed below.

3.1. Properties of an ideal scaffold for BTR

Porosity: A 3D porous structure is required to enable cell proliferation and migration,
as well as the transport of nutrients throughout a scaffold. A scaffold with smaller
porosity (less than 100 um) shows better cell attachment due to the high available
surface area [20]. In the case of diffusion of fluids within the matrix, however, larger
pore sizes are essential.

Biodegradability: After implantation, a scaffold must gradually degrade to make
way for new bone formation. This process requires for the scaffold to degrade at a
rate that matches bone growth under the physiological and microfluidic conditions
of the application site. A controlled, gradual degradation is crucial to ensure effective
load transfer from the scaffold to the newly forming tissue [21].

Mechanical strength: A scaffold is expected to match the mechanical performance
of native bone tissues. As a tissue growth platform, its strength and stiffness profile,
including Young’s modulus, compressive, and tensile stress, needs to sustain the
required value until it degrades. In addition, the scaffold’s stiffness plays a role in
regulating cell adhesion and proliferation [22].

Biocompatibility: Since a scaffold is fabricated to assimilate with the conditions in
the human body, it is expected to pose no harm to the internal mechanisms. It is
required to have a positive interaction with the surrounding tissues and new tissues
being formed. This is explained by having none to very low cytotoxicity and
inflammatory response, promoting cell attachment and growth, and positively
facilitating the regeneration of tissues[12].

Osteoconduction and osteoinduction: Osteoconductivity is a property of a scaffold
to promote adhesion and growth of bone cells or osteoblasts on its surface through
its porous microarchitecture [23]. Whereas the ability of the scaffold to induce bone
formation by recruitment of progenitor cells and stimulating them to form
preosteoblasts is termed as osteoinductivity [24].



3.2. Materials used in BTR

A wide range of materials can be utilized to fabricate scaffolds for BTR. Broadly
categorized into metals, ceramics, polymers, and composites, each offers distinct
advantages tailored to specific clinical, biological, and mechanical requirements.

Metals: Titanium, cobalt, aluminum, zirconium, stainless steel, and their alloys have
been extensively used as scaffolds in hard tissue regeneration and as load-bearing
implants in parts such as the knee and hip joints [25].. However, their potential
release of toxic ions, non-resorbability, and inability to induce osseointegration are
their major drawbacks [26].

Ceramics: Highly favored because of their biocompatibility due to their chemical
similarity to bone’s composition. Calcium phosphate ceramics, including
hydroxyapatite and tricalcium phosphate, are widely regarded as biomimetic
substitutes. In addition, materials such as bioactive glasses, magnesium phosphates,
and calcium-based salts have shown potential to enhance osteogenic responses [16].

Polymers: Natural polymers, high in molecular weight and excellent in cell-material
interactions, include collagen, gelatin, silk fibroin, chitosan, and bacterial cellulose
[27, 28]. Selected polymers are discussed in Table 3.1 below. Synthetic polymers
include polycaprolactone (PCL), polyethylene glycol (PEG), polylactic acid (PLA),
and polyglycolic acid (PGA) [29]. Their rate of degradation can be tailored to
regulate the rate of tissue regeneration by adjusting their chemical composition.



Table 3.1: Natural polymers used in BTE and their attributes [30-33]

Polymer | Molecular Synthesis | Disadvantage | Advantage
structure

Bacterial | Linear Produced from | Low porosity, | Biocompatibility,

cellulose | polysaccharide, | various slow hydrophilicity,
made from B- | bacterial biodegradation | easy to obtain
D- strains
glucopyranose
units

Collagen | Fibrous Extracted from | Poor Similarity to
protein, with a | mammalian’s | antigenicity, natural ECM of
helix structure | connective requires tissues | native tissues
of amino acids | tissue from animals

Alginate | Linear Produced from | Minimal cell- | Biocompatibility,
polysaccharide, | brown algae material ability to achieve
made of B-D- | and seaweeds | interaction gelation
mannuronic
acid

Chitosan | Linear Synthesized Low Antibacterial
polysaccharide | from the shells | mechanical property,
made of D- of crustaceans | strength and biodegradability
glucosamine stability

The following subsection discusses the properties and applications of the
biomaterials that were chosen as subjects in this study.

3.2.1. Bacterial cellulose

Bacterial cellulose (BC) is a cellulose biopolymer synthesized by various bacterial
strains such as Komagataeibacter, Acetobacter, Azotobacter, and Rhizobium [34].
Because it 1s free of hemicellulose and lignin impurities, it has a high crystallinity
with other functionalities. BC features a thin fibrous network composed of B-D-
glucopyranose units that are linked by B-1,4 glycosidic bonds. This nanofibril
network of BC gives rise to its high surface area and porosity. At the molecular level,
as shown in Fig. 3.1 below, the cellulose chains in the biopolymer network contain
a high density of hydroxyl groups. Its favorable structure makes it ideal for cell
growth and propagation, a necessary attribute for a good tissue scaffold [35].
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HO 0 0

OH OH
- -n

Figure 3.1: Chemical structure of BC [36]
3.2.2. Graphene oxide

Graphene oxide (GO) is an oxidized form of graphene, produced by the
intercalation and chemical oxidation of graphite. Its most widely used synthesis
approach is the modified Hummers’ method [37, 38], where a strong acid is used as
an intercalation agent between the graphite layers, and an oxidizing agent is used to
create its oxygen groups. Its structure, as shown in Fig. 3.2 below, is enriched with
various oxygen-containing functional groups. These include carboxyl (—-COOH),
epoxy (C-O-C), hydroxyl (—OH), and carbonyl (C=0) [39], which amplify the
hydrophilicity of GO.

Figure 3.2: Chemical structure of GO (Lerf—Klinowski model) [40]
3.2.3. Cellulose acetate

Cellulose acetate (CA), with a chemical structure shown in Fig. 3.3 below, is a
naturally derived biopolymer widely recognized for its excellent biocompatibility,
non-toxicity, and renewability. Hence, CA has been extensively explored for
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biomedical applications, particularly in tissue engineering. It has demonstrated the
ability to support osteoblast proliferation and promote osteogenic differentiation,
highlighting its potential in bone regeneration [41]. However, despite these
biological advantages and its ease of processing, pristine CA suffers from inherently
low mechanical strength, limiting its applicability in tissue engineering [42]. This
necessitates the development of CA-based biocomposites.
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Figure 3.3: Chemical structure of CA [43]

3.2.4. Hydroxyapatite

Hydroxyapatite (HAp; Ca;o(PO4)s(OH),) 1s a naturally occurring calcium
phosphate mineral and the primary inorganic component of vertebrate bone,
comprising approximately 60—70% of its total weight. Its Ca-P bonds are shown in
Fig. 3.4 below. As discussed in the Introduction, HAp belongs to the apatite group
of minerals and plays a critical role in the structural and functional integrity of bone
tissues. It 1s widely recognized for its excellent biocompatibility, bioactivity, and
osteoconductive capabilities [44].

Ca
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Figure 3.4: Chemical structure of HAp [45]
3.2.5. Composites

Composite biomaterials offer the advantage of possessing the beneficial properties
of different classes of materials while mitigating their limitations. Various merits can
be achieved through composite formation, such as enhancing the bioactivity of
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metallic scaffolds or reinforcing polymers. For instance, calcium phosphate coatings
on bioglass, metals, and synthetic polymers have been found to promote cell
proliferation and osteoconductivity. Additionally, the addition of natural polymers
into scaffold structures has been proven to enhance mineralization and alkaline
phosphatase synthesis [46].

3.3. Methods for scaffold fabrication

There are various techniques to synthesize biomaterials and fabricate scaffolds for
BTR. The choice is highly dependent on the behavior of the source materials, the
target output, and the intended application. Some of the main techniques are
described below.

Sol-gel technology: Inorganic salts or metal-organic compounds are dissolved in
a suitable solvent, initiating polymerization reactions that lead to the formation of a
colloidal suspension [47]. When this suspension (sol) is cast into a mold, it undergoes
gelation, resulting in the formation of a wet gel. Subsequent drying transforms the
gel into a dense ceramic or glass material. This technique is considered beneficial
because it results in high chemical homogeneity, requires low processing
temperatures, and gives the ability to precisely control particle size and morphology
[47].

Solvent casting: A solvent is used to dissolve a selected polymer. In this solution,
a porogen, a water-soluble salt compound, is added, and the final solution is cast in
a preferred mold. The solvent used is then allowed to evaporate, leaving behind the
polymer with the salt compound. This is followed by a particulate leaching step,
whereby the salt is leached with water, effectively resulting in a porous scaffold. By
regulating the amount and size of the porogen used, the outcome can be tailored to
achieve a desired porosity and interconnectivity [48].

Freeze gelation: a polymer solution is frozen beforehand and the solidified sample
is then immersed in a non-solvent maintained at a temperature below the freezing
point of the polymer solvent. While in this state, crosslinking agents in the non-
solvent initiate the gelation of the polymer. During this process, the non-solvent
slowly replaces the ice crystals formed from the polymer solvent. This controlled
exchange leads to the formation of a porous hydrogel structure, as the ice sublimates
and is substituted by the non-solvent phase [49].

Electrospinning: A jet of a liquid polymer is spun onto a plate using a high voltage
under ambient conditions. Nonwoven fibers are generated when the applied electric
9



voltage exceeds the polymer droplet's surface tension, inducing electrostatic forces
that elongate the liquid into fine filaments [12]. They are then deposited onto a
collector with an opposite charge. Electrospinning parameters such as polymer
concentration, voltage, and flow rate significantly influence fiber morphology. It
enables the fabrication of nanofibrous structures with high surface area, making them
suitable for biomedical and tissue engineering applications.

3D printing: A rapidly growing method under additive manufacturing. It has
presented a great opportunity in BTE. Compared to the above methods, this field
ranks superior when it comes to design control, reproducibility of multiscale 3D
tissue structures, and other parameters. It generally refers to the layer-by-layer
construction of the scaffolds. There are several different techniques in this additive
manufacturing field including, vat photopolymerization, powder bed fusion, and 3D
bioprinting.

3.4. Structural concepts of BTR scaffolds

Scaffolds required for BTR relate to the retrofitting elements used in construction,
treating cracks or fractures. A proper geometrical design and structural analysis
would ensure an efficient, regeneration-oriented output. The following sections
explain the different design and analysis methodologies applied in this field.

Geometric design

Scaffold architectures in BTE are broadly classified into non-parametric and
parametric categories [50]. Non-parametric scaffolds are constructed using simple
periodic geometries such as simple cubic, body-centered cubic (BCC), face-centered
cubic (FCC), octet truss, truncated octahedron, and diamond configurations.
However, this lattice-based scaffolds face limitations in simultaneously achieving
high porosity and mechanical strength [51]. In contrast, parametric scaffolds are
designed through mathematical modeling and algorithm-driven strategies to produce
complex and customizable scaffold geometries. The main examples are Triply
Periodic Minimal Surfaces (TPMS) and Voronoi-based structures.

TPMS-based scaffolds: Scaffolds based on TPMS are mathematically designed
structures that exhibit continuous, repeating geometries with highly ordered porosity
[52]. The repeating geometries are based on unit cells that could assume different
shapes as shown in Fig. 3.5 below. Their interconnected porous and curved
architecture mimics that of trabeculae bone 1s beneficial for cell attachment,
proliferation, and bone tissue regeneration [53].

10



Unit cell model of TPMS-based scaffolds

Diamond Gyroid Schwarz P Fischer-KochS  F-RD
Figure 3.5: Fundamental TPMS unit cell basis [54]

Voronoi-based scaffolds: These, on the other hand, are generated through Voronoi
tessellation, a computational geometrical design based on the Voronoi pattern. It has
high resemblance to several patterns in nature, including the trabecular bone. In this
method, as shown in Fig. 3.6, a certain region is populated with randomly distributed
seed points that define polyhedral cells scaled to create pore networks and struts.

design regular lattice generate probability spheres  obtain irregular lattice

generate Voronoi cells construct porous structures as-built scaffold

Figure 3.6: Diagram showing the scaffold design principle based on the Voronoi-
Tessellation method [55]

This stochastic design approach allows for structural heterogeneity, which better
replicates the anisotropic mechanical behavior of native bone while maintaining
sufficient porosity for vascularization and osteointegration [50].

Finite element analysis

In BTR scaffolds, finite element analysis (FEA) is a numerical tool of analysis that
uses partial differential equations to solve stress functions after discretizing the
scaffold into a finite number of elements [56]. Components such as displacement,

11



principal strain, component strain, principal stress, and von Mises stress are
calculated [50]. An algorithm of how FEA is conducted is shown in Fig. 3.7 below.
FEA is a vital tool in BTE as it gives information on how the scaffold behaves upon
implantation and contributes to the optimization of the design with less trial and
error.

Scaffold Boundary

geometry conditions & loads

voronoi-based mimicking in vivo
scaffold model conditions

Material
properties

Run

simulation

density, elastic
modulus linear analysis

m Stress/strain
profile,

effective modulus

Figure 3.7: Algorithm for FEA analysis of BTE scaffolds
Computational fluid dynamics

Computational fluid dynamics (CFD) is used to investigate the microfluidic
environment that tissue scaffolds are subjected to. It also helps understand the effect
of nutrient transport on the growth of cells and how this growth is maintained as
tissues regenerate at the expense of the implanted scaffolds [57]. The resulting fluid
flow between the scaffold and tissues induces a wall shear stress (WSS) on the cells.
WSS plays a critical role in regulating the biological responses of mesenchymal
stromal cells. A range of 0—30 MPa enhances the overall cellular activity, including
proliferation and metabolic function, 0.11-10 MPa can promote osteogenic
differentiation, and high stress of 0.55-24 MPa stimulates matrix mineralization in
bone-forming cells [58].
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4. AIM OF DOCTORAL STUDY

This

doctoral thesis 1is entitled “Bio-based scaffolds for Bone Tissue

Regeneration”. It combines the disciplines of material science, engineering,
chemistry, and biomedical sciences. It mainly deals with the fabrication of a
biocompatible and reproducible tissue scaffold with enhanced properties for bone
tissue regeneration. Moreover, sustainability is at the core of its contribution to the
field. The major objectives of this work can be summarized as follows.

Assess environmentally friendly biomaterials and synthesize from
sustainable sources. The biomaterials selected for scaffold fabrication are
bacterial cellulose, graphene oxide, hydroxyapatite, and cellulose acetate.
This study ventures into the sustainable sourcing of biomaterials by
synthesizing the first three from renewable, abundant biomass and food
waste. (Publication I, Publication II)

Design, produce, and characterize efficient scaffolds for BTR. Since the
main purpose of this study is to develop functional scaffolds, the design and
subsequent evaluation of the prepared scaffolds is one of the core
deliverables. Various characterization techniques as well as testing
procedures will be performed, highlighting the necessary data obtained.
(Publication II, Publication III)

Evaluate the biocompatibility of prepared scaffolds using both cell-
based (in vitro) and animal model (in vivo) studies. The integration of the
scaffolds with cells is the basis of their ability to serve as platforms. This calls
for the cytocompatibility of each scaffold and its capacity to promote cell
adhesion and proliferation once implanted. Thus, this study performs
evaluations of the scaffolds for the above requirements both in vitro and in
vivo. (Publication IV)

Perform functional analysis for final optimized scaffold design for the
purpose of bone tissue regeneration. The structural viability of a scaffold
when it comes to absorbing and dissipating the stresses that it is subjected to
is vital to determine its final output. The stresses could be generated from
internal loads or fluidic environments surrounding bones. Hence, this study
looks into the computational analysis of a scaffold using finite element
analysis. (Publication V)
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S. EXPERIMENTAL SECTION

This chapter outlines the key components of the study, including the biomaterials
to be used, scaffold fabrication techniques, characterization methodologies, and
computational analyses. It provides detailed procedures for each aspect, with
particular emphasis on critical steps and considerations.

5.1. Biomaterial synthesis
Bacterial cellulose

BC was synthesized using Komagataeibacter xylinus bacterial strain in a
Hestrin—Schramm (HS) growth medium supplemented with an equal amount of
apple juice. The HS medium consisted of 20 g glucose, 5 g yeast extract, 5 g peptone,
2.7 g disodium hydrogen phosphate, and 1.15 g citric acid in 1 L total volume of
deionized (DI) water. Whereas the juice was prepared from waste apples sourced
locally. 5 ml of HS medium was first used to activate 5 loops of the bacterial strain.
After 3 days of incubation, this was added to 100 ml of previously prepared HS/apple
juice medium. BC pellicles were then harvested from this culture after 2 weeks of
static incubation at 30 °C.

For purification purposes, the produced BC pellicles were washed with DI water,
followed by boiling in a 0.5 N NaOH solution at 80 °C for 1 h. The pellicles were
again washed with DI water repeatedly until a neutral pH was maintained. The BC
mats were then either kept at 4 °C for further processing or freeze-dried for immediate
experiments.

Graphene oxide

GO was prepared from another household food waste — spent coffee grounds. The
biomass was first thoroughly washed to remove any unwanted material and soaked
in an iron salt (FeCl;.6H,O) for 24 h for catalytic graphitization at a lower
temperature [59]. The sample with the iron catalyst was dried overnight and then
graphitized in a tube furnace at 1000 °C for 2 h under Ar gas flow. Thereafter, to
remove the iron salt and get the graphitized carbon material, it was soaked in
concentrated HNOj3, followed by washing with DI water. To obtain GO, the standard
modified Hummer’s method was used [60]. The obtained product was ultrasonicated
to obtain well-dispersed GO particles.
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Hydroxyapatite

Hydroxyapatite (HAp) was synthesized from eggshells, obtained from a personal
kitchen, as a natural source for calcium and H;POy as the phosphorus source. The
eggshells were washed, oven-dried for 12 h, and manually ground to obtain particles.
The resulting powder was subjected to thermal decomposition in a tube furnace at
1000 °C for 2 h to acquire CaO. Thereafter, the CaO was mixed with DI water to
form a 0.5 M Ca(OH), solution. A 0.3 M H3PO, acid solution was then introduced to
the solution dropwise at a controlled rate of 2 ml/min to maintain the desired Ca/P
molar ratio. This mixture was aged for 48 h to facilitate complete reaction and phase
development. The precipitate, filtered, was thoroughly washed with DI water to
eliminate residual ions and oven-dried overnight. As a last step, it was further
calcined at 700 °C for 2 h in a tube furnace to promote crystallization and obtain the
final HAp powder.

5.2. Scaffold fabrication

Using the above biomaterials as building blocks, scaffolds will be fabricated.
Three different methods will be used to obtain varying typologies. This section
discusses the methodologies to be used.

In situ hydrogel synthesis

Hydrogel scaffolds were prepared using BC mat as a base material. GO and HAp,
prepared in the methods explained in the previous section, were used as
filler/reinforcement materials. The process involved adding 1 mg/ml of GO (in DI
water) and 2 mg/ml of HAp (in DI water) during the synthesis of BC. The mat was
left to form for an additional 7 days in the modified medium. At the end of the 15™
day, the reinforced pellicles were removed and purified in the same process as that
of the pure BC mat.

Electrospinning

In this section, a polymeric composite consisting of cellulose acetate (CA)
(average Mn = 50,000) and GO was used for electrospinning. GO solution was
prepared in a 1:1 vol ratio of DMAc: acetone solvent mixture at a concentration of 5
wt% of the polymer (CA) and ultrasonicated. Afterward, CA (15 wt% of the total
solution) was added. Electrospinning was then performed in an EC-DIG apparatus
(IME Technologies, Waalre, The Netherlands). The electrospinning parameters for
optimal CA fibers (25 °C and 65-70% humidity) were used. A flow rate of 0.1 ml/h
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and a high voltage of 13 kV were maintained to create the polymer filaments from
the nozzle kept 20 cm away from the collecting drum.

5.3. Characterizations and testing
Morphology

The structure and morphology of particles need to be studied as it affects the
intended outputs. For this purpose, samples were analyzed using scanning electron
microscopy (SEM) (FEI, Brno, Czech Republic). To capture and identify specific
elements present in the compositions, energy-dispersive X-ray (EDX) spectroscopy
was utilized as fit. Prior to microscopy, the samples were dried and attached to
double-sided carbon tape and sputter-coated with Au—Pd particles.

Crystallinity

It is essential to understand the crystalline phase and intensity of the materials
used. Hence, to identify this and the subsequent diffraction patterns, an X-ray
diffractometer (XRD) (MiniFlex 600, Rigaku, USA) was utilized. The measurements
were taken using a Co target with Ka radiation (wavelength of 1.79 A) operated at
40 kV and 15 mA. 20 values were read between 4° and 80°. For the convenience of
reporting, the intensities gained were then converted to Cu-Ka radiation using a
PowDLL converter, version 2.911.0.0.

Functional groups

Since the molecular composition affects the formation of bonds in a composite,
the functional groups in the biomaterials need to be studied. These groups in the
biomaterials and scaffolds were identified using Fourier transform infrared (FTIR)
spectroscopy in attenuated-total reflectance mode (Nicolet Is5, Thermo Scientific,
USA). The scanning frequency range was 4000—400 cm™'.

Mechanical testing

Tensile strength of the fabricated scaffolds was measured using a universal testing
machine (Model M350-5CT, Testometric, UK). Rectangular test specimens were
prepared with dimensions of 10 x 40 mm, and a gauge length of 20 mm was
maintained between the test grips. The thickness of each strip was measured using a
digital thickness gauge (Mitutoyo, Germany) prior to testing. A constant crosshead
speed of 10 mm/min was applied under a 1 kg load cell. Tensile stress and strain
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values were then recorded up to the point of failure. The apparent Young’s modulus
was calculated from the slope of the linear elastic region of the stress—strain curve.
All measurements were performed in n =5 for each sample group to ensure statistical
reliability.

Thermal degradation

The thermal stability/degradation of the samples was assessed by
thermogravimetric analysis (TGA) using a TGA Q500 device (TA Instruments,
USA). The tests took place under a nitrogen atmosphere (60 ml.min') in a
temperature range of 25—800 °C and at a heating rate of 10 °C/min.

5.4. Biocompatibility studies

Given that biocompatibility and the absence of cytotoxicity are critical
determinants of a scaffold’s suitability for clinical application, comprehensive
evaluations were performed. The following sections detail the methodologies
employed for both in vitro and in vivo assessments of the fabricated scaffolds.

In vitro model

In the indirect testing, 10 pul of FBS was added at 30-32 °C to adhere the sterilized
samples to each well surface. Afterward, culture medium containing 90% DMEM
and 10% FBS enriched with antibiotics (100 U/mL penicillin and 100 g/mL
streptomycin) was added to the wells. The same was done to control wells not
containing samples. The setup was then incubated in a humidified atmosphere at 37
°C with 5% CO; in air for 1, 3, and 5 days. The cell culture medium (including sample
extracts and control medium) was harvested and used in the following experiment.
For the cell viability study, human osteosarcoma Saos-2 cells were plated in 96-well
flat-bottomed microplates at a concentration of 1.0x10° cells/well in fresh DMEM
medium supplemented with 10% FBS and antibiotics. After 24 h, the culture medium
was removed from each well and replaced with 100 ul of DMEM in the wells that
contained extracts obtained after 1, 3 and 5 days of incubation periods and the
control. Then, the standard MTT assay protocol was conducted in the following
procedure. After 72 h, MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) colorimetric test was utilized to investigate the viability of cells under the
influence of the scaffolds. The process was as follows. The Saos-2 cells were
incubated in MTT solution (0.5 mg/ml in DMEM) at 37 °C in a CO; incubator (5%
CO; and 95% air) for 3 h. Afterward, 1:1 (vol/vol) ratio of absolute ethanol and
DMSO was used to dissolve the blue formazan. The microplate was shaken briefly,
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and measurements were taken by an ELISA automatic microplate reader (TECAN,
Sunrise™, Grodig/Salzburg, Austria) at a wavelength of 540/620 nm optical density.
Relative cell viability was expressed as a percentage relative to the control group
(taken as 100% viability).

In vivo model

Animal studies were conducted in association with the Institute of Experimental
Morphology, Pathology, and Anthropology under the Bulgarian Academy of
Sciences. 18 female BALB/c mice (4—5 months old) were obtained from a licensed
laboratory animal breeder, and experiments were conducted in compliance with
national regulation No. 20/01.11.2012 on laboratory animals and animal welfare, as
well as the European Directive 2010/63/EU. The experiment involved surgical
implantation of scaffolds in five groups of mice (3 per group), and each group was
assigned to a specific scaffold as stated in Table 5.1 below. In groups G1-4, implants
were designated to the back-right leg, whereas in group G5, the scaffolds were
designated to the parietal bone (part of the calvaria). A control group was void of any
surgical intervention.

Table 5.1: Implant scaffolds’ biomaterial composition for the five groups of mice

Materials Gl1 G2 G3 G4 G5
BC mat mat mat mat mat
HAp - 2 mg/ml - 2 mg/ml 2 mg/ml
GO - - 1 mg/ml 1 mg/ml 1 mg/ml

Surgical procedure

Prior to surgery, anesthesia (a combination of ketamine (25 mg/ml) and xylazine
(1.2 mg/ml)) was administered. In G1-4, the skin was carefully lifted from the
underlying muscle, and 5 mm diameter implants were placed deep within the
popliteal fossa. In G5, following superficial abrasion of the external surface near the
parietal eminence, 5 mm diameter implants were inserted and covered with muscle
tissue. They were all then disinfected with ethanol (70%) and Braunol (7.5% w/w)
iodinated Povidone cutaneous solution. Finally, sterile sutures were put in place, and
a single dose of Baytril was administered. Following surgery, monitoring was
performed three times per day during the first week, then reduced to once daily, with
no requirement for topical therapy. After 60 days, the mice were sedated with
ketamine/xylazine before euthanasia, followed by blood collection for analysis.
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Histopathological examination

Tissue specimens were harvested from the surgical site for histological evaluation.
Samples were fixed in 10% neutral-buffered formalin, followed by a standard
protocol involving dehydration, cleaning with xylene, and embedding in paraffin.
Sections of 3—5 wm thickness were prepared and stained with hematoxylin and eosin
(H&E). Histological analyses were performed using a Leica DM 5000B light
microscope (Wetzlar, Germany).

5.5. Computational analysis

Design and analysis of a theoretical scaffold is shown in this part of the experiment
to investigate the structural viability of Voronoi-based scaffolds to be used for BTR.

Voronoi-based scaffold design

A 3D scaffold model of 12 x 12 x 12 mm was generated using the Voronoi
tessellation technique to replicate the irregular porous architecture of trabecular
bone. The design process was carried out using the software suite Rhinoceros 3D
(Version 8) with the Grasshopper plug-in. Within the defined cubic design space, a
randomized distribution of seed points was generated to serve as the basis for
Voronoi cell formation. These seed points determined the spatial arrangement and
connectivity of the struts, resulting in an interconnected porous network suitable for
tissue ingrowth and vascularization.

Finite element analysis

The Voronoi model was imported to ANSYS 2025 R1 (ANSYS Inc., Canonsburg,
PA, USA). The scaffold models were meshed via ANSYS Meshing. PLA was
assigned as a scaffold material. Boundary conditions were defined by constraining
the bottom surface in all degrees of freedom, while a uniform load of 1.5 MPa was
applied on the top surface of the scaffold by attaching a rigid plate. A finite element
method (FEM) analysis was then conducted to evaluate the scaffold’s mechanical
response, including von Mises stress distribution and displacement.
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6. RESULTS

This section discusses the obtained results as summaries from the publications
achieved as part of the work. It highlights the publications’ findings in terms of
material outputs, characteristics, and their potential applications. It also enumerates
the results of the computational analysis of the performance of a theoretical scaffold
subjected to loading conditions resembling those in the human body.

6.1. Synthesized biomaterials

On average, 5 mm-thick BC pellicles were harvested after 14 days of incubation
(Fig. 6.1a & b). Morphological analysis of BC was done using SEM, and the image
in Fig. 6.1c revealed an interconnected nanofibrous structure (Publication III). It
also possesses sufficient porosity, which is a sought-after property as a scaffold.
Individual fibers were measured to have an average diameter of 80+2 nm. This
nanoscale size increases the surface area of the fibers, which in turn gives the high
water retention capacity of BC [61].

ol P,

e\ T

Figure 6.1: Synthesis of BC using waste apple juice & HS medium (a), purified BC mat (b),
and SEM micrograph image of BC nanofibers (c)

FTIR spectra showed the composition of the functional groups found in BC as
shown in Fig. 6.2a below. A broad peak at 3347 cm™' showed the characteristic -OH
stretching vibration, whereas a peak at 2893 cm™! can be attributed to the aliphatic C-
H stretching vibration [62]. In addition, the spectra also showed an asymmetric
C—O—C stretching vibration at 1110 cm™' and a C—O stretching frequency of the
cellulose glycosidic links at 1056 cm ™! [63]. On the other hand, XRD results showed
the characteristic diffraction profile of cellulose Ig, in Fig. 6.2b.
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Figure 6.2: Characteristics of produced synthesized BC depicted by FTIR spectra (a) and
XRD spectra (b) graphs [64]

In order to investigate the quality of its molecular arrangement, the crystallinity
index of BC was calculated using the following equation.

CI (%) _ Area of cryslltine peaks N 100; (6.1)

Total area of peaks

Where the peaks are taken from the values of the XRD graph (Fig. 6.2b).

This gave a result of 77.4 % which confirms the high crystallinity yield that
characterizes Komagataeibacter xylinus in contrast with other bacterial strains,
which range from 60-80% [63, 65]. This contributes to its mechanical strength and
controlled degradation, both required properties in tissue regeneration [61].

GO was produced from spent coffee grounds. There are various organic sources
for of GO, including coconut shells, sugarcane bagasse, rice straw, sawdust, tea
leaves, and others [66]. This study chose spent coffee grounds as the source for GO.
They are abundant and relatively easier to process into graphite (GO precursor) since
their carbon content is high (Publication I). Coffee waste contains 51% carbon and
38% oxygen, among other trace minerals [67]. To avoid the high pyrolysis
temperature needed to graphitize the precursor, an iron chloride salt was used as a
graphitization catalyst, as discussed in Publication III. The SEM image in Fig. 6.3a
shows layers of GO flakes. Fig. 6.3b shows the XRD peaks of the produced GO,
whereby an amorphous structure is depicted. This is different from the expected
sharp peak at 11° of GO produced from actual graphite. The structural differences in
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morphology and crystallinity between the synthesized GO and the commercial one
arise because it is sourced from a biomass precursor [68].
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Figure 6.3: SEM image of individual and agglomerated GO flakes (a) and the
corresponding XRD spectra [64]

HAp was synthesized using eggshells as the primary calcium source. The
characteristic nanorod-shaped nanoparticles are shown in Fig. 6.4a, agglomerated
after the second heat treatment. Based on the EDX spectra presented in Fig. 6.4b, the
Ca/P ratio of the synthesized HAp was calculated to be 1.72, which is reasonably
close to the theoretical value, 1.67 (Publication III). The slight increase in the Ca/P
ratio observed in the synthesized sample can be attributed to the probable unreacted,
residual calcium oxide (CaO), resulting after the combined calcination process [69].
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Figure 6.4: SEM image of HAp nanoparticles produced from egg shells (a) and the
corresponding EDX spectra (b) [64]
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6.2. Fabrication of scaffolds

As explained previously, among the various techniques of producing scaffolds for
BTR, two methods are used in this study. They were chosen for simplicity,
efficiency, and desired yield. In the following subsections, the processes and the key
results are summarized.

Electrospinning

CA is a biopolymer that can be efficiently electrospun into a scaffold, as described
thoroughly in Publication II of this thesis. An average of 458 + 158 nm fiber
diameter was measured. which was well embedded into the CA fibers as seen in Fig.
6.5a below. The incorporation of GO particles led to minimal bead formation along
the fibers and resulted in a lower water contact angle compared to that of pristine CA
fibers, indicating improved surface wettability. More importantly, the addition
reinforced the mechanical properties of the scaffold, as evidenced by the tensile
strength comparison between pure CA and the biocomposite scaffold shown in Fig.
6.5b. This improvement is primarily attributed to the formation of intermolecular
hydrogen bonds between CA and the hydrogen-containing functional groups present
on the GO particles.
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Figure 6.5: SEM image of CA nanofibers with embedded GO nanoparticles indicated by

the arrow (a), tensile stress-strain curve for electrospun scaffolds with pristine
CA and CA/GO scaffolds (b) [60]

In addition, it was observed that the addition of GO did not pose cytotoxicity to
the biocompatible nature of CA, in an in vitro study performed using osteoblast-like
MG-63 cells. The scaffolds containing GO exhibited a cell viability value of more
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than 70% (compared to the control group), and the cells appeared to adhere and
spread onto the surface of the scaffold. This indicates that the oxygen-rich,
hydrophilic, and flexible structure of GO promotes cell growth and expansion [70].

In situ biosynthesis of hydrogel

BC mat possesses valuable characteristics of a hydrogel scaffold. This is due to its
fibrous structure at its core. The incorporation of the reinforcements (GO and HAp)
into the growing BC pellicle was intended to enhance its mechanical and
biocompatible nature. The results showed a biocomposite with incorporated particles
as discussed thoroughly in Publication III.

A highlight of this study was the improvement of the mechanical property of the
composite through the addition of GO, as shown in Fig. 6.6a below. The BC/GO and
BC/HAp/GO sheets demonstrated a 24.73% and 18.74% increase in tensile strength,
respectively, compared to pure BC strips. This was due to the strong hydrogen bond
formation between the components mainly through the functional groups of GO [71].
Whereas, HAp significantly improved the thermal stability of the composite scaffold
as shown in the TGA result in Fig. 6.6b. This was possibly due to the physical cross-
linking within the composite, which increased the functionalization of the BC matrix
[72].
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Figure 6.6: Tensile stress—strain graph (a) and TGA results (b)of pure BC and its
composites [64]
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6.3. Biocompatibility assessment

As biocompatibility of BTR scaffolds is a deciding factor for their potential use,
in vitro and in vivo studies were made and thoroughly discussed in Publication IV
(submitted) of this thesis. In vitro studies were performed using human osteosarcoma
Saos-2 cells, and an in vivo procedure was performed on Balb/c mice. Fig. 6.7 below
shows the results for cell viability of pure BC and composite scaffolds including GO,
HAp, and both. It was found that all scaffolds showed required viability (>70%).
Those that incorporated HAp particles resulted in the highest, showing that cells were
able to spread and proliferate better than the control and the pure BC scaffolds. This
proves the positive influence of HAp on the osteogenic performance of scaffolds,
given its surface properties and calcium/phosphate composition [73].
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Figure 6.7: In vitro cell viability study results using Saos-2 cells

The regenerative capability of the scaffolds has been well identified through the
histological analysis that was carried out. Pure BC scaffolds resulted in the formation
of large granulation tissues as shown in Fig. 6.8a. Whereas, in Fig. 6.8b, the
integration of the implant with the host tissues, subsequent osteoblast growth is
evident. This highlights the osteoconductive properties of HAp [74]. In Fig. 6.8¢ and
d, a higher number of capillaries were seen, ascertaining the role that GO plays in
angiogenesis and general bone healing processes [75].
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Figure 6.8: Representative images of histological results using HE staining. The implants
were situated in the fossa poplitea (a-d) (scale bar: 50 um). Arrows indicate the
following; Black arrows - granulation tissues, red arrows - muscle tissues, green
arrows - very thin fibrous capsule, brown arrows - the implant fibers, blue
arrows - fibrin and collagen fibers in granulation tissue, Yellow arrows — bone
matrix with osteocytes, Teal arrows— capillaries, white arrows- giant cell of

foreign body type
6.4. Structural concepts

Voronoi-based scaffolds are generated through Voronoi tessellation, a
computational geometry method in which a predefined set of seed points divides a
volume into irregular, cell-like partitions. This architecture closely mimics the
morphology of trabecular bone, providing an interconnected porous network that can
significantly support cell attachment, migration, proliferation, and ultimately tissue
regeneration.
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Here, a 12x12x12 mm? scaffold, with average an strut diameter of 0.8 mm and a
pore size of 2 mm, was modelled, as illustrated in Fig. 6.9 below. As can be seen, the
irregular arrangement of the struts highly resembles the natural architecture of the
spongy part of the bone, with varying sizes of pore spaces, which play an essential
role in the differing requirements needed for cell growth and the transportation of
nutrients.

Figure 6.9: Design of Voronoi-based scaffold
Finite element analysis

FEA Finite Element Analysis (FEA) is a computational technique used to predict
the structural response of a material or object by discretizing its geometry into a mesh
of smaller, finite elements. In this study, FEA was employed to simulate the
mechanical behavior of a scaffold under physiological loading conditions,
mimicking its performance at a potential surgical implant site. The analysis focused
on the Voronoi-based scaffold model introduced above. The analyses and output of
this section 1s scheduled to be included in Publication V of this thesis.

To optimize computational efficiency, a representative volume element (RVE)
(2.5 x 2.5 x 1.75 mm?) was extracted from the full scaffold geometry. It was selected
to include at least one interconnected pore and a sufficient number of struts, ensuring
it accurately reflected the scaffold’s local structural features. PLA was assigned as a
scaffold material because it is regularly used for 3D printing of BTR scaffolds. A
surface load of 1.5 MPa was applied to account for a full body weight and increased
loads due to exercises and movement.
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The major results are depicted in Fig. 6.10 below. The maximum total deformation
was 94.2 um at the top of the scaffold with open branches (as a result of the cut).
This can be taken as minimal. This value can be minimized by reducing the size of
the pores and manipulating their configurations [76]. The maximum von-Mises
equivalent stress was found to be 263.5 MPa. This value was recorded at the
connection point of the struts, which is the weakest link [77]. In addition, it is higher
than the compressive strength of PLA (60 MPa) [76]. Hence, it necessitates an
incorporation of reinforcements such as GO that has been extensively discussed in
this study.
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Figure 6.10: FEA results for RVE model describing the total deformation and equivalent
stress

28



7. CONCLUSION AND CONTRIBUTION OF THE
WORK

This thesis explored the advancing field of BTE and focused on the development
of sustainable, better-performing scaffolds for the purpose of BTR. These
biocomposites were synthesized from sustainable sources and through various
characterizations techniques, it is identified that the resulted BC, GO and HAp either
resemble or behave exactly as their commercial counterparts. The methods used to
fabricate the biocomposite scaffolds also resulted in desired attributes. The
biocompatibility study was vital in ensuring the potential application of the materials
for actual medical use. Scaffolds with HAp nanoparticles showed the highest cell
viability, followed by those containing HAp and GO. This outlines the osteogenic
potential of the biomaterials used. In vivo studies of the scaffolds using laboratory
mice also showed promising results. Histology results from in vivo studies also
showed indicated growth of granulation tissues, absorption of scaffolds into host
tissues, and ample neovascularization.

This research would contribute to the growing body of work promoting green
synthesis approaches in biomedical engineering and offers potential alternatives for
the development of efficient scaffold systems for regenerative medicine. Such
approaches are particularly relevant in today’s world, where a growing global
population faces challenges related to chronic illness, trauma, and limited access to
effective treatment. By emphasizing cost-effective, scalable, and high-performance
solutions, this work supports the vision of a more inclusive and accessible future in
healthcare.
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