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ABSTRACT

Natural biopolymers are highly valued and commonly utilized in tissue engineering to create scaffolds that
support living cells. This is due to their exceptional biocompatibility and the fact that their degradation rate
can be controlled. However, the shape and average pore size are crucial in biological processes that influence
the kinetics of cell proliferation and tissue regeneration processes linked to the production of extracellular
matrix. For the construction of high-accuracy hydrogel scaffolds via 3D printing, the shear thinning
characteristics of the bioinks used frequently result in morphological compromises like smaller pore
diameters. Here, we introduced a new mixture of gelatin and oxidized alginate (Gel/OxAlg) that has been
optimized for use in 3D printing and cryogelation techniques. This composite formulation allows for the
creation of highly porous and biocompatible hydrogel scaffolds with extra-large pore sizes (d > 100 um) using
a combination of 3D printing and cryogelation techniques. These scaffolds have the potential to serve as a
platform for various tissue engineering applications, and their morphological properties and cell viability data
can be tailored accordingly. Overall, our approach offers a simple and cost-effective method for constructing
hydrogel scaffolds with high accuracy.
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Chapter 1- INTRODUCTION

This chapter provides essential background related to biomaterials in the context of 3D printing for bone
tissue engineering. The first part of the chapter covers the basic composition, structure, and mechanical
properties of natural bone. The second part discusses different types of natural and synthetic biomaterials used
to fabricate scaffolds for bone tissue engineering. The various factors related to physical properties and

morphology, as well as the different fabrication techniques, are also discussed in detail.

1.1. Human Bone:

1.1.1. The function of bone in the body:

Bones are an amazing, multi-layered organ system that acts like a shield to protect the internal organs
of the body, including brain, heart and lungs that prevent the organs from collapsing into each other. Bones
are not only involved in movement, but also serve as the main storage for calcium and other minerals and
ions. In addition, the bones are the main source of red blood cells, which are formed in the marrow of the long
bones. The bone should be a natural, durable substance that serves as a protective and structural system, but

some bone diseases and trauma can affect the bone's ability to heal itself [1,2].

1.1.2. Bone development process:

Bone has a strong capacity for regeneration and can heal itself without external assistance. Bone tissue
is constantly modified as a result of the coordinated actions of bone cells, which include bone resorption by
osteoclasts and bone creation by osteoblasts, with osteocytes acting as mechanosensors and orchestrators of

the bone remodeling process (Figure 1.1).
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Osteocyte Osteoblast Osteogenic cell Osteoclast
(maintains (forms bone matrix) (stem cell) (resorbs bone)
bone tissue)

Figure 1.1 Bone cells types (Osteocyte, Osteoblast, Osteogenic cell, and Osteoclast) [3]

1.1.2.1 Osteoblasts:

Osteoblast cells are the first to create bone tissue. They are mononuclear cells that secrete extracellular
matrix proteins to produce new bone matrix, including osteocalcin, sialoprotein, osteonectin, osteopontin,
fibronectin, and vitronectin. Osteoblasts are polarized cells with nuclei at boundaries that deposit at the
junctions next to the formation of bones, such as the periosteum (external surface) and bone marrow (internal
surface). They possess an elaborate organelles apparatus that is typical of cells involved in protein synthesis.
Additionally, tissue mineralization is changed by alkaline phosphatase production. High alkaline phosphatase

levels are expressed during osteoblast differentiation.

1.1.2.2. Osteocytes:

The majority of bone cells, known as osteoclasts, are found in adult bone. They are mature osteoblasts
that are enclosed in demineralized or osteoid bone matrix. They have a single nucleus and a form of
mitochondria h an endoplasmic reticulum and are trapped in tiny holes in the bone matrix. This morphology is
specifically employed to measure and maintain the concentration of bone minerals within the bone matrix
through small channels. Osteogenic cells, which exhibit high levels of mitotic activity and are
undifferentiated, are the only bone cells that divide. Immature osteogenic cells can be found in both the

marrow and the deep layers of the periosteum. As a result of differentiation, they develop into osteoblasts.
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1.1.2.3. Osteoclasts:

Bone resorption is the primary role of osteoclasts. Osteoclasts are enormous multinucleated cells
derived from the differentiation of monocytes and macrophages. They can be found on the surface of the bone
as well as in parts of the bone that are unneeded, diseased, or ancient. Osteoclasts (bone resorption) and
osteoblasts (bone formation) work in harmony to preserve healthy bone (bone deposition). This ongoing

process regulates the growth and remodeling of bones [3].

1.1.3. Bone structure and composition:

Bone is a fundamental skeletal network of all vertebrates. It is made up of hydroxyapatite, type |
collagen, organic matrix, non-collagen bone proteins, and lipids. Concerning several aspects, such as gender,
age, and a person's state of health, the relative amount of organic and inorganic components changes. The
collagenous matrix's incorporation of hydroxyapatite gives it stiffness and shape, both of which are necessary
to safeguard and sustain physiological function. However, bones serve additional crucial roles in addition to
supporting the body [4, 5]. The most significant aspect of bone is that it is a highly vascularized connective
tissue that participates in remodeling and repair during a person's lifetime. When it comes to bone turnover
during childhood, formation outpaces repair at a very high rate. After reaching adulthood, bone net loss begins
when bone synthesis and repair are in equilibrium [6]. The collagen matrix, bone size and shape, density, and
bone turnover rate can all be used to predict the mechanical properties of bones. These factors can be flawed,
leading to osteopetrosis, osteopetrosis imperfect and Paget's disease of the bones, among other disorders [7].
Every biological tissue, including bone, has a complex hierarchical structure that ranges from macro to
nanoscale. Figure 1.2 illustrates this structure. Different building block arrangements exist on each scale in
bone, supporting and influencing both macro and nanoscale. These fragile blocks' linkage with hydroxyapatite
crystals at the nanoscale exhibits a superb fusion of mechanical qualities and various biological activities. The
extracellular matrix of the bone communicates topographical and chemical information to the cells in bone
ultra-porous geometry [8,9]. Bone tissue is separated into two categories on a macro scale: cortical bone and
trabecular bone. Despite having a similar composition, both bones. Due to its extreme density and more solid
porous channels, the cortical bone holds 80% of the body's skeleton's mass, which is higher than that of
trabecular bone [10]. The remaining 20% of the mass is made up of trabecular or sponges bone, which has a
spongy or honeycombed shape in the interior bone part and is extremely porous and strongly linked. Stress

directions significantly affect the orientation and density of the trabecular. Overall, the bone’s mass,
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geometry, and structure, rather than its chemical makeup, determine its strength [11].

Trabeculae
Natural Bone
e~

Cortical (Compact) Bone ]

KAy Collagen Type | Fibrils
y#%— Cancellous (Spongy) Bone =——t——— 8 P s

LA

Hydroxyapatite
Nanocrystals

Tropocollagen
Triple Helix

SE2STS2ST
Se> =

MACRO MICRO NANO

Size Scale ‘

Figure 1.2 Human bone hierarchical structure [8]

Natural bone's mechanical characteristics are highly influenced by an individual's age and body part.
Additionally, the entire bone or the isolation of certain components from the bone's structure is examined for
mechanical properties. Young's modulus and stress yield are primarily employed to gauge the anisotropy of
natural bone. The mechanical properties of bone Tensile strength (104-121 and120-140 MPa, Yield strength
(20-193MPa and 2-80 MPa), and Elastic modulus (4-30 GPa and 0.2-2 GPa) are reported for cortical bone
and Trabecular bone, respectively [12] To examine its mechanical capabilities, the trabecular bone's porous
nature, and trabecular arrangement are used. Because of the high level of complexity and data variance,
mechanical properties in bone microstructure cannot be predicted accurately by mathematical models [12,13].

1.2.  Bone Tissue Engineering (BTE):

One of the central areas of regenerative medicine is the engineering of bone tissue (BTE). Although
human bones are known for their capacity for self-healing, lengthy bone abnormalities cannot be repaired
using regenerative techniques. Bone tissue engineering (BTE) has been proposed to overcome the challenges.
BTE is also utilized in a wide range of novel treatments for contemporary medical issues like osteoarthritis,
dentistry, osteoporosis, and bone cancer. Bone tissue engineering aims to stimulate new tissue repair and

regeneration by utilizing a synergy of cells, scaffolds, and signals. Bone tissue engineering techniques are
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shown in Figure 1.3 [14]. Cells and signals are carried via a scaffold constructed from biomaterials. Even with
the introduction of unique patient-specific therapeutic therapies for damaged tissue, biomaterials utilized for
bone regeneration have shown a great deal of promise in clinical use. Before everything else, the materials
suitable for the production of bone tissue should exhibit the three fundamentals. The first process is called
Osteoinduction which defined is as the capacity to draw in progenitor cells and encourage differentiation into
the osteoblastic lineage. Second, Osteoconduction that to supports of surrounding tissue and encourage the
production of bones. Third, the implanted material must be physically and functionally integrated with the
nearby bone known as Osseointegration [15].

Bone Tissue Engineering

Scaffolds
Cells Biomaterials Signals
Source . . Biophysical and
Autolo gous B]goig)cg(:;?; af;?gitllil:; > Chemical factors
| Allogenic U Bioresorbability i Growth factors
Xenogeneic Non immunogenic Biomolecules peptides
Syngeneic Bioactive Mechanical stimuli
Stem cells Electric stimuli

Figure 1.3 Components used in bone tissue engineering. [14]
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1.2.1 Scaffolds in Bone Tissue Engineering (BTE):

Scaffolds are an essential part of bone tissue engineering, also known as 3D structure, which mimics
bone's natural ECM structure. The 3D scaffolds provide a platform for bone cells to grow, multiply, and
differentiate into tissue. Hydrogels are used to prepare scaffolds for cell culture and tissue engineering due to
their tissue-like water content, injectability, and adjustable properties. In the traditional bone tissue
engineering procedure, bone cells are either seeded or cell-laden with scaffolds to promote bone regeneration.
Most experts believe that improving scaffold properties will be critical to the future of BTE [16,17].

A variety of factors influence the performance of scaffolds. Biomaterials (hydrogels), composite porosity,
permeability, crosslinking and mechanical strength are examples of such properties. These variables cannot be
accurately controlled using standard fabrication techniques. For this reason, several multidisciplinary
investigations have been conducted on this topic, ranging from design and modeling, material processing, and
post-treatment, to in vitro and in vivo biological evaluations[16-19]. These functions and features are explored

in more detail in the following subsections

1.2.2. Biomaterials used for Scaffolds Fabrication:

To create three-dimensional (3D) scaffolds, numerous materials have been used in the tissue
engineering field. The choice of materials depends on their biocompatibility, cell growth support, mechanical
strength,and biodegradability. Collagen, a biological polymer, and natural ceramic elements are all
components of bone tissue. The basic objective of bone tissue engineering is to use scaffolds as implants that
disintegrate over time without having any deleterious consequences on the body. Therefore, the scaffold
material needs to be biocompatible and have a variety of characteristics to enable the growth of cells into the
ECM [19, 20].

In bone tissue engineering, there are two different types of biomaterials. Gelatin, alginate, chitosan,
hyaluronic acid, agarose, and collagen are examples of natural biomaterials. Synthetic materials include
PMEMA, PVA, PNIPAM, PEG, PLA, PGA, and PCL [21-23]. Natural biomaterials have viscoelasticity, low
inflammatory response, and biodegradability. The first essential component is collagen, which is most
frequently utilized in bone tissue creation because it promotes mineralization and enzyme-mediated
biodegradability [20]. When compared to other biopolymers, silk fibroin demonstrated a high mechanical

strength. Due to its flexibility and tensile strength, silk fibroin is used in load-bearing scaffolds in bone tissue
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engineering. By creating hierarchical structures via ice-templating, the porosity of the scaffolds may be
managed. It has greater mechanical qualities, is more biodegradable, and more closely resembles the bone
ECM matrix to support cell proliferation when contrasted to other natural biomaterials [24]. Next, alginate is a
mechanical biomaterial that is very flexible and inherently cytocompatible. Due to controlled situ gelation
during scaffold bioprinting, it is the ideal candidate for bone tissue engineering. Alginate exhibits enhanced
characteristics in 3D bioprinted scaffolds when combined with other appropriate components. For optimum
cell survivability and function, alterations to natural alginate hydrogels are required to produce gels that
resemble the physiological environment of encapsulated cells. Several cell types, including corneal
endothelial cells, hepatocytes, fibroblasts, mesenchymal stem cells, adipose stem cells, and human
osteoprogenitors, have previously been shown to be cytocompatible with oxidized alginate gels in particular.
By replacing the original components with hydroxyapatite (HAp), the scaffold's mechanical qualities were
improved. One naturally occurring substance, chitosan, shares the same structural characteristics as the
glycosaminoglycans, which make up the majority of the ECM. It has been employed in scaffolds for bone
tissue engineering using nanoparticles. A perfect biomaterial for bone tissue engineering, its structural
characteristics enable cell adhesion, differentiation, and ingrowth [25-27].

Gelatin is a suitable biomaterial for the engineering of bone tissue since it has a similar composition to
collagen but has been denatured. Scaffolds made of gelatin resemble the 3D extracellular matrix in living
things. It demonstrated strong biocompatibility and biodegradability. Gelatin has been combined with various
biomaterials, such as nHA or titanium, in 3D bioprinting to create scaffolds. For the creation of scaffolds,
various crosslinking techniques are typically used. The porosity structure and superior biocompatibility of
scaffolds made of gelatin were evident. The resulting porous scaffolds have enabled cell growth and
proliferation, which has led to the development of osteoblasts. Additionally, adding methacrylate groups to
gelatin produces Gelatin methacrylamide (GelMA), which is a perfect physicochemical candidate for
extracellular matrix (ECM). Gelatin methacrylamide (GelMA) is a stable substance at body temperature that
improves cell viability and can create vascular networks that are useful for cartilage regeneration. The other
abundant natural element is HAp, which is likewise similar to bone tissue and the organic component of the
bone's hierarchical structure. It has been employed as a bioceramic filler for teeth or bone, covering for
implants, and bone hard tissue repair [28].

The HAp has been utilized extensively to treat hard tissues; typical applications include bone repair, bone
augmentation, coating of implants, and functioning as filler in bone or teeth. Normal HAp ceramics' low

mechanical strength, on the other hand, typically limits their employment to light load-bearing applications.
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Calcium and phosphate ions make up the majority of HAp, which means that it has strong biocompatibility,
bioactivity, and affinity. Since it has no toxicological effects, it has been tested on animals like goats, dogs,
and baboons. A very ideal choice for bone tissue engineering, HAp biomaterial is bioresorbable, has a pore
structure, is mechanically appropriate, and is bioactive [29]. In contrast, the physical and mechanical
characteristics of synthetic biomaterials can be predicted based on the conditions of synthesis. Impurities are
more easily controlled in synthetic materials than in natural polymers, which is their main advantage. As a

result, it lowers the levels of toxicity risk [30, 31].

1.2.3. Crosslinking in the 3D Printed Scaffolds:

In BTE, crosslinking significantly affects the biomechanical characteristics of scaffolds and the
printability of hydrogels by creating a strong network in the polymeric matrix. For different hydrogels used in
bioprinting, numerous crosslinking techniques have been developed. These techniques include physical,
chemical, and enzymatic crosslinking. Hydrogels that are chemically crosslinked make use of crosslinking
agents, either molecule or ionic, to interact with the polymeric chains in a covalent or coordinative way. This
results in the creation of strong and long-lasting hydrogel-network structures. In contrast, hydrogels physically
crosslinked depend on the activation of chain crosslinking by external stimuli like light or temperature. While
physically crosslinked hydrogels are useful in treating small voids in bone defects due to their mild gel-
forming conditions, chemically crosslinked hydrogels are better suited for treating larger and more difficult
bone defects. Hydrogels that are physically crosslinked come into existence when molecules interact
reversibly, for example through hydrogen bonding, ionic interactions, hydrophobic/hydrophilic interactions,
entanglements of polymer chains, crystallization of stereo complexes, coordination of metal, and the stacking
of -bonds. Physical crosslinking doesn't involve the use of chemical crosslinking agents, which makes
physically crosslinked hydrogels a better option for biomedical applications due to their ability to prevent
potential cytotoxicity. They are also able to self-heal at room temperature, are injectable, and can respond to
environmental stimuli [32-34].

When compared to physically crosslinked hydrogels, chemical crosslinks are inherently robust and long-

lasting couplings created by covalent bonding between polymeric strands. Enzyme function, polymerization

through free-radicals, the Schiff-base chemical reaction, the Michael addition process, the formation of

oximes, and the "click" reaction of Diels-Alder are some instances of this. Chemically crosslinked hydrogels

have outstanding mechanical properties and a controllable degradation profile, making them more stable (in a
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physiological setting). [33-35].

Enzymes are extremely effective and only need a small amount of energy to work; they speed up reactions
without using any of their energy. The number of substrate molecules that an enzyme converts into products
per unit of the enzyme sometimes referred to as a turnover number, determines the effectiveness of the
enzyme (k cat). Because they guarantee the conversion of a certain kind of substrate into products, enzyme-
based reactions are very efficient. To create biomimetic hydrogels for bone tissue engineering, numerous
enzymes have so far been investigated. Combining several crosslinking strategies is another useful tactic that
can be a useful replacement for traditional approaches. Even though up to now, this method has rarely been
explored in BTE programs, a combination of physical and chemical crosslinking may be a viable choice
[36,37].

1.2.4. Morphology of scaffoldsand its effect on tissue development:

The porosity and pore dispersion of the scaffold allow inappropriate infiltration and ingrowth of cells.
These porosity properties provide the cellular network and nutrient-associated pathways for transport,
adhesion, cell signaling, and proliferation in a three-dimensional environment [38, 39]. As a result, the
different pore sizes of scaffolds have had an experimental impact on cell behavior. Fluid flow through a bone
skeleton is important because it has the potential to generate living tissue. Successful BTE depends on the
ability of the scaffold to allow diffusion of nutrients and removal of waste from the regenerative site and to
provide a suitable mechanical environment. Scaffold fabrication requires knowledge of pore size, pore
volume, interconnectivity, shape, and pore dispersion, which can affect both in vivo and mechanical
performance. Pore size and porosity are highly dependent on the crosslinking processes [40-42]. The pore size
must be in a critical size range. Nevertheless, the optimal pore size is still a controversial issue in the field of
bone tissue engineering. Pore sizes can be divided into two categories: Micropores (< 100 pm) and
Macropores ( > 100 um). Pore size range affects scaffold permeability, cell migration, and differentiation.
From the micropores point of view, a small pore size decreased the permeability of the scaffold and cell
migration. On the other hand, macropores improve nutrient flow into the scaffold, remove waste fluid, and
promote cell growth and vascularization through the pores. Different pore sizes resulting from different types
of the crosslinking process, including neovascularization (ca. 5um), fibroblast ingrowth (ca. 5-15um),
hepatocyte ingrowth (ca. 20 um), and adult mammalian skin regeneration needing (ca. 20-125um) sizes, are

documented [43-45]. Numerous applications have been hindered by hydrogels' microspores, poor
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interconnectivity, and toxicity because these factors limit cell viability, cell spreading, and nutrient transfer
[46].

At the macroscopic level, scaffolds must accurately reproduce the mechanical forces to which cells are
subjected during adhesion. Cells may develop into different morphologies if the scaffolds are unable to
maintain their mechanical stiffness. There is a relationship between the porosity, pore size, shape, orientation,
and mechanical properties of the scaffold. However, as porosity increases, mechanical strength decreases, and
cell differentiation may be compromised, especially with larger pore sizes. Therefore, a compromise should
be made between structural properties and biological considerations. Mechanical properties of scaffolds
include modulus of elasticity, compressive strength, and fatigue strength. The optimal scaffolds for bone cell
ingrowth have a tensile strength of 50-151 MPa, a compressive strength of 100-230 MPa, and a modulus of
elasticity of about 7-30 GPa. These results indicate that the porosity of the scaffold should exceed an average
pore size of 150 um [17,18].

In addition, the surface of a scaffold implanted in the body first comes into contact with the surrounding
tissue. It is best to use large surface scaffolds with topographical and chemical properties. In response to the
host response, the surface properties are now modified by using chemical or biological elements [47].
Although many types of properties, such as mechanical, can be improved, biocompatibility is always the
central issue. In this way, cell development, differentiation, and proliferation are promoted. Scaffolds can be
mechanically improved by using natural fibrils. Collagen, fibronectin, and other growth factors (bFGF and
ECF) are examples of adhesive proteins used to promote biocompatibility by adhering electrostatically and
covalently to the surface of biomaterials [48,49].

Multiple techniques have been developed to fabricate 3D fabric scaffolds with macroporous structures, for
instance 3D printing, polymer phase separation, freeze-drying,porogen leaching using salt or polymeric
microspheres, and gas foaming [19, 50]. However, despite the availability of various technologies for
generating macroporosity in 3D scaffolds, there are still significant challenges that must be overcome before
they can be widely used for tissue engineering purposes. Firstly, most of the existing techniques only enable
the fabrication of scaffolds with predetermined, fixed porosity. Nonetheless, different sizes and densities of
macropores are beneficial at different stages of tissue growth. While low porosity is desirable for providing
initial structural stability and supporting grafted cells, higher porosity is necessary over time to enable
efficient ingrowth of blood vessels and nutrient diffusion, as well as to create enough space for cell
proliferation and matrix formation. Biodegradable polymer scaffolds can increase porosity over time, but

there is no direct control over the timing and extent of macropore formation that aligns with the stages of
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tissue formation. Secondly, current methods for producing macroporous scaffolds often involve
manufacturing conditions that are too harsh for cell survival, such as high temperatures, high pressure,
nonphysiological salt concentrations, or the use of organic solvents. Consequently, cells can only be seeded
onto pre-fabricated macroporous scaffolds, leading to low cell seeding efficiency and uneven distribution.

One technique used in tissue engineering is called “cryogelation.” [16-19,51].

1.2.5. Cryogelation:

With the advancement of technologies, crosslinking agents for better structure and porosity are the
main points in scaffold fabrication. Cryogelation, an environmentally benign method that may create
hydrogels with a highly porous structure without using harmful solvents, has recently been made available as
an alternative crosslinking technique [52]. In the process of cryogelation, the solution reaction is started in a
water-cooled chamber below zero degrees Fahrenheit. Because the polymer's polymer, monomers, and
crosslinker are released as the solution begins to freeze, water ice crystals and macrospores are produced
[53,54]. In gelatin, cryopolymerization takes place in ice crystals, resulting in a massive, thick cross-linked
polymer structure. In the gel, thawed ice crystals leave behind a significant and continuously interconnected
macroporous structure [55]. The Cryogels, also known as cryo-hydrogels, are connected in a three-
dimensional (3D) network structure that resembles a sponge. Cryogels have the desired biocompatible and
physically robust structures for cell development, which is another benefit. In recent years, many different
biomedical applications, such as drug administration, tissue engineering, and bioseparation, have been

reported for these advanced hydrogels or cryogels

1.2.6. Stability and integrity of scaffold:

The degradation of scaffolds can be caused by biological, chemical, or physical processes that are
mediated by biomolecules including enzymes. Polymeric materials do not biodegrade on their own; they must
first have hydrolytically or enzymatically sensitive connections broken. Degradation rates are influenced by a
variety of polymer features, including chemical structure, the existence of weak bonds, hydrophilicity or
hydrophobicity, and crystalline/amorphous morphology. The biodegradable scaffold eventually disintegrates,
allowing for the replacement of the structure with newly generated tissue after a certain time. In the course of
the degrading process, the internal structural bonds of the polymeric scaffolds broke broken, causing the
molecular mass to decrease. Non-biodegradable polymer scaffolds, such as poly (methyl methacrylate)
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(PMMA), are available for patients who require long-term or permanent support [56,57]. PMMA is used in

hip and knee replacement surgery as bone cement.

1.2.7. Scaffold fabrication techniques:

Fabricated scaffolds serve primarily as temporary 3D environments for cell proliferation, ingrowth,
and differentiation. Regarding the manufacturing of scaffolds, a variety of technologies are available,
including 3D bioprinting, electrospinning, freeze-drying, phase separation, gas foaming, and salt leaching

procedures [19, 58]. Table 1.1 List the benefits and drawbacks of the various scaffold fabrication

Table 1.1 : Different techniques for fabrication of scaffolds with benefits and limitations [19, 58]

Methods Benefits of the technologies Limitation Bioprinting scaffold
fabrications methods

3D Bioprinting e Lesstime is needed to construct e Costly 3D bioprinting
3D scaffolds e Insufficient bioink resources
e Scaffold materials can be printed

using high-concentration

ingredients.

Electrospinning e Printing of nanometer-sized e Less mechanical strength and
scaffolds and an easy method for the usage of organic materials
producing scaffolds e Which is detrimental to cells

Freeze-Drying e The method didn't make use of e Time-consuming fabrication
solid porogen e Organic material use which

harmful to the cell

e Small porosity
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Phase Separation e This procedure can be used in e Use of organic materials
conjunction with other e Less porosity
techniques because it does not

utilize solid porogen.

Gas Foaming e No organic compounds were e The scaffolds are made using
used in the procedure. high pressure with no pore size
control.
Salt leaching e A simple method that allows for e Less mechanical properties and
regulated composition and the use of hazardous organic
porosity materials for cells

A 3D salt leaching can be easily made using the salt leaching approach. A polymer solution that was
thermally generated and uniformly mixed salt served as the porogen in the process. A salt matrix and polymer
are all that is left after the solution evaporates. After that, a porous matrix was submerged in water to dissolve
the salt crystals. Making a porous scaffold with this technique is inexpensive [59].

The second procedure is the freeze-drying method, which is utilized to incorporate a macroporous sponge
matrix into the scaffolds. It employed ice crystals as a porogen to create porous structures that allowed the
ingrowth of cells inside a three-dimensional environment. Similar to this, the Gas Foaming process is
employed in the creation of macroporous scaffolds utilizing high-pressure carbon dioxide. When the gas is
applied, it saturates the ceramic/polymer combination because it is applied at room temperature. As a result of
thermodynamic instability, which results in the creation of pores in the matrix when the CO> pressure is
reduced, the gas solubility rapidly decreases [60].

Due to its use in reconstructive surgery, electrospinning has attracted attention in recent decades. The
procedure for creating fibrous mats made of biodegradable polymers is straightforward and flexible. The
ECM of living tissue is replicated by the micro-nanoscale electrospinning fiber. While a high voltage is
delivered at the tip during electrospinning, the fiber mat is collected at the collector. In addition to tissue
engineering, there are many other uses as well, including medicine delivery and growth factors. Additionally,
there are some limitations on both natural (collagen, fibrinogen) and synthetic (PLA, PCL, PLGA) materials,

which is another disadvantage of this method. Another option is a thin, micrometer-scale fiber with a few thin
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layers that are inappropriate for extracellular matrixes that are naturally that size [61].

1.2.8. 3D bioprinting in bone tissue engineering:

A wide range of applications in tissue engineering and regenerative medicine tailored to the needs of
individual patients have made additive manufacturing, often known as 3D printing, one of the most
revolutionary technologies in the modern world. The extracellular matrix (ECM), which gives cells a platform
for proliferation and differentiation like human tissue, is specifically imitated in 3D scaffolds that are created
using a 3D printer. Due to the current organ shortage and other treatment approaches' failure rates to save
human lives, 3D scaffolds have been illustrated [62,63]. Figure 1.4 showed this 3D scaffold building
procedure. When compared to alternative ways of fabricating scaffolds, 3D bioprinting offers several benefits,
such as the ability to create complex microstructures with high precision and repeatability, control over the
sizes and shapes of the pores, which results in good mechanical properties, and honeycomb-like structures

with morphological characteristics comparable to those of cancellous bone structures found in nature [64,65].
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Figure 1.4 Scheme of the 3D bioprinting process [65]
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Despite the significance of 3D bioprinting, it is preferable to be aware that this technology is still in its

infancy. Currently, research is being done to create bioink made of appropriate biomaterials for this use. For
bioprinting, the biomaterials need to have the right rheological, mechanical, and degrading characteristics.
Limitations are a process of AM technologies. It is important to understand the differences between inkjet-
based, extrusion-based, and laser-assisted 3D bioprinting techniques to overcome these constraints [66-68].
The first bioprinter was an inkjet printer that had been modified. A thermal actuator or a piezoelectric actuator
has been used by this bioprinter. These actuators use temperature or voltage variations to eject materials and
cell suspension. This method has the drawback of being unable to continue flowing the materials for the
desired shape [69].
An air pump is used to continually push the bioink through the print head tip in the extrusion-based 3D
bioprinting technique, as shown in Figure 1.5 to alleviate this issue. Through the use of these procedures, a
variety of biomaterials and cell types can be produced. The key differences between a bioprinter and an inkjet
printer are that the latter can print several types of biomaterials, while the former is less expensive, less prone
to nozzle clogging, and less likely to cause cell death while printing [70].
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Figure 1.5 Schematic of an extrusion-based bio-printing method [70]
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1.3.  Thesis statement:

We hypothesized that a combination of natural biopolymers and their derivatives at certain ratios,
namely, gelatine and oxidized alginate, can provide valid core precursor material, suitable for 3D printing and
further formation of the scaffolds via cryogelation. Furthermore, we speculated that the mechanical stability,
as well as the degradation rate of the 3D macroporous structure, can be controlled via the concentration of the
polymer content in the ink, while maintaining the same level of low cytotoxicity. The resulting 3D-printed
scaffold provided a suitable environment for the successful seeding of the cells and their enhanced growth

development and evolution into mature tissue.

1.4. Aims and Objectives:

1.4.1. Aim:

In bone tissue engineering, the use of hydrogel scaffolds with large pores has demonstrated
advantages. To bridge the gap between the constraints of pore diameter and the manufacture of hydrogel
scaffolds through extrusion-based 3D printing, we propose a solution in this study. By optimally formulated
Gel/OxAlg-based ink, 3D printing technology, and cryogenic synthesis, we aimed to produce biodegradable

scaffolds with high porosity and exceptionally large pores for implementation in tissue engineering.

1.4.2. Obijectives:

Achievement of the aim has been conducted via the following objectives:

e Creation of an ink made from Gel/OxAlg that is appropriate for use in 3D printing
e Fabrication of macroporous Gel/OxAlg-based scaffolds via cryogelation.

e Characterization of mechanical properties and morphology of 3D printed scaffolds.

e Demonstration of biocompatibility and stability of the scaffolds in vitro.
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CHAPTER 2. METHODS AND
MATERIALS

2.1. Chemicals:

All of the following items were bought from Sigma-Aldrich: porcine skin gelatin (strength-300, Type
A), sodium periodate (with a purity of 99%), ethylene glycol (50% weight in water), glutaraldehyde solution,
sodium alginate (with a purity of 99%), and various cell culture reagents such as Fetal bovine serum (FBS),
Dulbecco's Modified Eagle Medium (DMEM), Trypsin EDTA (0.25%), and an antibiotic antimycotic

solution.

2.2. Synthesis of biopolymer and formulation of ink:

The oxidation process of sodium alginate used in this experiment involved periodate cleavage, which

produces two aldehyde groups. The procedure was modified from previous reports [73], and to achieve a 10%
conversion, 0.0227 mol of sodium alginate was dissolved in 165 ml of ultrapure water, and 0.00227 mol of
sodium periodate was added in darkness. The reaction was quenched with ethylene glycol, and the solution
was precipitated in ethanol with NaCl-containing water three times. The resulting product, named Oxidized
Sodium Alginate (OxAlg), was analyzed using FTIR and stored at 4°C.
To make the bioink, an 8% wi/v aqueous solution of OxAlg was mixed with an equal volume of gelatin
solution, and glutaraldehyde was added to the cool ultrapure water dilution. Ink solutions were prepared by
adding 60%, 50%, 40%, and 30% of the solution, resulting in 3.08%, 2.86%, 2.50%, and 2.67% ink solutions,
respectively. The ink solutions were mixed thoroughly for 2 minutes at room temperature before being loaded
into a printing tube for 3D printing.

2.3.  Shear thinning properties:

To evaluate the shear thinning properties of the hydrogels, a rheometer (Anton Paar, MCR302) with
20 mm diameter parallel plates was utilized. The measurements were conducted at 15°C with shear rates
ranging from 0.1 to 100 s using a rotational test to examine the relationship between viscosity and shear rate

in a flow curve. The temperature dependence of the storage modulus G' and the loss modulus G" was
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1

determined using an oscillatory test, where the hydrogels were exposed to a heating rate of 1.01 °Cemin™, a

constant shear strain (y) of 1%, and a frequency of 1 Hz by calculating the Tan (J) ratio.
2.4. 3D printing of Scaffolds:

Using a BIOX 3D printer manufactured by CELLINK in Sweden, scaffolds were produced while
maintaining temperature control through a temperature-controlled print bed and printhead. The scaffold was
constructed by sequentially depositing fifteen layers onto a glass substrate at 10-15 °C using a 27G gauge
needle and a syringe. The scaffolds were printed at a uniform speed of 5 mm.s-1 and an extrusion pressure of
60-75 kPa to ensure uniform hydrogel fibers, with pressure varying based on ink composition. Cryogelation
occurred by placing the scaffolds at T = — 20 °C for 24 hours after printing. Subsequently, the scaffolds were

rinsed with water and lyophilized for 24 hours before being stored long-term at 4 °C.

2.5. Mechanical and morphological description:

2.5.1. Morphological studies:

To conduct morphological assessments of the 3D printed scaffolds, electron scanning microscopy was
utilized with a JSM-1T200 (LA) model. Prior to imaging, all samples underwent a lyophilization process
lasting 24 hours, and a 7 nm gold coating was applied. Each image was subjected to a 5 kV accelerating

voltage.
2.5.2. Swelling Test:

In order to determine the swelling capacity, the freeze-dried scaffolds were assessed by placing them
in a 10 mM PBS solution and allowing them to sit at room temperature for 60 and 300 minutes. After
removing any excess water, the swollen scaffolds were weighed. The swelling capacity was then computed
using Equation 1 [72]:

W (t)-W(0)

Swelling capacity % (SC) = W)

x100% (1)

Where W(0) is the sample's dry weight and W(t) is the sample's weight at each incubation time point.

28



In order to assess the weight variation over a period of time, freeze-dried specimens were submerged in
deionized water for a duration of 14 days while kept at 37°C. After specified intervals, the specimens were
taken out of the water, dried to remove excess water on the surface, and weighed. The percentage rise in water

absorption was determined utilizing the identical formula (1).

2.5.3. Deterioration Anaylsis:

The initial weight (W(0)) of each scaffold composition (total N = 16) was measured prior to
immersing them in a control medium (CM) for varying time durations up to 21 days. The temperature was
maintained at 37°C in the presence of 5% CO2, and the medium was changed three times a week. Four
scaffolds were selected from each composition (total N = 4), washed, freeze-dried, and weighed again after 1,
7, 14, and 21 days. All scaffold compositions were evaluated separately. The level of degradation was

determined using Equation 2 [73].

Degradation degree % (DD) :% x100% (2)

2.5.4. Accuracy (%):

To evaluate the precision of printing, the consistency between the dimensions of the computer-aided
design (CAD) model and the construct was examined. The printing accuracy was determined using Equation
3, where the area of voids (n=64) on a single construct was utilized to calculate the printing accuracy
percentage (PA). PA was defined as the ratio of the practical and theoretical surface areas (Avoid) of the
voids. The data was collected from four scaffold samples (N=4) of each type, and the statistical analysis was
averaged. The precision was found to be remarkably high across all printed structures that were created using

different ink formulations, demonstrating an accuracy variation of less than 5.5%.

Z[Athlgor_ /(APT?Ct_Ath?or)z]
void void void Xloo (3)

theor
X Avoid

Printing accuracy % (PA) =

Where A5*29" and AL"eo" represent the surface areas of theoretical and realistic single voids on a scaffold,

respectively.
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2.5.5. Stress/strain testing:

The texture analyzer (TA-XT2-Stable Micro Systems, U.K) was used to calculate the elastic modulus
of the printed scaffolds. To determine the degree of degradation after 1, 7, and 21 days in PBS, compression
tests were conducted on the scaffolds. A plunger with a 50mm diameter was employed to compress the
samples up to 86% deformation at a speed of 1 mm.s-1. The stress-strain curve between 10% and 20% strain
was analyzed, and the slope of the linear portion of the curve was calculated using equation (4) to estimate the

elastic modulus (E).

(4)

m
= SE

In the study, the impact of compression on a scaffold was evaluated by taking measurements using three
replicates (N=3) for each trial. The parameters assessed were F (applied force), A (scaffold area), h (height

change during compression), and h (initial height). The findings presented are the averaged results.

2.6 Cell culture:

The NIH/3T3 mouse embryo fibroblast cells, identified as ATCC® CRL-1658™, were grown in a
culture medium (CM) comprising DMEM and fetal bovine serum (15%), along with a 1% supplement of
penicillin/streptomycin. The cells were kept in a room with 5% CO2 and maintained at normal temperature.

After every 3 days, the cells were detached by trypsin EDTA (0.25%) for passaging.

2.6.1. Scaffolds preparation for cell viability:

Following the procedure outlined in [74], fibroblast cells of the NIH/3T3 lineage were seeded onto
sterilized, freeze-dried scaffolds and cultured in a CM at 37°C with 5% CO2. On days 1, 7, 14, and 21, the
viability of the cells in the scaffolds was assessed using live/dead staining. After the culture medium was
aspirated, the scaffolds were stained for 40 minutes in an incubator at 37°C with 5% CO., using a staining
medium containing 2 M calcein-AM, 4 uM ethidium homodimer, and 5 g/mL Hoechst. The scaffolds were
then cleaned (x3) with PBS and transferred into imaging chambers (ibidi, -Slide) filled with CM. Confocal

laser scanning microscope LSM 780 (by ZEISS), equipped with an x20 objective and excitation/emission
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channels of 404/517 nm for calcein (living), 517/617 nm for ethidium homodimer (dead), and 350/461 nm for
Hoechst (nucleus), was used to capture representative images from the scaffold (at a magnification of X20).
ImageJ (Fiji) was utilized for cell counting and analysis, and the number of living and dead cells was
determined using formula (5) to evaluate cell viability.

Cell viability (%) =———=2° ¥ 100%  (5)

#Live+# dead
For better visualization color enhancement was applied (maximum intensity).
2.7. Statistical analysis:

Origin software was used to evaluate the data. The mean values + standard deviation were used to
present quantitative data. ANOVA was employed to compare the data, followed by Tukey’s test for pairwise

comparisons. Any disparities with a p-value less than 0.05 were regarded as statistically significant.
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CHAPTER 3. RESULTS AND
DISCUSSION

3.1. FTIR analysis of oxidized Alginate, formulations of bioink and their

rheological properties analysis:

Sodium Alginate was oxidized using a sodium periodate. For this, Alginate's vicinal diols can be
separated by periodate, producing a dialdehyde derivative in the process. In Figure 3.1, oxidation is clearly
demonstrated by the aldehyde band at 1725 cm™ in the FTIR spectrum.

To create aqueous Gel/OxAlg inks, four ink formulations were developed by combining varying
concentrations (3.08%, 2.86%, 2.67%, and 2.50% w/v) of oxidized sodium alginate (OxAlg) with gelatin
(Gel) at a 1:1 ratio. Previous research [75] had suggested that these concentrations were ideal for achieving
printability and the formation of large pores during cryogenic crosslinking. Gel contributed shear thinning
properties to the ink, while OxAlg provided aldehyde groups for chemical crosslinking. The degree of alginate
oxidation was set at 10% with 4 uM glutaraldehyde doping to ensure high porosity and large pore size post-
cryogelation and to prevent the rapid degradation of the scaffolds. Rheological testing was used to evaluate
the shear-thinning behavior of the four hydrogels, with the 2.50% and 2.67% w/v inks classified as weak gels
based on their damping factor (tan &) values, which were approximately 0.2 across the temperature range
tested. These results are illustrated in Figure 3.2 (A), where the tan o is plotted against temperature to

differentiate between weak and strong gels based on the ratio of loss to storage moduli (G"/G").
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Figure 3.1 Rheological analysis of gel/OxAlg biopolymer compositions with weight percentages of

3.08%, 2.86%, 2.67%, and 2.50%. (A) damping factor (tan o) with temperature, and (B) viscosity
versus shear rate.

In the study, the hydrogel formulations of 2.86% and 3.08% w/v are represented by the black and red curves,

respectively, which exhibit strong gel behavior (tan & < 0.1). The 3.08% w/v ink demonstrates slightly more

stable gel characteristics within the temperature range of 15> T >10 oC and 40> T >35 oC due to the higher

polymer concentration, which predominantly forms hydrogen bonds.

Figure 3.2 (B) displays the non-Newtonian behavior of the inks and their suitability for 3D printing, as
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demonstrated by the decreasing trend in viscosity for all ink concentrations as a function of shear rate. The
ink’s viscosity is found to be directly proportional to the Gel/OxAlg concentration, with the inks ranked based
on their viscosity values, indicating varying levels of printing accuracy (PA): 3.08%, 2.86%, 2.67%, and
2.50%.

3.2. Printing and characterization of Gelatin/Oxidized Alginate cryogel

scaffolds:

Figure 3.3 depicts the process of creating 3D printed hydrogel scaffolds with large pores. To
produce four different types of hydrogel scaffolds, a petri dish was used to print 15 layers of square-
shaped structures (measuring 12x12x2.85 mm) using inks composed of 1:1 Gel/OxAlg and varying
concentrations of 2.50%, 2.67%, 2.86%, and 3.08% w/v.

/2

-20 °C Room temperature

‘\OxAlginate f Gelatin ~  Water crystals

Figure 3.3 Cryogelation was used to create macroporous hydrogel scaffolds for 3D printing using Gel/OxAlg. A 3D
structure is printed by ink extrusion, followed by 24 hours of cryopolymerization at -20 °C and the creation of a

macroporous cryogels scaffold after thawing at 37 °C temperature.

The study produced macroporous hydrogel scaffolds by freezing the structures at -20 °C for a day and thawing
them at room temperature to create chemically crosslinked structures. Adjustments were made to the printing
speed to create 0.45 mm-thick traces during extrusion, as macropores above 100 um were formed during the

cryo treatment. The mass of the resulting scaffolds of different compositions was found to be less than 5%,
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and optical views of the 3D scaffolds made using the four specified (1:1) Gel/OxAlg inks are displayed in
Figure 3.4 (A).

To create high-precision scaffolds, the ink's ability to extrude uniform fibers and maintain their structure after
deposition is essential. The printing accuracy (PA) was measured to compare the actual scaffold dimensions
with the CAD pattern, and the 2.86% w/v composition was found to be the best for 3D printing. Ink with a
higher concentration (3.08% w/v) had greater viscosity and stickiness, hindering ink flow and deposition
accuracy and reducing the PA to 33+5.5%.

The scaffolds were created using Gel/OxAlg inks with varying concentrations, frozen at -20 °C for 24 hours,
and then thawed at room temperature to create chemically crosslinked macroporous hydrogel scaffolds. The
macropores were formed during cryo treatment, and printing speed was adjusted accordingly. The mass
diversity of the resulting scaffolds of different compositions was less than 5%. The best composition for 3D
printing was 2.86% w/v Gel/OxAlg ink, while less concentrated inks, 2.50% and 2.67% wl/v, affected the
scaffold shape, even at the lowest printing bed temperature of 4 °C. All the scaffolds had mechanical integrity
and comparable pore sizes, but only the scaffolds with 2.86% and 3.08% w/v were able to maintain their
preset thickness of 2.85 mm.

Swelling and degradation kinetics of the scaffolds were studied by soaking them in PBS for 1 and 5 hours.
The higher concentration scaffolds had an enhanced capacity for swelling, ranging from 1500-2000% of their
dry mass after 5 hours, while the lower concentration samples had a significantly lower swelling capacity of
only about 400 percentage. The water retention of the scaffolds was consistent over two weeks, with only a
slight downward trend for the lower concentration scaffolds. The scaffolds need to be mechanically stable for
the first two to three weeks to promote early cell proliferation, and tissue regeneration can take up to eight
weeks to complete successfully.

The difference in water uptake between the scaffolds with higher and lower biopolymer concentrations can be
attributed to differences in their structural integrity and total accessible pore capacity for water. The lower
swelling capacity of the 2.50% and 2.67% w/v scaffolds can be attributed to their disturbed morphology and
decreased total pore volume. The degradation test data revealed that the scaffolds with higher biopolymer
concentrations, 2.86% and 3.08% w/v, degraded less than the 2.50% and 2.67% w/v scaffolds after three
weeks of incubation in PBS at 37 oC, which can be attributed to differences in their structural integrity,
chemical bonding, and degree of crosslinking.

35



(1:1) w/v Gel/OxAlg

D —a— (W/V) 3.08%

2500 —o— (W/V) 2.86% E 1001
= ~—(WN)267% R oo
"; 2000 £ 2000 —— (W/V) 2.50% -
e »n
2 80
& 1500 S 1500 £
3 £ 2 70
& 1000 £ 1000 € ool (W) 3.08%
2 500 o g —o— (W/V) 2.86%
1 5 000 € 50 —a (W) 2.67%
07"3.08% 2.86% 2.67% 2.50% o g —— ap] T S 2R , .
08% 2.86% 2.67% 2.50%
Gel/OxAlg (1:1) wiv fraction 9F 204 6 8 1012014 60 3 6 9 12 15 18 21
Time (days) Time (days)
Printing accuracy (%) —m— (w/v) 3.08%

—o— (W/v) 2.86%
—h— (W/V) 2.67%
-v— (W/v) 2.50%

Gel/OxAlg 1:1 w/v (%) oAverage pore diameter (um)

Swelling Capacity (%) 3 weeks stability (%)

Figure 3.4 The properties of Gel/OxAlg ink-printed scaffolds with concentrations of 3.08%, 2.86%, 2.67%, and 2.50%
(1:1) w/v were analyzed. Optical pictures and SEM cross-sectional view micrographs were taken to show the scaffolds
just after printing. The SC of the scaffolds was calculated after one and five hours, as well as their temporal water
absorption and degradation rate in PBS at 37 °C (*#$ show significant changes related to the 5 hours measurement
with p<0.05). A visual representation in the form of a web chart summarizes the correlation among the ink
concentration, PA, and the mechanical and morphological characteristics of the 3D-printed scaffolds, as stated in (F).
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The total number of replicates for all experiments is N = 4. All investigations utilized a pH value of 7.4.

The findings suggest that although the 2.67% and 2.50% w/v scaffolds experienced a significant reduction in
mass of almost 30% during the two-week degradation test, their ability to absorb water only decreased
slightly. This implies that the decline in polymeric content could be due to the degradation of non-porous
polymer content and hydrolytic wall weakening, without affecting capillarity.

Figure 3.4(F) demonstrates the features of Gel/OxAlg ink at different concentrations, along with the resulting
3D printed scaffolds' morphological characteristics, temporal stability, and PA. While the printing accuracy is
superior for the latter, the mechanical and structural properties of scaffolds created with 2.86% and 3.08%
weight percentages are similar. Therefore, we suggest using the 2.86% ink to produce Gel/OxAlg scaffolds

with 3D printing technology, and we focus on characterizing it.

3.3. Scanning electron microscope and mechanical results of the selected
2.86% w/v Gelatin/Oxidized Alginate scaffold:

SEM analysis was employed to investigate the configuration and form of the selected scaffold, with a
focus on 2.86% wi/v. The results of the analysis are displayed in Figures 3.5 (B-D), which showcase the top
and cross-sectional view of the scaffold, as well as a magnified view of a representative area. Figure 3.5 (A)
illustrates the 15-layer scaffold that was rapidly 3D printed. The SEM micrographs showed the scaffold's
mechanical integrity, with a uniformly dispersed and connected microporous network. Additionally, the
analysis of the pore size distribution in Figure 3.5 (E) showed that most of the pores' diameter ranged between
160 and 200 pm.

After subjecting the scaffold to deterioration testing for 1, 7, 14, and 21 days, a stress-strain test was
performed to demonstrate that the scaffold's physical integrity was maintained for a long time, without
compromising its mechanical stability, as illustrated in Figure 3.5 (F). The cryogel exhibited great elasticity,
enduring compression, stress, and mass loss even after three weeks in an aqueous solution. Minor variation
was observed in the scaffold's elasticity, with the elastic modulus decreasing from 0.12 to 0.09 kPa on 7 days,
then restoring to its initial values on day 14 and increasing to E = 0.15 kPa on day 21, after an initial 5% mass
degradation caused by uncrosslinked polymer loss on the day 1. The variations in elasticity were attributed to
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the weakening of the hydrogel's polymer walls due to degradation, which changed the scaffold's softness,

rather than to porosity loss.

Glutaraldehyde doping was used as a second crosslinker to control the printed scaffolds’ long-term stability,
allowing for stable swelling capacity over time. The absence of glutaraldehyde caused a substantially faster
rate of breakdown dynamics than the optimal composition, with total degradation occurring at 10 days. The
experimental research showed that a 4 uM concentration of the cross-linking agent had a significant impact on
long-term stability without affecting the scaffolds’ morphology or the inks' shear thinning properties. Despite

visually identical scaffolds after cryogelation, the use of glutaraldehyde ensured greater long-term stability.
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Figure 3.5 Representation of the 2.86% w/v (1:1) Gel/OxAlg 3D printed scaffold's structural and
mechanical properties. The SEM micrographs were taken after cryogelation and included images
of the full-size optical print (A), a top view (B), a cross-sectional view (C), and a magnified view
of a representative area (D). The histogram data was based on four cubic samples measuring 2 x
2 x 1 mm in (E) depicts the dispersion of averaged pore diameter. The SEM image was studied
using ImageJ's (binary grayscale surface analysis). The elastic moduli were graphed against the
scaffold's mass loss after it had been incubated in PBS for durations of 1, 7, 14, and 21 days (F)
and stress-strain behavior (Inset: magnified curves at lower strain values) in (G). Significant
differences between the sample and other samples are indicated by a (*) when p<0.05.
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The stability of scaffolds could potentially be improved through multi-step synthesis involving freezing and
thawing cycles to form more covalent bonds. However, it's important to consider potential drawbacks like a

longer synthesis process and the possibility of decreasing the average pore size.

3.4. Cell seeding efficiency on Gelatin/Oxidized Alginate scaffold (2.86%
w/v):

The successful colonization and seeding of scaffolds by cells are crucial for the formation of the
extracellular matrix and integration of the scaffold into the tissue [79,80]. The physical properties of the
scaffold can impact cell behavior, and previous studies have indicated that porosity design can enhance long-
term cell viability and the establishment of a 3D cellular network within printed scaffolds [81,82].

An investigation was conducted to explore the influence of scaffolds on NIH/3T3 fibroblast cells. The
research analyzed changes in cell shape and distribution on porous scaffolds made of Gel/OxAlg 2.86% wi/v
that were 3D printed over time. Figure 3.6 (A) displays live and dead cell images on days 1, 7, 14, and 21,
with green fluorescence indicating that live cells were the predominant population during all periods. After
one day, the percentage of viable cells was at least 93%, with a maximum percentage of 96.1 + 4.4%. Figure
3.6 (B) shows that the percentage of viable cells did not differ significantly at various time points. The
outcomes suggest that the scaffold maintained normal cell metabolic activity for up to three weeks, and cell
seeding was successful. Earlier studies have demonstrated that larger pores in gelatin cryogels resulted in
lower cell densities due to cell escape through the pores, resulting in decreased seeding efficiency [83,84].

Cell morphology affects the integration of biomaterials, and having a healthy cell morphology often indicates
good cell adhesion, resulting in proper cell function and biocompatibility [85]. Figure 3.6 (A) displays a
combination of images taken on days 1, 7, 14, and 21, demonstrating various cell morphologies in the printed
scaffolds over time. The images show an overlay of live/dead staining with nucleus staining, providing
information about the morphology of the cells within the printed scaffolds. The magnified regions in the right
column show individual cells in detail. The cells in the scaffolds were predominantly spherical, with little
cytoplasm visible in the images, and few elongated cells after the first day. The cell morphology became
elongated on days 7 and 14, but by day 21, most of the cells were dispersed and formed a network of
interconnected cells. After three weeks of observation, it was determined that the 2.86% w/v scaffolds were

safe and suitable for various biomedical and tissue engineering applications.
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Figure 3.6 Using NIH/3T3 fibroblast cells, 3D printed 2.86% Gel/OxAlg cryogels were characterized in vitro. (A)
Illustrations of the cryogels following cell seeding at days 1, 7, 14, and 21 using live/dead staining. The color green
denotes fluorescence in living cells, while red represents fluorescence in dead cells. Cell nuclei are seen as blue
(Hoechst 33342). The combined column of images displays live/dead staining with Hoechst overlaid. Individual stained
cells are seen in zoomed images from the specified locations. With the program Zen light, color enhancement was made
for improved visibility (maximum intensity). 100 m is shown by the scale bar. (B) Quantitative study of the cell viability
ondays 1,7, 14, and 21.
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CHAPTER 4. CONCLUSION

The Gel/OxAlg mixes with a low concentration of 1:1 can be utilized as inks to generate
hydrogel scaffolds for 3D printing. By merging single-step cryogenic synthesis and 3D printing
technology, it is feasible to create low-cost scaffolds with high accuracy and pore morphology of
super-hundred-microns. Nonetheless, as cryo synthesis necessitates exposure to extremely cold
temperatures, producing cell-filled scaffolds in a single step, as recommended by bioprinting, is
not achievable. Nevertheless, the scaffolds that are generated display a distinctive shape and
biocompatibility, making them promising for various tissue regeneration purposes.

Scaffolds with a PA higher than 75% can be effectively produced through 3D printing using a
blend of Gel/OxAlg at a concentration of 2.86% wi/v (1:1). These scaffolds have exceptional
swelling ability and can expand up to 1800% of their initial dry weight, which supports cell
migration. Additionally, they provide sufficient mechanical support for temporary usage and
tissue volume preservation. The scaffolds maintained over 85% of their initial mass and had
good elasticity, with a value of about 0.15 kPa, after being exposed to aqueous conditions for
three weeks. The 2.86% wi/v (1:1) Gel/OxAlg scaffold has highly attractive structural features,
long-lasting mechanical stability and integrity, good biocompatibility, and a unique extra-large
porous morphology, making it ideal for use in tissue engineering applications.
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