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ABSTRACT

NANOSILICA BASED 3D PRINTED SCAFFOLD
FACILITATE

OSTEOBLAST MINERAL FORMATION

Tugba Cebe, MS

The University of Texas at Arlington, 2017

Supervising Professor: Pranesh B. Aswath

Bone has the ability to heal fractures so long as the size of the fracture is sufficiently small. If the
defect is large or of critical size, a filling material or graft will be needed to help bone union.
Among all the available methods to address this medical condition, the common drawback of
grafts is that they are limited in supply since a biological site or organism is needed to harvest the
biological graft. As a new approach, researchers have been working with bioceramics and
biopolymers for their use in bone tissue engineering. In this work, chitosan was modified with
methacrylic anhydride. After the methacrylation process, methacrylated chitosan (MAC) was
able to print a scaffold using a 3D printer (robocasting). Then, the MAC was integrated with
laponite (MAC-Lp) and the printed scaffold in order to compare its properties with
methacrylated gelatin (MAG) containing the laponite (MAG-Lp) scaffolds. Mechanical, dynamic

mechanical and rheological properties were measured between MAC, MAC-Lp, MAG, and

Xvii



MAG-Lp. We observed that the addition of laponite increased its viscosity, storage modulus, loss
modulus and mechanical strength. Later, it was studied in vitro studies using MC3T3-El
osteoblast precursor cell lines with MAC, MAC-Lp, MAG, MAG-Lp scaffolds and it was
observed that MAC, MAC-Lp results in viability. Proliferation was greater than the MAG,
MAG-Lp scaffolds. Finally, every scaffold was seeded for matrix deposition at 28 days and
characterized with FTIR. Similarly to MAG and MAG-Lp scaffolds, the MAC and MAC-Lp
scaffolds showed Amide I, III bands and additional phosphate bands. The highest ratio occurred
in the MAC-Lp and MAC scaffolds. The MAC-Lp scaffolds were characterized with SEM to
demonstrate fiber, and the SEM-EDS to show Ca and P atoms. The MAC-Lp scaffolds

demonstrated collagen fiber, Ca and P atoms in the SEM.
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CHAPTER 1
GENERAL INTRODUCTION

1.1 Bone and grafting

Bone is a hard material that constitutes the skeletal structure in humans and vertebrates and
which provides structural integrity. There are 213 bones in the adult human. Each of these bones
undergoes remodeling dynamically, a consequence of mechanical and biochemical processes in
the body. In all vertebrates, there are two kinds of bone, cortical bone which is dense, and
trabecular bone which is very soft. The human skeleton comprises approximately 80% cortical
and 20% trabecular bone [2]. Bone is a complex material and it is a living tissue that has the
ability to repair itself. Bone healing is divided into three stages: an inflammatory phase, a
reparative phase, and a remodeling phase [3]. The presence of a critical size defect limits the
ability of bone to heal and fill the defect, so the use of grafts to assist in the healing process is
required. There are three types of graft used to assist in healing defects that are larger than the
critical size, including autograft, allograft, [4] and xenograft [S]. An autograft is a tissue or organ
which is grafted from one point to another in the same body. While the autograft is the gold
standard in bone grafts as it has the best integration characteristics, it has some drawbacks such
as morbidity of the donor site. An allograft is a tissue or organ from any other individual of a
species as a recipient and grafted. On the other hand, in the case of the allograft, there is the
possibility of infections and rejection of the graft. [4]. A xenograft is a tissue or organ from
donor of a different species and transplanted to a member of another species. Xenografts have
significant limitations as the grafts are not of human origin. All of these grafts have a short shelf
life, which further limits their application [5]. All these drawbacks have triggered numerous

studies to find a new method to heal bone defects.



Over the past 25 years, biomaterials have started to replace graft applications. These biomaterials
are either natural or synthetic. Their usage is not limited to healing bone and these materials can

be used to replace damaged tissue and even organs [6].

1.2 Biomaterials
Biomaterials can be polymers, ceramics, composites or metals and have been used for a long
time. Polymers, particularly hydrophilic polymers, form cross linked networks. A specific

example of these is hydrogels [7].

1.3 Hydrogel

Hydrogels are three-dimensional networks polymers. They are composed of hydrophilic
crosslinked polymers either bonding covalently or held with physical attractions. Hydrogels can
hold huge amounts of water or biological fluids inside their structures and swell without
dissolving. The carboxyl, amino, amide, and hydroxyl group of hydrogels have high
hydrophilicity. Hydrogels in swollen states are soft, rubbery, and to some extent, they resemble
living tissue. They have been used since the 1950s and their use has increased greatly in recent
times [8]. Currently, new methods to design hydrogels have been taken over by traditional
chemical methods, such as freeze drying, fiber bonding and solvent casting resulting in self-
assembling, such as the solid free form technique. Hydrogels are currently being used in tissue
engineering and drug delivery [9]. Hydrogels have many properties similar to biological tissue,
such as hydrogels providing three-dimensional structural support for cells, providing a highly
hydrated, cytocompatible environment and facilitating nutrient and waste transport. These
examples show how hydrogels resemble biological tissue and can be implanted or injected into
the human body. Moreover, their water absorbing capacity simplifies hydrophilic molecules such

as proteins and peptides within the polymeric network [10]. Requirements of biomaterials



include biodegradability, cytocompatibility, biocompatibility, protein stability, and ease of

formulation. These are all characteristics in an ideal hydrogel [11].

The structure of hydrogels can vary based on the types of polymers used in their construction,
such as block copolymers, branched polymers, etc. Changes in polymer design can enable the

customization of hydrogel properties that include mechanical strength [12].

Polymeric hydrogels can be composed of natural or synthetic materials. Polysaccharides such as
hyaluronic acid and chitin/chitosan are natural polymers [13] [14] Moreover, proteins such as
collagen, gelatin, and fibrin are also natural polymers [15] [16] [17] [18]. Natural polymers have
different advantages, including biocompatibility and biodegradability. On the other hand, they
have many drawbacks such as difficulty to scale production, batch-to-batch variation in
properties and ability to manufacture pure products. In addition, they also have lower mechanical
properties compared to many other biomaterials [12]. There are some synthetic polymers such as
polyethylene glycol [19], polyvinyl alcohol (PVA) [20], poly (hydroxymethymetacylate)
p(HEMA) [21] and methacrylic anhydride [22] that can be used as hydrogels. In this thesis, we
examined the modification of methacrylic anhydride with chitosan and gelatin after examining

their physical and biological properties.

1.4 Gelatin

Gelatin is a composite of peptides and proteins that it is produced by the hydrolysis of collagen
extraction. This extraction is from the skin, bones, and connective tissues of animals such as
pigs, chickens and fish [23] [24]. These are acid, alkali, or enzyme treatments to break polymer
fibrils into small peptides. After these processes, filtration, evaporation, grinding, sterilization,

and shifting may occur [23]. Gelatin resembles collagen in terms of molecular structure [24].



Collagen and gelatin have their main structural proteins in the extra cellular matrix of connective
tissues. They are being utilized as potential materials for tissue engineering, especially in the
field of the replacement of damaged tissue. For instance, collagen type I exists in bone tissue.
Gelatin demonstrates several advantages including suitable solubility and less antigenicity when
compared to its precursor [25] [26]. In addition, signaling peptides, such as the Arg-Gly-Asp
(RGD) sequence of gelatin, can promote cell adhesion, migration, differentiation and
proliferation [26].

Gelatin is a network of polymer chains. This network promotes physical, ionic, or covalent
interaction between polymers. Water exists in the interstitial spaces between polymeric chains.
Hence, gelatin has good flexibility similar to human tissue. In addition, it is biocompatible [27]
[28] [29] [30]. Although it has a number of advantages for applications in tissue engineering, a
major shortcoming is its poor mechanical properties. It is very sensitive to temperature and is
stable only within a small temperature range. Gelatin is a homogenous material but its drawback
regarding its mechanical properties can be tailored by reinforcing it with crosslinking
interpenetrating networks such as clay particles, by crystallite formation or by modifying it with
other polymers [23]. Since it excellently mimics the extra cellular matrix, it is preferred for the

regeneration of tissue and for temporary support of cell growth. [24] [27, 28].
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Figure 1.1 Basic chemical structure of gelatin [31]
1.5 Chitosan

Chitosan is obtained by the deacetylation of chitin [32, 33]. It is the second abundant polymer



which is extracted from the exoskeleton of shrimp, lobster, and crabs. In addition to the second
abundant polymer, there are also another advantages such as low cost and easy availability [34].
Moreover, chitosan has different physicochemical characteristics such as molecular weight,
crystallinity, deacetylation and positive charge. It is soluble is in weak acids (pH<6.3) and it can

be easily processed into porous scaffolds [35]. It is a linear polysaccharide and a combination of

a copolymer of N-acetyl glucosamine and N-glucosamine [36]. Chitosan’s metabolization into

non-toxic D-glucosamines comes from lysozymes and becomes biodegradable [37]. Lysozyme is
a non-immunological enzyme and a well-characterized carbohydrate hydrolase [38]. It can also
be turned into gels, fibers, or beads [39], and is being used for tissue engineering applications
[40] [41]. Lysozyme is especially secreted by the osteoclast and is active in breaking down and
rebuilding bone in bone tissue engineering. There are a number of methods to create chitosan
hydrogel, such as pH or temperature changes, and the chemical crosslinking of polymers [32].
Chitosan has played a major role in bone tissue engineering over the years. It is biodegradable,
biocompatible and antibacterial. There are many examples chitosan based scaffolds in the tissue
engineering field for bone regeneration such as sponges [42], hydrogels [43] and composite
hybrids [44]. Chitosan resembles osseous and chondral glycoproteins. The chemical structure of
chitosan demonstrates that it contains many amine groups inside it and these amine groups can
be used as nucleophiles to create modifiable chitosan. It occurs as a protonation between these

amino groups to render chitosan hydrophilic and soluble in water [45].
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Figure 1.2 Basic chemical structure of chitosan [46]

1.6 Bioceramic

A bioceramic repairs and reconstructs the damaged tissue parts of the skeletal system. Since, it is
inert (alumina-zirconia), resorbable (tricalcium phosphate), bioactive (hydroxyapatite, bioactive
glass, and glass-ceramics), or porous for tissue growth (hydroxyapatite — coated metals), it has
been used in the market for a long time.

The most common bioceramics are hydroxyapatite (HA) and bioglasses. Based on its chemical
similarity to bone, HA is the one of them [47]. HA and bioactive glass are both osteoconductive.
They facilitate cellular migration and enhance extracellular matrix (ECM) attachment to their
matrices. Porous scaffolds made from these materials enhance mineralized tissue [48] [49, 50]

[51] [52]. However, they have some drawbacks such as degradation and immunological issues
[50]. Recently, synthetic biomaterials containing Si*" have gained much attention. Previous

studies [51-54] have shown that leached Si*" from these materials is directly linked to the

enhancement of collagen type I expression and mineralized tissue synthesis. It also plays a role

in enhancing the mechanical properties of bone femurs in mice [53], suggesting that sitt may
play an essential role in influencing the physical properties of the matrix. In mice, rat and
chicken animal models, Si-deficiency leads to irregular bone development and weak bone
formation, while the administration of elevated dietary levels of Si enhances bone growth and

restores normal bone function [53] [54] [55]. Bioactive glasses are FDA approved biomaterials



containing sit", They degrade faster than Ca-P based scaffolds and improve tissue attachment by
forming a “bone-like” surface HA layer [56]. These materials, however, degrade partially and
microencapsulate within the bone and possibly in the connective tissue. Newly developed
mesoporous bioactive glasses do not become microencapsulated. However, in addition to
difficulties in the preparation of such scaffolds, they suffer from high degradation rates due to
their high surface area. The fast degradation of mesoporous bioactive glass results in premature
resorption and also fast ion release, which may lead to ectopic mineralization in connective
tissue [57] [58]. Adjusting degradation rate of mesoporous bioactive glass is challenging due to

the lack of control of the porosity in the fabrication process [59] [60].

1.7 Laponite

Laponite is a synthetic layered silicate ceramic. It is used due to the improvement in its
mechanical, dynamic mechanical and biological properties. When laponite disperses in water, it
forms colloidal particles that can be used as a filler or thickening mechanism. It is a 2:1 layered

smectite clay mineral which has one octahedral MgO, sheet sandwiched between two SiO4
tetrahedral sheets. Its formula is Na+0,7[(SigMgs_5Lio,3)Ozo(OH)4]_0'7' Generally, the tetrahedral
sheet is silica (SiO4) where three 02- ions in each tetrahedron are shared with the three nearest

neighboring tetrahedral silica molecules, while the fourth 0% ion is not shared with another
tetrahedron and is free to bond [61]. Laponite (Lp) is a nanopowder which can be used as an
osteogenic inducer in the matrix [62] [63] [64] [65].

By releasing Si(OH)4, it acts as a bioactive glass and enhances osteogenesis.

Lp reacts with water as in liquid media:

Na 'O 7[(Si8Mg5.5Li0.3)020(0H)4] 7 + 12H" + 8H20>



2+

0.7Na’ + 8Si(OH)4 + 5.5Mg” " +0.3Li"

It is known that this reaction increases alkalinity. This increment occurs by consuming H'.

Another important parameter is the leaching of Na®, Mg2+, and Li" jons into the water that

shows that laponite may react with water.

Magnesium ions facilitate cell adhesion through adhesion proteins of the integrin family.

Lithium ions enhance osteogenesis by increasing the RUNX2 expression. Li" enhances Wnt-
associated gene expressions that inhibit beta-glycogen synthase kinase-3, which in turn regulates

RUNX2 activity [65].

Laponite has a special shape with two charges in the body. Since it is nano-disc shaped, it has
thickness and diameter. The thickness is 1 nm and the diameter is approximately 20 nm. This

unique shape is crucial for application. The shape gives the particles a high surface-to-volume

ratio. Due to dissociation of of Na® from the surface, Lp nano-discs gain negative charges. Even
though the surface has positive charge, the edges are negatively charged and due to this partial

charge, an electrostatic interaction occurs between the surface and edges [66].

It is well known that laponite can be used as a thickening agent which leads to a thick thixotropic
gel in addition laponite leading to hydrogel. Therefore, laponite increases the viscosity of

hydrogel. It can be entangled with a biopolymer to create a rigid structure.
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Figure 1.3 (a) Empirical formula of laponite, and (b) Idealized structural formula of Laponite,

and (c) Single Laponite platelet [67]

1.8 Crosslinking Mechanism

Crosslinking is very significant process for polymer interaction. It is a bond that can be linked
from one polymer to another polymer. Bonds can be covalent or ionic. This term, when used in
the biological field, refers to creating networks between polymers for polymer-polymer
interaction. The aim of crosslinking is to protect hydrogels from dissolution in liquid media. The
mechanism can be either physical or chemical [68]. Physical crosslinking relies on nonreversible
bonds in a hydrophobic interaction. However, the most negative side of physical crosslinking is
stability. Its stability is limited such that mechanical strength and stability decrease in time. The
new method is chemical crosslinking. The mechanism of chemical crosslinking is to bond
covalently. Radical polymerization is one of the many methods to accomplish crosslinks
chemically [10] [69] In this thesis, radical polymerization was utilized with an existing
IRGACURE 2959 radical photoinitiator for the UV curing of systems with unsaturated
monomers and prepolymers. The chemical formula of IRGACURE 2959 is (2-Hydroxy-1-[4-(2-
hydroxyethoxy) phenyl]-2-methyl-1-propanone). It is especially utilized in water-polymer
systems based on acrylate or unsaturated polyester resins. The active hydroxyl group can be

reacted with suitable functionalized unsaturated resins [70].
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Figure 1.4 Schematic of the three methods of crosslinking (a) Chemical crosslinking with the
crosslinker incorporated into the bond (b) Chemical crosslinking with the crosslinker not

incorporated into the bond (c) Physical crosslinking [71]

1.9 Photopolymerization

Photopolymerization is a type of radical polymerization. It allows the formation of chemical
crosslinking between (meth)acrylate (M)AA) and polymer chains. It is initiated by a
photoiniator. The photoiniator decomposes and generates radicals responding to UV or visible
light. A number of photoiniators are available in biomedical applications. The most widely used
is IRGACURE 2959. It is efficient and biocompatible at low dosages. This technique is suitable
for in situ gel formation [72]. Due to the photoiniator, photocuring occurs. This curing system is
fast and can be done at room temperature without use of chemicals. Due to this photocuring [21],
this polymerization technique applies for chemical and physical crosslinking to biodegradable
polymers that can be used in tissue engineering. In the photocrosslink system, hydrogel

formation occurs rapidly under visible or UV light by helping the photoiniator [73].
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1.10 Applications of Hydrogel

1.10.1 Tissue Engineering

Tissue engineering started to be active 20 years ago. Since the need for donor organs and tissues
has been increasing year by year, this field has been opened to new solutions. Based on statistics,
approximately 1 million dental bone graftings were performed in the United States in 2006, and

the number has been significantly growing annually at a rate of 15% [75].

The basic principle of tissue engineering is to regenerate and remodel an organ or tissue utilizing

three-dimensional matrices. These three-dimensional matrices are called scaffolds.

Basic principles of Tissue engineering
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Figure 1.6 Schematic of the basic principles of tissue engineering by using hydrogels as

extracellular matrix [70]
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Scaffolds fundamentally act as templates for tissue and they can be seeded with cells with or
without a growth factor. They apply different types of mechanical and chemical stimuli to cells.
These cell cultured scaffolds enhance the synthesize tissue. Then it may be implanted into an
injured site to regenerate tissue induced in vivo. There are a number of techniques to fabricate

scaffolds such as molding, freeze drying, fiber bonding or printing [76] [77] [78].

The use of polymers (synthetic, natural or combinations thereof) to prepare hydrogels offers a
functionalized and different chemistry using a peptide sequence to improve interactions with
cells. Most of hydrogels derivative with adhesive peptides, such as RGD sequence or

glycoprotein to promote cells [79].

1.11 Additive Manufacturing — Robocasting

The architecture of a material is one of the crucial criteria in tissue engineering applications.
There are a number of conventional methods on the market. These include phase separation,
fiber bonding, freeze drying, solvent casting and the melt based method. However, they are time
consuming, labor-intensive and do not provide exact control over the architecture. Unlike the
traditional methods, computer-controlled microfabrication processes have been developed to
fabricate scaffolds with complex shapes and predesigned architectures. In Solid free form (SFF)
fabrication, which is one of the novel scaffold fabrication techniques, each scaffold is formed by
selectively adding the material layer by layer, under the control of a computer. The new methods
have many advantages. Predictable porosity and complex shapes are two of advantages of this
technique. One of these methods is rapid prototyping. This is a technique was a revolution in the

fabrication industry.
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Rapid prototyping has two branches: additive and subtractive. Additive rapid prototyping (ARP)
is more popular than the subtractive rapid prototyping in the market. Due to fact that ARP allows
creation of more complex shapes and hollow structures, it is more desirable [80]. The broad
category of ARP includes stereolithography, fused deposition modeling, direct metal laser
sintering, laminated object manufacturing, electron beam melting, selective laser sintering, laser
engineered net shaping and three-dimensional (3D) printing. 3D does not require heat for its
functionality, which makes it useful for cell or growth factor incorporation [81].

Robocasting, or direct ink writing (DIW), is a sub-branch of three-dimension printing which is
based on a computer aided fabrication method. In this method, the extrusion of the ink is utilized
to move in all three axes to create two-dimension layers By adding layer on layer, a three-
dimensional object is created. The robocaster allows precise control of micropatterning by
determining the dimensions of filaments, the size and shape of pores and the percentage of
porosity of the scaffold [82] [83]. Although extensive research has been conducted on suitable
biomaterials for 3DP, there are few well-stablished biomaterials on the market that can be 3D
printed and implanted into the body [84]. These materials include bioceramics such as bioglass,

TCP and HA, and biopolymers such as PLLA, PGA and PLGA.

13
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Figure 1.7 Schematic diagram of a scaffold prepared using the layer-by-layer 3D robocasting
technique. (a) The 3D robocasting machine. Inside is drawing of the extrusion equipment (b-g)
The schematic diagram of the printing process of the scaffold [85]

1.12 Aim of thesis

The first aim of this thesis is to investigate the potential use of a novel biodegradable hydrogel,
based on methacrylated chitosan to create scaffolds. Later, it is integrated with laponite as a
controlled synthetic extracellular matrix that can facilitate osteoblast mineral formation. In this
work, the three-dimensional scaffolds made from methacrylated chitosan-laponite reveal a visco-
elastic network that can be stabilized by chemical cross-linking via photopolymerization. This
approach is the first of its kind and it stands out to be a promising candidate for bone tissue

engineering as it provides benefits such as cell growth and matrix deposition.

Aim 1: Synthesis of methacrylated gelatin and methacrylated chitosan and their integration with

laponite.

1.1 Synthesizing methacrylated gelatin

1.2 Synthesizing methacrylated chitosan

14



Aim 2: Three-dimensional scaffold printing using photopolymerization.

2.1 Injectability evaluation

2.2 Scaffold composition and ink preparation

2.3 Adjusting material and printing parameters

2.4 Determination of UV intensity

Aim 3: Material characterization and in-vitro studies.

3.1 Confirmation of methacrylation process with FTIR method.

3.2 Measurement of viscosity and rheological properties

3.3 Measurement of the compressive strength

3.4 Surface quality with SEM, and stereo microscope.

3.5 Studying cell attachment, viability, proliferation, and matrix deposition with MTS

Assay and Confocal Microscope

3.6 Confirmation in vitro studies with FTIR, Raman, and SEM-EDS
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1. Abstract

Bone has the ability to heal fractures so long as the size of the fracture is sufficiently small. If the
defect is large or of critical size, a filling material or graft will be needed to help bone union.
Among all the available methods to address this medical condition, the common drawback of
grafts is that they are limited in supply since a biological site or organism is needed to harvest the
biological graft. As a new approach, researchers have been working with bioceramics and
biopolymers for their use in bone tissue engineering. In this work, chitosan was modified with
methacrylic anhydride. After the methacrylation process, methacrylated chitosan (MAC) was
able to print a scaffold using a 3D printer (robocasting). Then, the MAC was integrated with
laponite (MAC-Lp) and the printed scaffold in order to compare its properties with
methacrylated gelatin (MAG) containing the laponite (MAG-Lp) scaffolds. Mechanical, dynamic
mechanical and rheological properties were measured between MAC, MAC-Lp, MAG, and
MAG-Lp. We observed that the addition of laponite increased its viscosity, storage modulus, loss
modulus and mechanical strength. Later, it was studied in vitro studies using MC3T3-El
osteoblast precursor cell lines with MAC, MAC-Lp, MAG, MAG-Lp scaffolds and it was
observed that MAC, MAC-Lp results in viability. Proliferation was greater than the MAG,
MAG-Lp scaffolds. Finally, every scaffold was seeded for matrix deposition at 28 days and
characterized with FTIR. Similarly to MAG and MAG-Lp scaffolds, the MAC and MAC-Lp
scaffolds showed Amide I, III bands and additional phosphate bands. The highest ratio occurred
in the MAC-Lp and MAC scaffolds. The MAC-Lp scaffolds were characterized with SEM to
demonstrate fiber, and the SEM-EDS to show Ca and P atoms. The MAC-Lp scaffolds

demonstrated collagen fiber, Ca and P atoms in the SEM.
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2. Introduction

Bone is calcified tissue and it is a complex material as well as living tissue. It supports structural
mechanisms, and it provides protection, mineral storage and pH regulation. Even if bone is
assumed to be static, it is a living material that needs to renew itself [86].

Bone remodeling needs the coordination of cellular, hormonal and molecular systems [42]. In the
cases of defects, bone can heal itself so long as the size of the defect is sufficiently small. If the
defect is large or critical in size, a filling material or graft will be needed to help bone union.
‘Critical size’ means that the bone is beyond the ability of natural repair, which results in loss of
function. Such defects can result from trauma, surgery or degenerative disorders [87].

In spite of a number of traditional treatments such as artificial implants, joint replacements, their
performance is limited. Therefore, grafts are not necessarily the solution to the problem [51]
[88]. In recent years, three-dimensional (3D) hydrogels have appeared in the market as new
approaches [89]. The function of scaffolds influences seeded cells. Regeneration of bone may
occur by means of functioning extra cellular matrices (ECM), support surface contact,
temporarily mechanical structure or maintaining space [44]. The requirements of scaffolds
include biocompatibility, porosity, good surface chemistry for cell attachment, proliferation and
differentiation [90]. The mechanical properties, swelling, and degradation behavior play
significant roles in adhesion, growth and regeneration [91] [92, 93]. In this study, two natural
biopolymers, namely gelatin and chitosan, were utilized. Chitosan is a derivative from chitin and
conducive to osteoblasts [41]. Gelatin is a derivative from collagen and collagen is a major
component of the ECM of bone [94]. Both enhance viability, proliferation and differentiation of
osteoblast-like cells. Since their mechanical properties need to improve, a methacrylation process

has been achieved with two groups. A clay mineral, laponite, was employed to increase the
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mechanical, dynamic mechanical and rheological properties of chitosan and gelatin to support
osteogenic mineral formation. It was designated to ability of the composite 3D hydrogel
scaffolds to support osteogenic mineral formation, and the effects on their mechanical strength
and swelling.

3. MATERIALS AND METHOD

3.1 Methacrylated Gelatin Synthesis

Dulbecco’s phosphate buffered saline or DPBS (21-031-CV CORNING cellgro) was heated to
60°C. 0.1 g/mL of powdered gelatin from porcine skin with a Bloom Index of 300 (G1890
Sigma) was mixed and allowed to dissolve the gelatin completely [95]. The dissolution time was
20 mins after which the temperature was reduced to 50°C and 0.77 mL of methacryclic
anhydride (MA) (276685 SIGMA ALDRICH) per gram of gelatin was added to the solution at a
stirring rate of 12 mL/h using a syringe pump (COLE PARMER, VERNON HILLS, ILLINOIS).

After adding the MA, the solution was stirred for 3 hours. Figure 3.1 illustrates the

3 AT g

Figure 3.1 Synthesis of methacrylated gelatin. (a) Gelatin macromers containing primary amine

methacrylation reaction.

groups were reacted with methacrylic anhydride (MA). (b) To create a hydrogel network, the

methacrylated gelatin was crosslinked using UV irradiation in the presence of a photoinitiator
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[95].

Later, the solution was transferred to a 12-14 kDa dialysis tube (Spectra/Por® 4, Dialysis
Membranes, MWCO 12000 to 14000, Spectrum® Laboratories INC) and dialyzed against DI
water. The system was continuously stirred for one week at 40°C to filter the methacrylic acid
and any unwanted reagents. The water was changed every day to maintain osmotic pressure in
the system. After dialysis, the solution was transferred to petri dishes and the temperature
lowered to —80°C to freeze for one day. The purified solution was transferred to a freeze-dryer

(LABCONCO FreeZone 2.5) and lyophilized for 1 week to isolate the MAG [95].

After synthesis of each batch, the samples were analyzed by FTIR (Thermo SCIENTIFIC

NICOLET iS10 SMART iTR) to confirm successful methacrylation.

10 gr Gelatin MAG petri

dishe7

100 m|l DPBS

7.73ml

Methacrylate
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- Dialysis — Freeze

Dryer
Magnetic Hot Plate

Figure 3.2 Schematic illustration of methacrylated gelatin synthesis

-

Magnetlc Hot Plate

3.2 Methacrylated Chitosan Synthesis

Methacrylated chitosan was synthesized according to the literature with minor
modifications [96].

First, chitosan was bindered to reduce particle size (KRUPS F203), after which a dried sample

was weighed and dissolved in 25 mL of 2.8% acetic acid; then 25 mL of ethanol was poured into
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the solution. Later, the methacrylic anhydride (chitosan to MA molar ratio 0.5 M) was charged
speeding at 12 mL/h with a syringe pump (COLE PARMER, VERNON HILLS, ILLINOIS). It
was stirred at an ambient temperature for a determined time. All this process was achieved by
using a mechanical stirrer (RW 20, IKA).

Later, the solution was transferred to a 12-14 kDa dialysis tube (Spectra/Por® 4, Dialysis
Membranes, MWCO 12000 to 14000, Spectrum® Laboratories INC) and dialyzed against DI
water. The system was continuously stirred for one week at 40°C to filter the methacrylic acid
and any unwanted reagents. The water was changed twice per day to maintain osmotic pressure
in the system. After dialysis, the solution was transferred to petri dishes and put into freezing at —
80°C for one day. The purified solution was transferred to a freeze-dryer (LABCONCO
FreeZone 2.5) and lyophilized for 1 week to isolate it.

After synthesis of each batch, the samples were analyzed by FTIR (Thermo SCIENTIFIC

NICOLET iS10 SMART iTR) to confirm successful methacrylation.

Metraoryhc Andydde
MrkrdhRT

(2]

Figure 3.3 Chitosan [1] primary amine groups react with methacrylic anhydride to produce
methacrylamide chitosan (MAC) [2]. Free radical polymerization of MAC on the
methacrylamide group [97].
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Figure 3.4 Schematic illustration of methacrylated chitosan synthesis

3.3 Injectability Evaluation

Injectability means that paste can be extruded to from a syringe, ideally in a homogenous manner
under an applied force [98]. Injectability is directly related to the viscosity of the hydrogel. In
addition, a number of factors lead to different conditions such as temperature and time. A
homogenous paste for all four groups was a benefit for the extrusion force. If the paste were to
be more viscous, it would increase the extrusion load and possibly clog the top of the syringe,
thereby preventing printing. If the paste were more liquid, it would have decreased the load and
effects of the shape of the scaffold [99] [100].

The injection was regulated by applying 80°C to the MAG, MAG-Lp, and MAC-Lp inks. Since

the mass fraction was lower in the MAC inks, heating to 80°C decreased the viscosity more, and

it was not able to print. A temperature of 65°C was selected for the MAC scaffold. Finally, the
rheological properties of the inks of all four group were measured with a rheometer (RH 3, TA
instruments University of Texas at Dallas).

3.4 Scaffold Composition and Ink Preparation

Since it has four groups all of was different preparation even though they have common parts.
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3.4.1 Methacrylated Gelatin

To determine prepare ink with freeze dried MAG, MAG-Lp, they were prepared based on the
previous study [95]. The temperatures of the MAG-Lp, MAC, and MAC-Lp were determined
based on the MAG procedure. DPBS was mixed with 0.8% (w/v) 2-hydroxy-1(4-
(hydroxyethoxy) pheny)-2-methyl-1-propanone (Irgacure 2959) at 80°C until completely
dissolved. The solution was stirred for 3 minutes. Afterward, a pre-weighted MAG was added to
the solution and transferred to a Planetary Centrifugal Mixer (THINKY ARE-310) and mixed for
15 minutes at 2000 rpm. Figure 2.3 shows a schematic process of ink preparation at the micro
scale. After mixing, the nanocomposite was transferred to a 3 cc UV protected dispenser tube
(Nordson EFD Optimum® Light Block AmberBarrels), sealed and centrifuged for a half minute
at 2.2 krpm to remove all the air trapped inside the ink. This is a very crucial step; if the syringe
is not properly de-bubbled, the continuous material injection in the robocaster will be
interrupted, the filament will rupture and the entire scaffold will distort.

3.4.2 Methacrylated Gelatin and Laponite

Every process was the same as the preparation of the MAG. The difference between the
preparation of MAG and MAG-Laponite was the addition of laponite and sucrose as well as the
mixing times and speeds. After adding the Irgacure 2959, 4% sucrose and 4% laponite were

added to the DPBS at 80°C.

After mixing, the nanocomposite was transferred to a 3 cc UV protected dispenser tube (Nordson
EFD Optimum® Light Block AmberBarrels), sealed and centrifuged for 1 minute at 4.4 krpm to

remove all the air trapped inside the ink.
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Figure 3.5 Schematic illustration of MAG-Lp ink preparation

3.4.3 Methacrylated Chitosan

The MAC mass fraction was 10% in the hydrogel. 0.8% w/w (MAC) 12959 was added to pre-
heated DPBS (at 65°C) and mixed. The solution was stirred at 65°C for 3 minutes. Afterward, a
pre-weighted MAC (10%) was transferred to a mixer container and 2% acetic acid was added to
increase dissolution. Later, the solution was mixed with MAC and transferred to a Planetary

Centrifugal Mixer (THINKY ARE-310) and mixed for 30 minutes at 2000 rpm.

After mixing, the nanocomposite was transferred to a 3 cc UV protected dispenser tube (Nordson
EFD Optimum® Light Block AmberBarrels), sealed and centrifuged for 1 minute at 4.4 krpm to

remove all the air trapped inside the ink.

3.4.4 Methacrylated Chitosan and Laponite
Every process was the same as the preparation of MAC. The difference between the preparations
of MAC and MAC-Lp was the addition of laponite, sucrose as well as mixing time and speed.

After adding Irgacure 2959, 4% sucrose and 4% laponite were added.

After mixing, the nanocomposite was transferred to a 3 cc UV protected dispenser tube (Nordson
EFD Optimum® Light Block Amber Barrels), sealed and centrifuged for 1 minute at 4.4 krpm to

remove all the air trapped inside the ink.
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Figure 3.6 Schematic illustration of MAC-Lp ink preparation
Composition Temperature Stirring Time | Mixing Time Mixing Speed
MAG 30 °C 3 mins 15 mins 2000 rpm
MAG- Lp 30 °C 3 mins 15 mins 2000 rpm
MAC 65 °C 3 mins 30 mins 2000 rpm
MAC-Lp 80 ¢ 3 mins 30 mins 2000 rpm
Table 3.1 Schematic diagram of temperature, time, and speed for MAG, MAG-Lp, MAC, MAC-
Lp scaffolds
Composition Debubbling Debubbling
time speed

MAG 30 sec 2.2 krpm

MAG-Lp 1 min 4.4 krpm

MAC 1 min 4.4 krpm

MAC-Lp 1 min 4.4 krpm

Table 3.2 Schematic diagram of debubbling time, and speed for for MAG, MAG-Lp, MAC,
MAC-Lp scaffolds

3.5 Rheological and Dynamic Mechanical Properties
Flow behavior of hydrogel is given by the relationship between the shear stress 7 and the shear
rate y. Changing in the shear strain per unit time gives the rate. In the meantime, shear stress is

the slope of the force which is applied per unit area. The ratio of stress to rate defines viscosity 1:

n= % Equation 3
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where T = shear stress and y = shear rate

Similarly, to the elastic modulus, viscosity 7 is a measure of the resistance of the fluid to shear
flow. There exist Newtonian and non-Newtonian fluids. Pseudoplastic fluids are a subset of non-
Newtonian fluids and they show shear thinning behavior. Clay suspensions that contain polymers
can be characterized by this behavior method. This means that when the shear rate is increased,
the viscosity decreases. This can be explained by breaking down of the flocks in the colloidal

systems [101].

Another fundamental property is dynamic mechanical behavior. These analyses provide
information on the gel strength expressed as viscosity or elasticity and the relation of this

strength to the gel composition and its stability [102].

Rheological properties of the MAG, MAG-Lp, MAC, and MAC-Lp tests were measured at the
Bioengineering Department, University of Texas at Dallas. Dynamic shear oscillation
measurements at small strains were used to characterize the viscoelastic properties of cross-
linked methacrylamide modified gelatin and chitosan hydrogels. These rheological
measurements of oscillatory shear deformations were measured with the HR 3 rheometer (TA
Instruments, University of Texas at Dallas) using cone plates 40 mm in diameter and a plate-to-

plate distance of 600 um for MAG and MAG-Lp, and 400 ym for MAC and MAC-Lp to

perform frequency sweep experiments (0.01-1000 rad s-1 with a strain of 5%) to collect storage

(G") and loss (G"") moduli.

3.6 Adjusting Printing Setting

As mentioned previously, printing needs modified ink and printing settings. These settings can
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be compatible for printing conditions. For example, printing speed, extrusion speed, gelatin,
trapped air inside the ink, rod-to-rod distance, z-distance from the substrate from the starting
point and the z-distances for each printed layer. Some of these factors are related to each other.
Therefore, changing one of these factors will definitely affect another factor. For example,
extrusion speed and printing speed have a direct relation to each other; an increase in extrusion
speed requires an increase in printing speed to prevent filament distortion. As mentioned above,
time and temperature are also two factors. The temperature will reduce gelation and viscosity of

the ink.

The filament diameter should be also sufficiently thin to make it possible to produce more pores
in a unit of volume. Too thin a filament will distort the scaffold integrity. A dispenser with a
0.25-millimeter inner diameter was selected for this purpose. Moreover, the z-distance for each
printed layer was determined to be 0.196 mm. The number of layers for all four groups was
determined to be 5. The three-dimensional printing device was fabricated University of

Oklahoma. The software system was RoboCAD.

In this project, robocasting is one of the 3D printing methods being used. In this method, the
force occurs as a plunger movement in the z-direction. This movement defines the extrusion

speed [103].

The printing speed should be adjusted according to the “filament extrusion speed.” A printing
speed that is slower than the filament extrusion speed will result in accumulation and distortion
of extruded filament, and a faster printing speed will result in overstretching and tearing of the

filament. Table A suiTable speed for the four groups was determined to be 6 mm/min.

One of the challenges when using gelatin and chitosan hydrogel scaffolds is make them last after
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fabrication. In particular, gelatin is not a self-supporting material as its micro patterning remains
intact after fabrication [104]. MAG has 79.2%, MAG-Lp has 71.2%, MAC has 89.2 % and
MAC-Lp has 81.2% water percentage in their respective structures. Due to their high percentage
of water, 3D scaffolds do not maintain their original architecture [105]. Their tendency is to

shrink in the air and swell in humid environments [106].

3.7 Minimum UV Intensity for Ink Crosslinking

The crosslinking process starts with UV light and the degree of crosslinking is related to the UV
light intensity [107]. To determine the UV light intensity, scaffolds of dimensions
9 mm x 6 mm x 2 mm were printed. While printing, UV light was applied. This was called in-
situ [108]. To apply the in-situ method, injected material was exposed to a UV spotlight at the tip
of the printer’s nozzle (THORLAB CS2010) and the light was rotated during the printing
process. The complete duration for this process was 80 seconds for all four groups. Two groups,
namely MAG-Lp and MAC-Lp, were designated for the dissolution test and each group was

exposed to 10, 20, 30, and 40 mW/cm? after which we waited 28 days. After printing, the

samples were filled with 2 ml a- MEM (Gibco by Life TechnologiesTM) and incubated at 37°C in
the incubator for 28 days. During incubation, the scaffolds were monitored for any signs of
dissolution. The dissolution rate of ink is directly related to the degree of cross-linkage.

The crosslinking test demonstrates that UV intensity increases, and the scaffold holds its

integrity for a long time.

3.8 Swelling Test
Hydrogels have the tendency to absorb water and proteins. In general, they tend to absorb any

polar solvent or solute [83]. As a result of this absorption, they swell in humid environments and
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release moisture in a dry environment. This phenomenon changes the shape of the scaffold and
causes swelling and shrinkage, respectively. Biological environments are wet environments and
can cause hydrogel scaffolds to swell. Therefore, studying the swelling rate of ink exposed to

wet environments is necessary.

Scaffolds of dimensions of 9 mm x 6 mm x 2 mm were printed and weighed subsequently (Wd).
Later, they were immersed in DPBS (Dulbecco Phosphate Buffer Solution) (pH 7) at 37°C for 1
day. Afterwards, the scaffolds were removed from the medium, their surface dried by a filter
paper, and they were weighed again (Ww). The percentage swelling was calculated using the

following equation:

% Swelling = WWW;;M x 100 Equation 1

3.9 Mechanical Test

Consideration of mechanical properties is essential to the design of nanocomposite materials.
Mechanical strength is crucial to the design of materials surfaces and interfaces since they
support cell growth and interact with cells to respond to inducing and maintaining strength [107].
The compressive strength of the material is related to stress and strain. There is a linear region
where the material follows Hooke’s Law.

o = Ee Equation 2

where E this time refers to Young’s Modulus for compression [109]. Compressive strength is the
capacity of a material or structure to bear loads tending to reduce size. The testing model is the
Instron 5567 and the analyzing software was Blue Hill. Samples were prepared as
7 mm X 14 mm discs and all regulations followed the ASTM C 1424 standard. 1.00 mm/min

speed and a strain rate of 20% until fracture at their compressive strength limit and the maximum
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force was measured as the compressive strength. The test was a displacement measurement. It
was designated to apply equal compression stress regarding the MAG, MAC groups and MAG-
Lp and MAC-Lp groups. Mechanical and chemical properties are two major criteria. The same

mechanical strength gives better chemical properties in comparison.

3.10 Scaffold Surface Analysis

Scanning electron microscopy (SEM) is a microscopy technique that uses a high voltage electron
beam instead of an electromagnetic wave to detect objects. An SEM scans an object with a
focused beam of electrons and produces images. When electrons hit the sample, they either
reflect or scatter. Moreover, they can push out an electron from an atom in the sample. By
collecting these electrons using a different detector, different information about specimens can
be generated, including surface topography and surface chemistry. Energy-dispersive X-ray
spectroscopy (EDS) is another detection technique that is usually available in SEM microscopes.
When electrons from an SEM’s electron gun hit the target atom and if the electron energy is
sufficiently high, it can push out an electron from the inner shells and create an “electron hole.”
The electron hole will be filled by an electron from a higher shell which has higher energy. This
difference in energy will generate a characteristic X-ray that is unique to that element. By
collecting these X-ray beams, the element at the radiated point can be detected. Mapping the

element distribution on the surface is also possible by using a scanning electron beam [110].

The morphology of scaffolds was first observed using the Large Fields Fluorescence Stereo
Zoom Microscope (Axio Zoom.V16, ZEISS, US). Images were captured in 7x, 25x, 63x, 80x,
and 125x views, after which the desired samples were prepared with the sputtering systems:

CrC-100 was available for coating the conductive silver layers on the non-conductive samples

30



for SEM observation, and analysis by the Hitachi S-3000N Variable Pressure SEM at 20 kV and

25 kV voltage environments. Both morphology and spectra were observed using EDS.

3.11 Control Media Preparation and Cell Culture

The control media were (a0 - MEM; 10% fetal bovine serum, FBS and 1% penicillin-
streptomycin, pen-strep). Additional supplementation of ascorbic acid (50 mg/L) (Sigma Inc, St
Louis, Mo) was used in treatments for differentiation studies. Osteoblasts (MC3T3-E1 subclone
4, ATCC, Manassas, VA, passages 28-30) were cultured in 150 cm” flasks. Once confluent, the
cells were enzymatically dissociated with 3 mL of trypsin to detach the cells and with 3 mL of a-
MEM to neutralize the trypsin for the experiments. The cells were pelleted and counted (using a
standard hemocytometer and inverted optical light microscope). The cells were then seeded
(50,000 cells/cm?) into 24-well plates and cultured for 1, 3 and 7 days during osteoblast mineral
formation. The number of samples was three (n=0).

3.11.1 Cell Attachment

A key characteristic of an ideal scaffold is to enhance the attachment and morphology of cells.
For this study, scaffolds with dimensions of 6 mmx9 mmx2 mm were printed. On each scaffold,
approximately 50,000 cells per cm* were seeded with MC3T3 on 3D-printed scaffolds and a
culture for 12 hours in a medium with 0.1% FBS. The cells were fixed in 4% paraformaldehyde
and stained with Alexa Fluor® 488 phalloidin (actin) and DAPI (nuclei). Large Fields
Fluorescence Stereo Zoom Microscope (Axio Zoom.V16, ZEISS, US). Images were captured in

Tx to 125% views.
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3.11.2 Cell Viability

Cell viability media (a0 - MEM; 0.1% fetal bovine serum, FBS; and 1% penicillin-streptomycin,
pen-strep) were used for testing cell viability for 1 day. The measurement of cell density was
performed using the MTS assay (Promega Inc., Madison, Wisconsin). This assay is colorimetric
and the intensity and color were measured using a spectrophotometer (490 nm, SpectraMax Plus,
Molecular Devices, San Jose, Calif.). The Kruskal-Wallis one-way Analysis of Variance on
Ranks with Tukey correction was performed (P<0.05).

3.11.3 Cell Proliferation

Cells were treated for 7 days in each treatment (no AA) for proliferation studies. Well plates
were arranged and their media were changed every 2 days. Measurements of cell density were
performed using the MTS assay (Promega Inc, Madison, Wisconsin). This assay is colorimetric
and the intensity and hue were measured using a spectrophotometer (490 nm, SpectraMax Plus,
Molecular Devices, San Jose, Calif.). All treatments were administered in 4. The complete
experiment was also repeated for statistical robustness. A Kruskal-Wallis one-way Analysis of
Variance on Ranks with Tukey correction was performed (P<0.05).

3.11.4 Extra Cellular Matrix - Collagen Fiber

Collagen type I is the most abundant protein in the extracellular matrix (ECM), and it is the most
abundant protein in the human body, accounting for 90% of bone matrix protein content [36].
Collagens are present in the ECM as fiber-liked proteins and give structural support to bone
cells [43]. Samples were seeded and treated for 28 days with an ascorbic acid medium to induce
cell differentiation. The scaffolds were then collected then treated with the fixation assay. After
culture, samples were removed from culture, washed in DPBS twice, transferred to a fresh well

plate, and fixed using 2.5% formalin (60 min), and dried using sequential alcohol dehydration
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25%>50%>70%>90% and 100% ethanol-water for 5 min per concentration. Samples were dry
overnight then some of them stored in fresh well plates before FTIR, Raman analyzing, the
others sputtered with silver and stored in fresh well plates prior to examination by Hitachi S-
3000N Variable Pressure SEM. All groups were examined with FTIR technique. MAC-Lp
scaffolds were analyzed with Raman, and SEM-EDS technique.

3.12 Fourier Transform Infrared Spectroscopy for Osteoblast Formation

FTIR is a chemical analysis method based on energy absorption of covalent bonds in a sample.
IR radiation excites covalent bonds from a lower vibrational energy to a higher one. This energy
can be in the form of vibrational bending, rotating, wagging, stretching, twisting, etc. Each
covalent bond can absorb electromagnetic waves at a specific frequency. FTIR absorption data
always graphs as a dependent variable for “wavenumber.” Wavenumber is a reciprocal of
wavelength (i.e., wavenumber = 1/wavelength) [111]. After 28 days of osteoblast mineralization
experiments, the molecular structure of the mineralized scaffolds was examined using Fourier-
transform infrared technique (Thermo Nicolet 6700 FTIR Spectrometer). FTIR transmittance

spectra were acquired using an ATR. The spectra were recorded over the range 2000-500 em~ L.

The aperture was 150. The number of scans was 128 and resolution 0.4.

3.13 Raman Analysis of MAC-Lp scaffold for Osteoblast Formation

Raman Spectroscopy is a material characterization method that can characterize functional
groups and chemical structures of a material. One advantage of this technique over FTIR is that
there is no interference between water (OH peak) and other functional groups. This feature
makes Raman very attractive for organic tissue characterization since they usually contain a high
portion of water and molecules with many —OH groups [112]. The DXR Raman Microscope

with laser at UTA’s Characterization Center for Materials and Biology (CCMB) (DXR, Thermo
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Scientific) was used to dehydrate samples of in-vitro cell cultures on the sample surface for 28
days with an ascorbic acid medium to induce cell differentiation to study the impact of the
surface chemistry on mineral deposition with a 532-nm wavelength laser, 10 mW laser powder,

4-second exposure time, a 600- to 2000-cm™' range limit and a 50 pm pinhole slit.

3.14 SEM-EDS of MAC-Lp scaffold for Osteoblast Formation

The Energy-dispersive X-ray spectroscope (EDS) is another detector that is usually available in
SEM microscopes. When electrons from the SEM’s electron gun hit the target atom and if the
electron energy is sufficiently high, it can push out an electron from the inner shells and create an
“electron hole.” The electron hole is replaced by an electron from a higher shell which has higher
energy. This difference in energy will generate a characteristic X-ray that is unique to that
element. By collecting these X-ray beams, the element at the radiated point can be detected.
Mapping element distribution on the surface is also possible by using scanning electron beams
[110]. Mapping of the scaffold was observed with the Hitachi S-3000N Variable Pressure SEM
(CCMB). The scaffold with cells was treated for 28 days to observe osteoblast formation. After
dehydration, the desired samples were prepared with the sputtering systems: CrC-100 was
available for coating conductive silver layers on the non-conductive samples for SEM
observation and analysis by the Hitachi S-3000N Variable Pressure SEM (Characterization
Center Materials and Biology) in 20 kV and 25 kV voltage environments. Both morphology and

spectra using EDS were observed.

34



RESULTS AND DISCUSSION

4.1 Methacrylated Gelatin Synthesis

The FTIR results were confirmed to be a successful methacrylation reaction. There was an amide
peak in MAG when comparing the gelatin shifting toward higher wavenumbers. This was a
characteristic shift of MAG [112]. The amino group of the gelatin was converted to the amide
group. The aim of methacrylation was to incorporate C=C into the structure. The methacrylate
group of MA had C=C. Moreover, the methacrylate group of MA was added to the amino group
of gelatin. Absorption peaks were observed at 1525 and 1061 cm-1. They were assigned to the
N-H stretch of the Amide (II) group and to the C-O stretch, correspondingly. The spectrum of
MAG showed absorption bands similar to those found in the gelatin spectrum (Figure 4.1) at
3295 and 2926 cm-1. These belonged to the N—H stretch of Amide (II) and the C—H stretch,
respectively. The peaks at 1633 and 1228 cm-1 were directed to the C=0 stretching vibrations of

the MAG amide group and the N-H bending of Amide (III) [113].
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Figure 4.1 (a) FTIR results of gelatin and MAG range between 4000 and 500 cm™. (b) FTIR

results with zoom version within range of 2000 to 500 cm™
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4.2 Methacrylated Chitosan Synthesis

The same mechanism was valid for MAC and chitosan. The aim of the methacrylation process
was to incorporate C=C bonds into the amino group of the chitosan. The main bands in this
spectrum were stretching vibrations of the OH group. They overlapped since the OH stretching
vibration covered 3750 to 3000 cm™. The C-H bond in —CH, was 2920 cm™ and in CHa, it was
2871 cm™”. Methylene and the methyl groups were assigned 1374 cm™ and 1418 cm™,
respectively [113]. Vibrations of the C=0 bonds were assigned 1651 cm™ [114]. Asymmetric
vibration of C-O was from 1150 to 1050 cm™. The small peak at 894 cm™ corresponds to the
saccharide structure [115].

Freeze dried MAC was performed to characterize the use of FTIR. Methacrylated chitosan bands
were seen at 1651 cm™. They were assigned C=C bonds. 3272, 2921, and 1651 cm "' belong to

the O-H, C-H, and C=O0 stretched of MAC amide groups, respectively [79].
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Figure 4.2 (a) FTIR results of gelatin and MAG range between 4000 and 500 cm™. (b) FTIR

results with zoom version within a range of 2000 to 500 cm™
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Figure 4.3 Gross shape of MAG and MAC products. Left ones are MAG, and the right ones are
MAC.

4.3 Injectability Evaluation
Injectability was achieved with different mixing times and temperatures. Suitable parameters

were found for three-dimensional printing below.

Composition Temperature Stirring Time | Mixing Time Mixing Speed
MAG 30 °C 3 mins 15 mins 2000 rpm
MAG- Lp 30 °C 3 mins 15 mins 2000 rpm
MAC 65 °C 3 mins 30 mins 2000 rpm
MAC-Lp 80 ¢ 3 mins 30 mins 2000 rpm

Table 4.1 Schematic diagram of temperature, time, and speed for MAG, MAG-Lp, MAC, and
MAC-Lp scaffolds

4.4 Rheological Properties and Dynamic Mechanical Properties

Comparisons of MAC, MAC-Lp, MAG, and MAG-Lp on the rheological properties inks were
evaluated by oscillatory shear experiments at 25°C. Oscillatory stress sweep experiments were
performed to investigate dynamic moduli. Increasing shear stress was applied to the sample, and
the storage G’ and loss G” were measured. As shown in Figure 4.4, the storage modulus G’ and
the loss modulus G” evolution of the inks with Laponite content is a function of tand, which is a

measure of the internal friction of the material.
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The tangent of the phase angle is the ratio of the loss modulus (G") to the storage modulus (G').

Tan delta values of less than unity indicate elastic-dominant (i.e. solid-like) behavior, and values
greater than unity indicate viscous-dominant (i.e., liquid-like) behavior [116]. G' and G”
increased monotonically by increasing the amount of laponite. Figure 4.4 shows a broad linear
region known as the viscoelastic region with the storage modulus (G’) being always larger than
the loss modulus (G"). It shows viscoelastic behavior. The influence of laponite concentration on
the moduli of ink can be easily understood. Storage and loss moduli increase with an increase in
laponite concentration. The reason for this may be viscosity synergism between hydrogel and
laponite being electrostatic interactions between the negatively charged silanol (Si — O — H)
groups on the silicate layers of laponite and the positively charged amide group of hydrogels
[117].

There was an expectation to have highest shear and loss modulus of MAG-Lp to MAC-Lp,

which may be due to the existing laponite and crosslinking mechanism [118].

Storage Modulus and Loss Modulus
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Figure 4.4 Storage Modulus (G') and Loss Modulus (G”) of MAC, MAC-Lp, MAG, MAG-Lp
inks
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The same mechanism was valid for viscosity. After determining the injectability, the viscosity of
the hydrogel was measured. Figure 4.5 shows that every ink illustrates shear thinning behavior
under deformation. Existing silicate based ceramic which is laponite is significantly affected by
the viscosity of hydrogels [119]. The viscosity of the MAG-Lp and MAC-Lp hydrogels
increased monotonically upon increasing the laponite content. The polymerization was expected
to occur on the surface of the laponite disk-like particles. The increase of viscosity was due to the

enhancement of the cross-linking density [120].
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Figure 4.5 Viscosity properties for MAC, MAC-Lp, MAG, MAG-Lp inks

4.5 Adjusting Material and Printing Setting

The optimum setting and material composition was achieved by evaluations based on the Z-
distance from the substrate and from the speed. Previous studies gave ideas about debubbling
and the Z-distance for each layer. The summary of every attempt is listed in Tables 4.2 and 4.3.
For each setting, a set of 10 attempts was performed. For each attempt, the shape of the scaffold
remained the same, i.e., rectangular. If every attempt had failed, the result would be recorded as

an unsuccessful printing. It was attempted to be done when every attempt succeeded.
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Z distance from

substrate from Printing Reason
starting point for achieved
MAG and MAG-Lp
. The material was not extruded. Pressure built up and a
Touching the surface | No . .
burst extrusion occurred in the second layer.
The first layer was completely covered with filament.
0.1 mm No . .
There was no porosity between the filaments.
0.2 mm Yes Results were taken as suitable for the design.
0.22 mm No The filaments were fluctuating.

Table 4.2 Attempts to evaluate the optimum distances between the substrate and dispenser tip for

MAG and MAG-Lp

Z distance from

substrate from Printing Reason
starting point for achieved
MAC and MAC-Lp
: The material was not extruded. Pressure built up and a
Touching the surface | No . .
burst extrusion occurred in the second layer.
First layer was all covered with filament. There was no
0.1 mm No } .
porosity between the filaments.
0.2 mm No Porosity was not qualified.
0.22 mm Yes The filaments were printed as a design.
0.3 mm No The filaments were distorted.

Table 4.3 Attempts to evaluate the optimum distances between the substrate and dispenser tip for

MAC and MAC-Lp

5 mm
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Figure 4.6 Gross shape of the bio-ink scaffold. The resolution of pores in the scatfold 450+50pum

4.6 Minimum UV Intensity for Ink Crosslinking

4.6 Minimum UV Intensity for Ink Crosslinking

Two group of scaffolds crosslinked by 30 and 40 mW/cm?2 remained intact in the environment
after 28 days. 30 mW/cm2 was selected to be applied to all 4 groups. This intensity value was
chosen is previous study regarding UV intensity value for MAG-Lp. It was examined that MAG-
Lp scaffolds below 30 mW/cm2 were dissolved. This value for MAG-Lp was guided to be
determined MAC-Lp intensity value. In this thesis, it was aimed to get equal same mechanical
behavior for groups with/without laponite. It is known that UV intensity is directly related with
mechanical properties [122]. When it was applied to mechanical test to 30 mW/cm2 MAC-Lp
and 40 mW/cm2 MAC-Lp samples, compressive strength of 30 mW/cm2 MAC-Lp was the same
value with compressive strength of 30 mW/cm2 MAG-Lp. Finally, 30 mW/cm2 was determined

as an intensity value to be applied to all four groups.

Intensity 10 mW/cm® | 20 mW/cm? 30 mW/cm* | 40 mW/cm?
MAG -Lp Dissolved Not Dissolved Not dissolved | Not dissolved
MAC-Lp Dissolved Dissolved Not dissolved | Not dissolved

Table 4.4 Schematic diagram of various UV intensities for MAG-Lp and MAC-Lp
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Figure 4.7 Effect of real-time UV illumination intensity on scaffolds immersed with oo - MEM
(Day 1). First group is MAC-Lp, second is MAG-Lp

Figure 4.8 Effect of real-time UV illumination intensity on scaffolds immersed with oo - MEM
(Day 28). First group is MAC-Lp, second is MAG-Lp
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Figure 4.9 Photopolymerization with UV light during printing scaffolds

4.7 Swelling Test

The swelling defines the rate at which fluid infiltrates the scaffold. All scaffold exhibited an
increase in weight when they were immersed in the DPBS solution. Without the laponite, the
group showed the highest swelling rate of 20.20% £ 0.29 for MAG and 30.17% % 1.36 for MAC,

which was significantly higher than all other samples.

Results may be explained with the hydrophilic group in the chitosan and gelatin backbone and
crosslinking mechanism. The backbones are easily hydrated. In addition, MAC has less of a
crosslinking mechanism, but its water diffusion was faster than the MAG scaffolds [121]. It was

also reported that the content of the laponite caused the decrease in the swelling ratio [122].

Dry Weight | Wet .
MAG (gr-‘; £ Weight (gr) | 70 Swelling
Sample 1 | 0.0157 0.0189 20.38
Sample 2 | 0.0162 0.0195 20.37
Sample 3 | 0.0156 0.0187 19.87

Table 4.5 % swelling of MAG with different compositions after immersion in DPBS

MAG - Lp Dry Weight | Wet  Weight % Swelling
(gr) (gr)

Sample 1 0.0159 0.0179 12.57

Sample 2 0.0153 0.0173 13.07

Sample 3 0.0153 0.0173 13.07

Table 4.6 % swelling of MAG-Lp with different compositions after immersion in DPBS

MAC Dry Weight (gr) | Wet Weight | % Swelling
(gr)

Sample 1 0.0125 0.0167 33.6

Sample 2 0.0215 0.0287 33.48

Sample 3 0.0239 0.0315 31.17
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MAC -Lp Dry Weight (gr) | Wet Weight | % Swelling
(gr)

Sample 1 0.0341 0.0381 11.7

Sample 2 0.0397 0.0442 11.33

Sample 3 0.0247 0.0278 12.55

Table 4.8 % swelling of MAC-Lp with different compositions after immersion in DPBS

4.8 Mechanical Properties

The mechanical properties of the matrix environment were shown to affect cell function and
differentiation [123]. To determine the fixation compressive strength among the scaffolds of all
the groups with and without laponite, 30 mW/cm® and 40 mW/cm” UV light was applied to the
MAC-Lp group. It was shown that MAC-Lp, which had 30 mW/cm” UV light applied to it, was

of the same compressive strength as the MAG-Lp group, which had 30 mW/cm® UV light

applied to it.
4
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Figure 4.10 Mechanical properties of MAG-Lp 30 mW/cm*, MAC-Lp 30 mW/cm?, and MAC-
Lp 40 mW/cm’. Specimen name 1 is MAG-Lp 30 mW/cm’, name 2 is MAC-Lp 30 mW/cm?2,

and Specimen name 3 is MAC-Lp 40 mW/cm”.

Later, 30 mW/cm” was determined to be applied to the MAC-Lp and MAC group scaffolds.
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Groups MAG MAG-Lp MAC MAC-Lp
n=1 (Mpa) |6 11.8 8.85 13.79
n=2 (Mpa) | 8.85 16.9 6.88 15.45
n=3 (Mpa) |7.1 13.66 6.92 12.98
average 7.317 14.12 7.55 14.073
std dev 2015 2.580 1.126 1.2591

with averages, and standard deviations

Compressive
strength
20 T *
15 +
)
Qo
S10 +
5 4
0 .

Table 4.9 Compressive strength values (n=3) for MAG, MAG-Lp, MAC, and MAC-Lp scaffolds

MAG MAG-Ip MAC MAC-Ip

Figure 4.11 Graphical demonstration of mechanical properties of all scaffold groups

Compressive

Strength (Mpa) MAG MAG-Lp MAC MAC-Lp
average 7.317 14.12 7.55 14.073
std dev 2.015 2.580 1.126 1.2591

Table 4.10 Averages and standard deviations of the mechanical properties of MAG, MAG-Lp,

MAC and MAC-Lp discs
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This stage was significantly crucial for this thesis. It can easily be said that a compressive
strength of 10% wt MAC was equal to 20% wt MAG when applying the same UV light. Based
on a previous study [118], it was shown that laponite enhanced the mechanical properties. This
mode could be related to the relaxation of the laponite and polymer aggregates with the network.
Again, the overall results suggest that the existence of laponite significantly influences the
stress/relaxation behavior of the nanocomposite networks. Recovery and stress relaxation of a
physical network between laponite and polymer is important in determining the self-healing

properties of these materials [124].

In its natural hydrated state, cortical bone has a compressive strength (o) of 110-150 MPa, while
cancellous bone has a compressive strength 2-6 MPa [125]. Based on these results, it is easily

seen that these four groups can be utilized to replace cancellous bone replacements.

4.9 Scaffold Surface Analysis

The samples were printed with three dimensional printers and then dried for one hour. After
selection, various magnifications were performed by a stereo zoom microscope scaffold. Images
were taken using the Large Fields Fluorescence Stereo Zoom Microscope (Axio Zoom.V16,

ZEISS, US). The images were captured at 7x, 25x, 63x, 80x and 125x magnifications.
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Figure 4.12 Various magnifications with the Stereo Zoom Microscope images of MAC and
MAC-Lp scaffolds.

63X

63X
Figure 4.13 Various magnifications with Stereo Zoom Microscope images of MAG and MAG-

Lp scaffolds.

The samples were printed with three dimensional printers and then dried for one day. After
selection, they were sputtered with silver on the top of the bioactive porous scaffold. An image
was taken by the Hitachi S-3000N Variable SEM. The pore size of scaffold was designated 450
pm. The filament was designated as 250 um. Average filament size was 118.5 £12.19 um. The
pore sizes were 389 + 58 um based on horizontal, 385 + 38 um based on vertical. The reason that

might be shrinkage of scaffold after printing. It was difficult to storage the scaffolds after
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printing. %100 ethanol was used to keep scaffolds.

Average filament size was 267.5 £23 um of MAG-Lp scaffold. The pore sizes were 530 £ 21 um

based on horizontal, 450 + 25 um based on vertical.
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Figure 4.14 Scanning Electron Microscope (SEM) images of MAC-Lp scaffolds, 25 kV voltage,

%30, x45 and x60 magnifications
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Figure 4.15 Porous size of MAC-Lp scaffold. Average filament size was 118.5+12.19 um. The

48



pore sizes were 389 + 58 um based on horizontal, 385+38 pum based on vertical.

Porosity of MAC-Lp (um) Horizontal Vertical
Average 389 385
Standard Deviation 58 38

Table 4.11 Averages and standard deviations of MAC-Lp scaffold based on horizontal and
vertical
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S-4800 25.0kV 9.3mm x50 SE(M) 50/ S- 4800 25 OkV 9.3mm x40 SE(M)

Figure 4.16 Scanning Electron Microscope (SEM) images of MAG-Lp scaffolds, 25 kV voltage,
x40, x50 and x80 magnifications

480 pm
560 ]lmy ,
X = ’ o

$-4800 25.0kV 9.3mm x80 SE(M) t 500um

Figure 4.17 Porous size of MAG-Lp scaffold. Average filament size was 267.5 £ 23 um. The

pore sizes were 530 £ 21 um based on horizontal, 450 £ 25 um based on vertical

Porosity of MAG-Lp (um) Horizontal Vertical
Average 530 450
Standard Deviation 21 25

Table 4.12 Averages and standard deviations of MAG-Lp scaffold based on horizontal and

vertical
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4.9 Control Media and Cell Culture

4.9.1 Cell Attachment

The attachment of the MC3T3-E1 subclone 4 cells to the MAC-Lp and MAG-Lp scaffolds are
shown in Figures 4.15 and 4.16. A Representative Stereo Zoom Microscope view of the cells on
the test and control specimen are shown in Figure 4.15. Cells on the control tissue culture plate

exhibited a rounded unspread morphology. The MC3T3-E1 subclone 4 cells extended and spread

on the chitosan based and gelatin based scaffolds.

Figure 4.18 Cell attachment to tissue culture plate a) 10x magnification Phalloidin 488 (actin), b)

10x magnification DAPI, ¢) 10x magnification combined with Phalloidin 488 (actin) and DAPI
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Figure 4.19 Various magnifications of cell attachment MAC-Lp scaffolds. a) 5x bright field, b)
5% DAPI, c) 5X- Phalloidin 488 (actin), d) 20x Combined with DAPI and Phalloidin 488 (actin),
e) 10x Phalloidin 488 (actin), f) 10x Phalloidin 488 (actin), g) 40x Phalloidin 488 (actin), h) 40%

Phalloidin 488 (actin)

Figure 4.20 Various magnifications of cell attachment MAC-Lp scaffolds. a) 5x bright field, b)
5% DAPI, c) 5x- Phalloidin 488 (actin), d) 20x Combined with DAPI and Phalloidin 488 (actin),
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e) 10x Phalloidin 488 (actin), f) 10x Phalloidin 488 (actin), g) 40x Phalloidin 488 (actin), h) 40%
Phalloidin 488 (actin)

4.9.2 Cell Viability

Measurements for cell viability were used to evaluate the viable cells. Cell viability assays were
also often useful in determining optimal growth conditions of cell populations maintained in a
culture. An MTS reagent was used in the cell viability measurement. The assay is based on the
reduction of an MTS tetrazolium compound by viable cells to generate a colored formazan
product (purple) that is soluble in cell culture media. This conversion is thought to be carried out
by NAD(P)H-dependent dehydrogenase enzymes in metabolically active cells. The formazan
dye produced by viable cells can be quantified by measuring the absorbance by 490 nm,
SpectraMax Plus, Molecular Devices (San Jose, Calif.). All groups were treated with regular
media (a- minimum essential medium, a- MEM; 0.1% fetal bovine serum, FBS; and 1%
penicillin-streptomycin, pen-strep). Based on the measurements, the MAC and MAC-Lp groups
showed more than 2 times improvement of cell viability compared to the other groups (p<0.001)
Basically, osteoingration and bone formation consist of 3 stages: Recruitment and attachment of
osteoblast from bone tissue, proliferation and differentiation of osteoblast, and finally
mineralization of a collagenous matrix [126]. Overall, the viability shows that all scaffolds can
prove a great substrate for cell to attach and stay alive. This experiment can mimic the first stage

of osteoingration.
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Figure 4.21 Cell viability of the MC3T3-E1 subclone 4 cell with tissue culture plate and scaffold

groups which are MAG, MAG-Lp, MAC, MAC-Lp, viability 1 day ***p<0.001 n=6/group

4.9.3 Cell Proliferation

Cell Proliferation Assay measures the cell proliferation rate and the metabolic activity of cells.
The method is similar to cell viability assay on the concept of cell study. The only difference is
that the serum was treated in the medium. The serum can help cells to grow more and in a
differentiated manner. The medium (a-minimum essential medium, a- MEM; 10% fetal bovine
serum, FBS; and 1% penicillin-streptomycin, pen-strep) was used for testing cell viability for 1,
3, and 7 days. Every printed scaffold presented a significant enhancement to cell proliferation
(p<0.05) on proliferation after 1 day. The MAC-group demonstrated a significant increase in cell
numbers compared to the other groups (p<0.01) on proliferation after 1 day. The MAC-Lp
showed an increase in cell growth compared to the cover slip, MAG and MAG-Lp (p<0.05) on
proliferation after 3 days. After 7 days, the MAG-Lp, MAC and MAC-Lp groups showed a

significant enhancement in cell growth relative to the control (cover slip) and MAG groups
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(p<0.05); the MAC-Lp group presented a significant improvement in cell growth compared to

the other groups (p<0.01)

n=6/group
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Figure 4.22 Relative cell growth of the MC3T3-E1 subclone 4 cell with tissue culture plate and

scaffold groups, proliferation 1 day #p<0.05 n=6/group
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Figure 4.23 Relative cell growth of the MC3T3-E1 subclone 4 cell with tissue culture plate and

scaffold groups, proliferation 3 days, **p<0.01 *p<0.05 n=6/group
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Figure 4.24 Relative cell growth of the MC3T3-E1 subclone 4 cell with tissue culture plate and

scaffold groups, proliferation 7 days, **p<0.01 *p<0.05 n=6/group

The obtained results showed that the difference between gelatin and chitosan might be reflected
in their degradation behavior. Previous studies have demonstrated that the material which
included chitosan dissolved faster than the material without chitosan content [127]. Moreover,
the differences between the MAG, MAG-Lp and MAC, MAC-Lp scaffolds lay in their
crosslinking densities. Since MAC and MAC-Lp have less crosslinking density, they might
degrade faster than the MAG, MAG-Lp scaffolds. The difference between MAC and MAC-Lp
might be due to the release kinetic of laponite.

4.9 .4 Collagen Analysis by SEM

The extra cellular matrix (ECM) is composed of an interlocking mesh of fibrous proteins and
glycosaminoglycan. It includes proteoglycans (such as heparan sulfate, Chondroitin sulfate and
keratan sulfate), non-proteoglycan polysaccharide such as hyaluronic acid and the most
important fibers such as collagen fiber or some elastin fiber. SEM images illustrated the

accumulation of the extra cellular matrix in Figure 4.26. After the cells grew, they secreted
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ECM. The ECM was mineralized at least 21 days. When compared to a previous study, it

obtained very similar results.

Figure 4.26 Collagen fiber in MAC-Lp scaffold

4.10 Fourier Transform Infrared Spectroscopy for Osteoblast Formation

The FTIR spectra of chitosan and gelatin based scaffolds can be seen in Figure 4.27. Differences
are observed between those with and without Lp. (C = O) stretching (Amide I band) [128], at
1644 cm—1 for MAC-Lp and 1637 cm—1 for MAC, (N-H) bending in the primary amine and
secondary amide (Amide II band) groups [129], at 1547 cm—1 for MAC-Lp and MAC,(C-O-C)

stretching at 1050 cm—1 for MAC-Lp, 1055 cm—1 for MAC, and (C-N) and (N-H) stretching in
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the tertiary amide (Amide III) groups at 1310 cm—1 for MAC-Lp, and 1239 cm—1 for MAC.

These can be attributed to P-O symmetrical and asymmetrical stretching of phosphates, while the

band at 989 cm—1 for MAC-Lp and 996 for MAC cm—1 arises from the P-O asymmetrical

bending of PO4-3 molecules. [130].
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Figure 4.27 FTIR results for MAC-Lp and MAC scaffolds after 28 days matrix deposition.

a) MAC-Lp scaffolds, and b) MAC scaffolds
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Figure 4.28 FTIR results for MAG-Lp and MAG scaffolds after 28 days matrix deposition.

a) MAG-Lp scaffolds and b) MAG scaffolds

The FTIR spectrum of the nanocomposite exhibited a number of characteristic spectral bands.
Among them were protein spectra such as: N-H bending vibration at 1240 cm™ for the Amide III
for MAG-Lp, and 1247 cm™ for MAG, N-H bending vibration at 1536 cm™ is Amide II for
MAG-Lp, and 1535 cm™ for MAG, C=0 stretching vibration at 1633 cm™ is the Amide I for
MAG-Lp, and 1637 cm™ for MAG [131], (C-O-C) stretching at 1066 cm ' for MAG-Lp. There
was no significant (C-O-C) stretching peak for MAG. These can be attributed to P-O
symmetrical and asymmetrical stretching of phosphates, while the band at 996 cm™' for MAG-Lp
arises from the P-O asymmetrical bending of PO,” molecules. There was no significant P-O
symmetrical and asymmetrical stretching peak for MAG [130].

To examine which group showed the highest osteoblast formation among all four groups,
phosphate and Amide I ratios were taken. Based on the results, the highest ratio belonged to

MAC-Lp, followed by MAC and MAG-Lp. There was no significant phosphate peak for MAG.

Highest peak MAC-Lp MAC MAG-Lp MAG

Phosphate 0.267 0.0192 0.022 No significant peak
Amide I 0.178 0.0288 0.033 0.0098
Phosphate/Amide I | 1.5 0.67 0.67 N/A

Table 4.13 Phosphate and Amide I ratio of FTIR results for MAC-Lp, MAC, MAG-Lp and

MAG
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Figure 4.29 FTIR results for MAC-Lp, MAC, MAG-Lp and MAG scaffolds after 28 days matrix

deposition

4.11 Raman Spectroscopy of MAC-Lp Scaffolds for Osteoblast Formation

Raman Spectroscopy is a material characterization method that can characterize the functional

group and chemical structure of a material. The advantage of this technique over FTIR is that

there is no interference between water (OH peak) and other functional groups. This feature

makes Raman very attractive for organic tissue characterization since it usually contains a high

portion of water and molecules with many —OH groups. In this spectrum, there is a band at
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around 935 cm™! which is related to phosphate. There are also Amide I and Amide III bands that

represent organic components of bone and are located at 1662 em™ and 12456 cm'l,
respectively. The intensity ratio of Amidel or Amide III to the primary phosphate band

represents the organic to mineral ratio (degree of mineralization) in the bone.
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Figure 4.30 Raman result for MAC-Lp scaffolds. It was shown that there was phosphate,
Amide I and Amide III bands.
Chitosan is a copolymer of glucosamine and N-acetyl-glucosamine. The N-acetyl-glucosamine
in chitosan has a structural feature also found in glycosaminoglycans (GAGs). GAGs show many
specific interactions with growth factors, receptors and adhesion proteins. The cationic nature of
chitosan itself means that it can electrostatically interact with anionic proteoglycans, GAGs, and
other negatively charged molecules [35]. In fact, chitosan has been reported to increase the ALP
activity of osteoblasts and induce a significant increase in BMP-2 mRNA [135]. This significant
increase is caused by the acceleration of osteoblastic cell proliferation [136]. Chitosan has also
been reported to support the expression of extracellular matrix proteins in osteoblasts and the

preferential attachment of osteoblasts over other cell types [137].
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4.12 SEM — EDS of MAC-Lp Scaffolds for Osteoblast Formation

Surface morphology, scaffold composition and element distribution were investigated using a
scanning electron microscope (Hitachi S-3000N Variable Pressure SEM) equipped with an
energy dispersive X-ray spectrometry system (EDS). SEM images were taken at an acceleration
voltage of 20.0 kV. EDAX software was used to quantify the spectral mapping data from vision
areas. Regions of interest (ROIs) corresponding to Si, Mg, Na, Ca, and P K edges were defined
for MAC-Lp scaffolds. We can identify that the Ca and P were obvious after the 28-day matrix
deposition experiment.
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Figure 4.31 SEM-EDS of MAC-Lp scaffold before matrix deposition 20kV X250 magnification
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Figure 4.32 SEM-EDS of MAC-Lp scaffold before matrix deposition 30kV X180k magnification
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CHAPTER 3

CONCLUSION
A biodegradable methacrylated chitosan (MAC) hydrogel was successfully synthesized.
Methacrylate groups were incorporated into the amino groups of chitosan and fabricated as MAC
scaffolds in 3D printing via UV photocrosslinking. Under 365-nanometer UV radiation and in
the presence of the photoinitiator (Irgacure 2959), the methacrylate groups of chitosan were able
to react with the hydroxyl group of photoiniators to form a crosslinked hydrogel.
Then it was integrated with 4 wt % laponite and 10 wt % MAC to create methacrylated chitosan-
laponite (MAC-Lp). To make a comparison, synthesized methacrylated gelatin (20 wt % MAG)
was integrated with 4 wt % laponite and to create methacrylated gelatin-laponite (MAG-Lp) and
printed 3D scaffolds with UV photocrosslinking. The MAG-Lp scaffolds presented an average
compressive strength of 7.31 MPa, which is comparable to human cancellous bone, which ranges
from 2 to 6 MPa. This find demonstrates that MAC-Lp can be utilized to replace cancellous
bone.
Rheological and mechanical properties indicated that the existing laponite increased the stiffness
in both types of scaffolds (MAG-Lp and MAC-Lp).
Moreover, MAC-Lp showed no cytotoxicity to MC3T3-E1 subclone precursor osteoblast cells.
In addition, MAC, and MAC-Lp scaffolds demonstrated two times the enhancement to cover
slip, MAG, and MAG-Lp scaffolds. The newly developed MAC-Lp scaffold offers the
advantage in terms of water solubility, as well as in terms of mechanical, rheological, and
morphological properties.
Matrix deposition experiments were also applied to MAC, MAC-Lp and MAG, MAG-LP

scaffolds and analyzed with the FTIR technique. Results showed that all scaffolds were able to
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enhance the Amide I band. Except for the MAG scaffold, the remainder was able to enhance the
Phosphate band. Based on their FTIR results, the Phosphate/Amide I ratios demonstrated that the
highest ratio belonged to MAC-Lp.

Later on, the Raman, SEM and SEM-EDS technique were applied to the MAC-Lp scaffolds to
show the Phosphate, Amide I, Amide III, and carbide bond in Raman, collagen fiber in SEM,
and Ca, and the P atoms in SEM-EDS techniques. This may be due to the chitosan having been
reported to increase the ALP activity of osteoblasts and to induce a significant increase in BMP-
2 mRNA [135]. This increase was caused by the acceleration of osteoblastic cell proliferation
[136]. The chitosan has also been reported to support the expression of extracellular matrix
proteins in osteoblasts and the preferential attachment of osteoblasts over other cell types [137].
It was observed that MC3T3-E1 cell attachment, viability and proliferation on the MAC and
MAC-Lp scaffold could demonstrate the potential of the hydrogel application as a tissue culture
scaffold.

With the development of 3D printing, methacrylated chitosan (MAC) hydrogel integration with
laponite (MAC-Lp) and scaffold printing can be tailored to porosities, mechanical, rheological
properties and stabilities in different applications. All of these engineering approaches show
promise in 3D tissue engineering.

In future work, the MAC-Lp scaffold must be verified in in-vivo bone defects, and a better
understanding of its mechanisms and biological effects must be analyzed by protein levels and
gene expression of osteogenic markers in vitro. The degradation rate of chitosan can be studied
with FITC. The amount of laponite can be changed and integrated with MAC hydrogels. The
mechanical, rheological, and morphological properties and swelling can be studied and observed

in vitro with different amounts of Laponite integrated into MAC hydrogels.
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