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ABSTRACT

In this study, mimicked hydrogels are designed and fabricated for bone
tissue engineering in orthopedic applications. Hydrogels in this research are used for 1)
the model for diseases evaluation 2) biomaterial for surgery in bone tissue regeneration
and 3) biomaterial for morphological formation of tissue. The first study is to fabricate
hydrogels as model for evaluation of heterotopic ossification. Gelatin/chitosan/CCP
was selected for hydrogel fabrication with the mimicking. The results showed that the
mimicked gelatin/chitosan/CCP hydrogels had the suitable structure, physical and
biological functionality for a model to evaluate heterotopic ossification. The second
part is to fabricate and apply hydrogels for surgery to regenerate tissue at subchondral
bone interface. Gelatin/PV A was fabricated into hydrogel based on the mimicking. The
mimicked gelatin/PVA hydrogel demonstrated the good biological performance; cell
adhesion and proliferation, the biomarkers referred to bone regeneration. This showed
that the mimicked gelatin/PVA hydrogel for surgery to regenerate tissue at the
subchondral bone interface. The third part is to synthesize the grafted hyaluronic acid
(HA)-poly (N-isopropylacrylamide) (PNIPAM-COOH) thermo-responsive polymer
via polymerization. This copolymer was created based on mimicked extracellular
matrix (ECM) component of HA which had the thermo-responsive function of
PNIPAM. The two dimensional (2D) hydrogel of HA-PNIPAM was used as substrate
of the basement membrane ECM for morphological formation of cell sheet. The results
demonstrate that cells well adhered, proliferated, and regulated into sheet on the
substrate. This cell sheet is promising to tissue regeneration at the subchondrol bone.
Furthermore, the cell sheet on substrate was detached and self-organized into the rolled
form. This is the trigger idea as the model to engineer the complicate morphology of
tissue for the future works. This research demonstrated that the mimicked hydrogel had

the potential for orthopedic applications.
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CHAPTER 1
INTRODUCTION

1.1 Background and rationale

Many patients suffer from orthopedic disorders, especially in an aging
populations. Many diseases such as fracture, osteoarthritis, osteoporosis, and
osteogenesis imperfecta make bone dysfunction. These diseases cause the traumatic
injury and induce bone defects or voids. Therefore, there are many researches focusing
on effective models based on biomaterials to evaluate disease lead to create the new
treatments (1). Some research designed the new surgical approach by implantation of
performance biomaterials to regenerate the tissue at those defects (2). Furthermore,
some researches are focused on to create morphology of tissue with the functional
biomaterials (3). Therefore, in this research, the functional biomaterials were created
for orthopedic applications.

Tissue engineering is the attractive approach which has been used for orthopedic
applications (4). Mainly, there are three parts; 1) cells, 2) growth factors, and 3)
scaffolds in tissue engineering. Especially, scaffolds are the functional biomaterials
which show the function to support and enhance tissue engineering. To create the
scaffolds is challenge for materials scientist and physician. Hence, to create scaffolds
for orthopedic application was focused in this research.

Interestingly, the mimicking has been often used to create the scaffolds as
effective models for disease evaluation and implantation (5). The mimicked function
and structure which is similar to the natural tissue is used to fabricate the performance
scaffolds (6). Therefore, this research was focused on the created mimicked scaffolds
which had similar structure and function to the natural tissue.

Hydrogel is the attractive scaffolds which have been often used for tissue
engineering for several years (7). Due to the unique physical and biological
performance, hydrogel has been used to enhance new tissue formation (8). Especially,
the mimicked hydrogel which has the structure and function similar to the natural tissue
show the potential to promote the tissue regeneration (8). Hence, our research is

emphasized on the mimicked hydrogel which is proposed for orthopedic application.



In this research, mimicked hydrogels were created for orthopedic application
which was classified into three lines; 1) model for disease evaluation, 2) surgical
application, and 3) created morphological tissue.

1.2 Review of literatures
1.2.1 Tissue engineering

Tissue Engineering is a discipline that focuses on the creation or regeneration
of tissues. Aims of tissue engineering are to restore, maintain or improve the tissue
structure and function. The basic approach of tissue engineering consists of cells that
form tissue matrix, scaffolds to promote cell activity and tissue production, and

signaling factors that regulate and induce cellular behavior (9). The concept of tissue

Facilitate growth
1 factor delivery

Regqulatory
Signals

o 0%

.{o\ o

engineering is shown in Figure 1.1.

Biomaterials
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~

Tissue Engineering

Figure 1.1 The important components to make up the tissue engineering (10)



1.2.2 Bone tissue engineering

Bone is a mineralized connective tissue made up of different types of bone cells:
osteoblast, bone lining cells, osteocytes, and osteoclasts. Bone tissue composes of bone
ECM and cells. Natural bone ECM consists of type | collagen, which is the fundamental
mineral phase of bone. A mineral essential phase of bone is calcium phosphate or
hydroxyapatite. Bone shows an essential functions in the body such as locomotion,
provide structure of the body, support and protect soft tissues, minerals reservoir, and
produce red and white blood cells. An imbalance between bone resorption and bone
formations results in the bone diseases. Thus, bone remodeling is necessary process for
bone fracture recovery, which help in maintains mineral homeostasis in the body and
maintains the structural integrity of the skeleton (11).

Bone remodeling process take place on bone surface. This process starts with
osteoclasts precursor cells, derived from hematopoietic stem cells, are recruited and
activated to the remodeling sites. Multiple mononuclear cells fuse to form
multinucleated preosteoclasts. These cells attach to the bone matrix and initiate
resorption by secreting hydrochloric acid and proteolytic enzymes including cathepsin
K, which can degrade bone matrix components (Activation phase). Then, osteoclasts
dissolve the mineral matrix and the resorption cavities, called Howship’s lacunae, are
created. The growth factors stored in bone matrix are released (Resorption phase) and
preosteoblasts are recruited. The resorption phase is stopped by the death of osteoclasts.
During reversal phase, the bone resorption switches to bone formation. The resorption
cavities containing many cells types (monocytes, osteocytes, and preosteoblasts), are
recruited and start to form the new bone formation. In the formation phase, osteoblasts
produces the new bone matrix and its mineralization. When the mineralization process
is completed, osteoblasts undergo apoptosis, change into bone-lining cells or become
buried in bone matrix and finally differentiate into osteocytes (12-14). The schematics

of bone remodeling is shown in Figure 1.2
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Figure 1.2 Schematics of bone remodeling (15)

Bone tissue engineering relates to the use of cells, biomaterial scaffolds, or the
combination of cells, biomaterial scaffold, and bioactive molecules (Figure 1.3). The
artificial extracellular matrix (ECM) or scaffolds are typically developed to engineer
bone defect. These scaffolds mainly play the following roles: 1) serve as a framework
for cell-cell and cell-tissue interactions to guide the new bone formation, 2) act as a
carrier to transport the signaling molecules to the defect site, and 3) contribute to cell
proliferation, differentiation, and metabolism (16). A variety of materials has been used
to fabricate scaffolds for bone tissue implantations such as metal, ceramic, polymers
(natural and synthetic), including their combinations. However, the lack of
degradations and the difficulty of processability of metal and ceramics cause the limited
usability in bone tissue engineering. In contrast, polymers have a great material to
design and fabricate as a scaffold due to its flexibility. The structure and composition

of polymer for scaffold fabrication can be altered to the specific desire (17).
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Figure 1.3 Schematic illustration of bone tissue engineering process. Stem cells
isolated from the patient donor are differentiated into osteoblasts and cultivated in
scaffolds in vitro before implantation at the defect site. Cell-free scaffold is also used
by combination with nanoparticles or growth factors to enhance bone formation (18).
After selecting suitable polymers to fabricate scaffolds, next step is to choose an
appropriate process for the scaffold fabrication to optimize the mechanical properties,
chemical properties and polymer miscibility. Moreover, this fabrication process has to
produce pores with proper pore size, including interconnectivity for a specific

application (19)

1.2.3 Scaffold properties in bone tissue engineering

Scaffolds are attractive to enhance the performance for tissue engineering.

Requirements for an ideal scaffolds are focused as following

1. Biocompatibility

Biocompatibility is the primary requirements of any bone scaffolds. It has been
defined as the ability of scaffolds to support cellular activity, including molecular
signaling systems without any toxic or injurious effects to the host tissue. An ideal bone
scaffolds must be able to support cell adhere, proliferate, and form ECM on its surface

and pores. Moreover, it should induce the new bone formation and form blood vessels



in or around the implant tissue (20). A number of natural polymers such as collagen,
gelatin, agarose, and chitosan are available for scaffold fabrication due to their good
biocompatibility. However, some synthetic polymers such as poly (lactic acid) (PLA),
poly (glycolid acid) PGA, and poly (lactic-co-glycolic) acid (PLGA) show a
biocompatibility and are used to create scaffolds as well.

2. Mechanical properties

The mechanical properties of an ideal bone scaffolds should match with the host
tissue. The implanted scaffolds must have sufficient mechanical properties as a function
with time of implantation. Moreover, it must withstand to the load bearing and stress
and to maintain the spaces for cell ingrowth and matrix production. Mechanical
properties of bone is depends on the bone types. For example, Young’s modulus of
cortical bone is in the range of 15-20 GPa while in cancellous bone is between 0.1 to
0.2 GPa. Compressive strength of cortical bone is between 100 to 200 MPa and between
2 to 20 MPa for cancellous bone(20). The large variation in mechanical properties
results in the difficult to design an ideal scaffold for bone tissue engineering.

Mechanical properties of scaffolds can be developed by combining scaffolds
with ceramic materials such as hydroxyapatite and, B-tricalcium phosphate. According
to Y. Tang et al., the addition of hydroxyapatite particles in chitosan/poly(vinyl alcohol)

scaffolds can improve the mechanical properties and cell adhesion on scaffolds (21).

3. Biodegradability

Scaffolds must be biodegradable to allow cells to produce ECM and to form the
new bone formation. Controlling the degradation rate of scaffolds is an important
characteristic since it should match with the rate of tissue growth. If scaffold degrades
too quickly, it causes the mechanical failure of scaffolds. Conversely, if scaffold does
not degrade or degrade too slow, it prevents the new tissue formation (22). The
degradation rate of scaffold is based on the applications such as 3 to 6 months for
cranio-maxillofacial tissue or 9 month or more for spinal fusion (20). Many research
studies have proposed that using the different types different concentrations or different

molecular weight of polymers can controlled the degradation rate of scaffolds.



According to E. Alsberg et al.,(23) increased the degradation rate can be tuned by
decreased the size of polymer chain. In addition, the bi-product of degradation should
be non-toxic or able to exit the body without interference with other organs (24).

4. Poresize

Pore structure is an important parameter to consider for scaffold development
in tissue engineering. The pore size of scaffolds must be large enough for cell migration
and small enough for cell binding to the scaffolds. If the pores are too large, the surface
areas is decreased and then the cell adhesion is limited (25). The initial cell adhesion
mediates all subsequent events such as cell growth, proliferation, and differentiation,
If the pores are too small, it prevents cellular penetration, ECM production, and
vascularization within scaffolds (19). Moreover, pore must be interconnected to allow
cell growth, migration, nutrient and oxygen diffusion, and waste removal. Therefore,
the balance between the optimal pore size and surface area is essential to create
scaffolds in tissue engineering.

The mean pore sizes of scaffolds in the range of 20 um to 1500 um have been
used in bone tissue engineering (26). Some research studies have proposed that the
minimum pore size for bone ingrowth is 100-135 pum (27,28). Some studies have
suggested that pore size ~300 pum is suitable for bone information and vascularization.
Moreover, the pores are larger than ~300 um, leading to the osteogenesis while the
pores are smaller than ~300 um can support osteochondral ossification (25). However,
recent studies have suggested that the multi-scale porous scaffolds containing both
micro (pore size > 20 um) and macro (pore size > 100 um) pore size can perform better

scaffold performance for bone tissue engineering (20).



1.2.4 Hydrogels

Scaffolds can be fabricated into many forms, such as membranes, sponges,
fibers, and hydrogels. In this research, we focused on hydrogels fabrication since many
literatures shows its excellent biocompatibility with minimal inflammatory response or
tissue damage. Hydrogel is a hydrophilic cross-linked network polymer. It can absorb
fluid from 10-20 % up to thousand times of their dry weight. This ability allow cell
adhesion, proliferation, and differentiation onto hydrogels (29). Based on the types of
bonds between the polymer chains, the natural and synthetic polymers can be used to
fabricate hydrogels by physical or chemical crosslinking networks. The physical
networks have temporary junctions such as hydrophobic interaction, hydrogen bonding
and polymer chain entanglements , whereas the chemical cross-linked networks have
permanent junctions through covalent bonds (30).

Hydrogels can be created from natural polymers such as collagen, gelatin,
chitosan, and alginate or from synthetic polymers such as poly (ethylene glycol) (PEG),
poly (vinyl alcohol) (PVA), and poly (N-isopropylacrylamide) (PNIPAM). Moreover,
hydrogels can be formed by the combinations of the natural and synthetic polymers.
The synthetic polymers are chemically stronger than the natural polymers, resulting in
slow degradation rate and good mechanical strength (30).

Hydrogels can be synthesized via many techniques such as physical
crosslinking, chemical crosslinking, polymerization grafting, and irradiation
polymerization. The modifications of hydrogels in term of polymer types, architecture,
functions, size, different compositions and preparation processes make the hydrogels
can be applied in many fields such as drug delivery systems, food additives, agriculture,
pharmaceuticals, including tissue engineering (31).

The term of tissue engineering, hydrogels can be applied as cells
transplantations, including in bone tissue engineering for bone repair and regenerations.
For examples, inorganic hydroxyapatite and organic PLGA nanoparticles colloid gels
have been prepared as injectable bone fillers. These biocompatible hydrogels can be
utilized as an alternative surgical treatment (32). The injectable poly (aldehyde

guluronate) (PAG) have been fabricated with the good mechanical stiffness and



controllable degradation rate. These hydrogels can be used as a bone precursor in tissue
engineering (33).

At present, many research studies focus on the development of intelligent
hydrogels with remarkable applications. However, some hydrogels are still incomplete
and have many problems, such as degradation rate, mechanical properties, morphology,
and biological activity that needs to be solved for bone tissue engineering.

1.2.5 Mimicked biomaterials

Mimicking is an attractive approach which has been used to build scaffolds for bone
tissue engineering. Mimicked scaffolds have the structure and functionality similar to
native ECM which can enhance bone healing. As mimicked hydrogels are capable to
form two (2D) or three (3D) dimensional network with high porosity and absorb amount
of water, which serve as a delivery vehicle. The mimicked hydrogels can support the
cell-cell contact, cell-matrix interaction, cell proliferation and differentiation and their
architecture can produce the shape of new bone formation. There are many studies
associated to the mimicked hydrogels for bone tissue engineering. X. Fang et al.,
fabricated gelatin methycrylamide (GelMA) hydrogel by mimic both of physical
architecture and chemical composition of native bone ECM by thermally induced phase
separation technique. Gelatin-based hydrogel was selected to mimic natural ECM and
3D microstructure hydrogels was created. They proposed that this hydrogels can
promote osteoblast differentiation and bone formation (34). According to T. Anada et
al., the hydrogels constructed by 3D printing was fabricated and designed similar to
cortical bone structure. This bone-mimetic 3D hydrogel consisted of the combination
of GelIMA and octacalcium phosphate (OCP) at the outer layer to mimic cortical shell.
In addition, GelMA with human umbilical vein endothelial cells (HUVEC) was
constructed at the inner layer to mimic bone marrow space and vascular formation. This

hydrogel can stimulates the osteoblastic differentiation (35).
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1.3 Objectives of this research

The objectives of this thesis can be divided into three parts as following

1. To fabricate and construct hydrogels based on mimicking approach

2. To test the physical and biological properties of hydrogels for bone tissue
engineering

3. To evaluate hydrogels for orthopedic applications

1.4 Hypothesis

Bio-mimicked hydrogels will provide a suitable physical and biological

properties for tissue engineering in orthopedic applications.

1.5 Expected Benefits

We expect that the created hydrogels in this study can be used as a biomaterials
in bone tissue engineering for orthopedic applications. Moreover, we also hope that
our hydrogels will be used as a pioneer materials and will be developed for better

performance in future study.

1.6 References

1. Hinderer S, Brauchle E, Schenke-Layland K. Generation and Assessment of
Functional Biomaterial Scaffolds for Applications in Cardiovascular Tissue
Engineering and Regenerative Medicine. Adv Healthc Mater.
2015;4(16):2326-41.

2. Hutmacher DW. Scaffolds in tissue engineering bone and cartilage. In: Williams
DF, editor. The Biomaterials: Silver Jubilee Compendium: Elsevier
Science; 2000; (15):175-89.

3.  Kusuhara H, Isogai N, Enjo M, Otani H, lkada Y, Jacquet R, et al. Tissue
engineering a model for the human ear: Assessment of size, shape,
morphology, and gene expression following seeding of different
chondrocytes. Wound Repair Regen. 2009;17(1):136-46.



10.

11.

12.

13.

14.

15.

11

Scaglione S, Quarto R. Clinical Applications of Bone Tissue Engineering. In:
Santin M, editor. Strategies in Regenerative Medicine: Integrating Biology
with Materials Design; 2009; (15):1-18.

Ino JM, Sju E, Ollivier V, Yim EKF, Letourneur D, Le Visage C. Evaluation of
hemocompatibility and endothelialization of hybrid poly(vinyl alcohol)
(PVA)/gelatin polymer films. J Biomed Mater Res B Appl Biomater. 2013
Nov 1;101(8):1549-59.

Lu T, Li Y, Chen T. Techniques for fabrication and construction of three-
dimensional scaffolds for tissue engineering. Int J Nanomedicine.
2013;8:337-50.

El-Sherbiny IM, Yacoub MH. Hydrogel scaffolds for tissue engineering: Progress
and challenges. Glob Cardiol Sci Pract. 2013 Dec 1;2013(3):38.

Lee J-H, Kim H-W. Emerging properties of hydrogels in tissue engineering. J
Tissue Eng. 2018 Jan 1;9:2041731418768285.

Ma PX. Biomimetic materials for tissue engineering. Adv Drug Deliv Rev. 2008
Jan 14;60(2):184-98.

Murphy C, O’Brien F, Little D, Schindeler A. Cell-scaffold interactions in the
bone tissue engineering triad. Anat Artic. 2013 Jan 1;120-32.

Velasco MA, Narvaez-Tovar CA, Garzon-Alvarado DA. Design, Materials, and
Mechanobiology of Biodegradable Scaffolds for Bone Tissue Engineering .
BioMed Research International. 2015.

Kini U, Nandeesh BN. Physiology of Bone Formation, Remodeling, and
Metabolism. In: Fogelman I, Gnanasegaran G, van der Wall H, editors.
Radionuclide and Hybrid Bone Imaging: Springer; 2012; (15):29-57.

Hadjidakis DJ, Androulakis Il. Bone Remodeling. Ann N Y Acad Sci.
2006;1092(1):385-96.

Bayliss L, Mahoney DJ, Monk P. Normal bone physiology, remodelling and its
hormonal regulation. Surg Oxf. 2012 Feb 1;30(2):47-53.

Dole NS, Dole NS, D P. Genetic Determinants of Skeletal Diseases: Role of
microRNAs. 2015 May..



16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

12

Hao Z, Song Z, Huang J, Huang K, Panetta A, Gu Z, et al. The scaffold
microenvironment for stem cell based bone tissue engineering. Biomater
Sci. 2017 Jul 26;5(8):1382-92.

Liu X, Ma PX. Polymeric Scaffolds for Bone Tissue Engineering. Ann Biomed
Eng. 2004 Mar 1;32(3):477-86.

Saravanan S, Leena RS, Selvamurugan N. Chitosan based biocomposite scaffolds
for bone tissue engineering. Int J Biol Macromol. 2016 Dec 1;93:1354-65.

Salgado AJ, Coutinho OP, Reis RL. Bone Tissue Engineering: State of the Art and
Future Trends. Macromol Biosci. 2004;4(8):743-65.

Bose S, Roy M, Bandyopadhyay A. Recent advances in bone tissue engineering
scaffolds. Trends Biotechnol. 2012 Oct 1;30(10):546-54.

Tang Y, Du Y, Li Y, Wang X, Hu X. A thermosensitive chitosan/poly(vinyl
alcohol) hydrogel containing hydroxyapatite for protein delivery. J Biomed
Mater Res A. 2009;91A(4):953-63.

Turnbull G, Clarke J, Picard F, Riches P, Jia L, Han F, et al. 3D bioactive
composite scaffolds for bone tissue engineering. Bioact Mater. 2018 Sep
1;3(3):278-314.

Alsberg E, Kong HJ, Hirano Y, Smith MK, Albeiruti A, Mooney DJ. Regulating
Bone Formation via Controlled Scaffold Degradation. J Dent Res. 2003 Nov
1;82(11):903-8.

O’Brien FJ. Biomaterials & scaffolds for tissue engineering. Mater Today. 2011
Mar 1;14(3):88-95.

Murphy CM, Haugh MG, O’Brien FJ. The effect of mean pore size on cell
attachment, proliferation and migration in collagen—glycosaminoglycan
scaffolds for bone tissue engineering. Biomaterials. 2010 Jan 1;31(3):461—
6.

Baksh D, Davies JE, Kim S. Three-dimensional matrices of calcium
polyphosphates support bone growth in vitro and in vivo. J Mater Sci Mater
Med. 1998 Dec 1;9(12):743-8.

Klawitter JJ, Bagwell JG, Weinstein AM, Sauer BW, Pruitt JR. An evaluation of
bone growth into porous high density polyethylene. J Biomed Mater Res.
1976;10(2):311-23.



28.

29.

30.

31.

32.

33.

34.

35.

13

Hulbert SF, Young FA, Mathews RS, Klawitter JJ, Talbert CD, Stelling FH.
Potential of ceramic materials as permanently implantable skeletal
prostheses. J Biomed Mater Res. 1970;4(3):433-56.

Park J. The use of hydrogels in bone-tissue engineering. Med Oral Patol Oral
Cirugia Bucal. 2011;16(1).

Ahmed EM. Hydrogel: Preparation, characterization, and applications: A review.
J Adv Res. 2015 Mar 1;6(2):105-21.

Mahinroosta M, Jomeh Farsangi Z, Allahverdi A, Shakoori Z. Hydrogels as
intelligent materials: A brief review of synthesis, properties and
applications. Mater Today Chem. 2018 Jun 1;8:42-55.

Wang Q, Gu Z, Jamal S, Detamore MS, Berkland C. Hybrid Hydroxyapatite
Nanoparticle Colloidal Gels are Injectable Fillers for Bone Tissue
Engineering. Tissue Eng Part A. 2013 Jul 2;19(23-24):2586-93.

Lee KY, Alsberg E, Mooney DJ. Degradable and injectable poly(aldehyde
guluronate) hydrogels for bone tissue engineering. J Biomed Mater Res.
2001;56(2):228-33.

Fang X, Xie J, Zhong L, Li J, Rong D, Li X, et al. Biomimetic gelatin
methacrylamide hydrogel scaffolds for bone tissue engineering. J Mater
Chem B. 2016 Feb 2;4(6):1070-80.

Anada T, Pan C-C, Stahl AM, Mori S, Fukuda J, Suzuki O, et al. Vascularized
Bone-Mimetic Hydrogel Constructs by 3D Bioprinting to Promote
Osteogenesis and Angiogenesis. Int J Mol Sci. 2019 Jan;20(5):1096.



14

CHAPTER 2
MIMICKED EXTRACELLULAR MATRIX OF CALCIFIED SOFT
TISSUE BASED ON GELATIN/CHITOSAN/COMPOUNDED
CALCIUM PHOSPHATE HYDROGELS TO DESIGN EX VIVO
MODEL FOR HETEROTOPIC OSSIFICATION

Abstract

Heterotopic ossification is the abnormal growth of bone tissue formations
within soft tissue. A mimicked extracellular matrix of calcified soft tissue based on;
gelatin/chitosan/compounded calcium phosphate (gelatin/chitosan/CCP) hydrogel, is
presented to design an ex-vivo model for evaluation of tissue formations in this
research. Different ratios of CCP to gelatin/chitosan were prepared. The control was
gelatin/chitosan at a ratio of 1:1. The other gelatin/chitosan/CCP ratios were 1:1:0.05,
1:1:0.1, 1:1:0.5, and 1:1:1. The mixtures were prepared into hydrogels by crosslinking
with glutaraldehyde. The molecular, structural, and morphological characteristics of the
hydrogels were observed by Fourier transform infrared, X-ray diffraction and scanning
electron microscopy, respectively. The physical performance was assessed from the
swelling behavior as well as calcium released. Biological performance was evaluated
by cell viability and proliferation. The results demonstrated that; the molecules,
structure and morphology of the hydrogels with CCP self-organized is similar to the
extracellular matrix of in situ bone formation. Both the physical and biological
performances of the hydrogels could enhance cell viability and proliferation,
particularly in gelatin/chitosan/CCP (1:1:0.1). Finally, the results indicated that the
hydrogels with CCP are promising to design extracellular matrix of calcified soft tissue

as biomaterials of ex-vivo model for tissue evaluation of heterotopic ossification.
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2.1 Introductions

Heterotopic ossification (HO) is the abnormal extra skeletal formation of bone
within soft tissue or muscles, which results from musculoskeletal trauma, central nerve
injury or spinal cord injury (1). In the early stage of HO patients are treated with
medication. On the other hand, in the later stages medications become ineffective and
patients are required to undergo surgical treatment. Previous research presented
molecular and gene therapy for the disease of HO (2). Whilst animal models are
generally used to evaluate the effectiveness of the molecules and genes, there are few
reports of ex vivo models as a viable substitution for animal models for heterotopic
ossification (3). We, therefore, used the ex vivo model for the evaluation of tissue
formations of HO in the conduction of this research.

The ex vivo model, in this research, has the ability to promote cell behaviors
similar to that of native tissue. Generally, the ex vivo model is fabricated with
performance materials, which have both, physical and biological functionalities similar
to the extracellular matrix of native tissue. However, one of the challenges for clinicians
and biomaterials scientists is the creation of performance materials as ex vivo models.
Therefore, the focus of this research is the construction of performance materials as an
ex vivo model.

Calcified soft tissue is generated during the process of HO. Calcified soft tissue
has an extracellular matrix that forms a bio-mineral structure. Previous research
demonstrated that the extracellular matrix formation of calcified soft tissue affects
orthopedic tissue disorder diseases, particularly in HO (4, 5). Hence, we focused on the
extracellular matrix of calcified soft tissue in the design of an ex vivo model.

Mimicking is an attractive approach in the creation of high, biological
performing biomaterials and previous research had succeeded in mimicked
biomaterials that function as an extracellular matrix system during bone tissue
formation (6). The materials were created with structural and biological functions of
the native extracellular matrix system (7). Hence, utilizing a unique design approach,
mimicking was selected to create an extracellular matrix of calcified soft tissue in this

research.
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Hydrogels are attractive biomaterials often used for biomedical applications,
particularly in the application of tissue regeneration (8). Since, hydrogels have the
unique ability to maintain a high amount of water, they have been used as biomaterials
for cartilage tissue regeneration (9). Interestingly, some previous research applied
hydrogels to be functional biomaterials as ex vivo models for the evaluation of tissue
formation and molecular, gene screening for tissue disease treatments (10, 11). Based
on those functionalities, hydrogels were selected as the basic biomaterials in the design
of an ex vivo model for HO.

Calcium phosphate is a component in the extracellular matrix during soft tissue
calcification and, generally, calcium phosphate is generated by the dynamic
phenomenon of formation and resorption by either osteoblasts and osteoclasts,
respectively (12, 13). The two components of calcium phosphate, during soft tissue
calcification, are; hydroxyapatite and tricalcium phosphate (14). Hydroxyapatite and
tricalcium phosphate are the insoluble and soluble phases, respectively, of calcified soft
tissue (15). Based on soft tissue calcification, a compounded calcium phosphate (CCP)
consisting of; hydroxyapatite and tricalcium phosphate, was chosen to be one of the
components of the mimicked extracellular matrix in the creation of an ex vivo model
within this research.

Gelatin is a hydrolysated collagen, which is often used in biomedical
applications (16), this is due to its unique ability to induce tissue regeneration. The gel
has been fabricated into scaffolds in many forms, for instance; two- and three-
dimensional scaffolds, microspheres, nano-fibers as well as hydrogels (16). Gelatin
hydrogels are often used in tissue engineering, with or without other components, to
induce cartilage tissue formation (18, 19). Gelatin also has the biological functionality
of a collagen in the extracellular matrix (20). Therefore, in this research gelatin was
selected as the basic material for fabrication into hydrogels, so as to mimic the
extracellular matrix of calcified soft tissue.

Chitosan is a positively charged polysaccharide, which also has unique
biological functionality to induce tissue regeneration (21). Accordingly, chitosan has
been fabricated into scaffolds for tissue engineering, particularly in cartilage tissue (22).
Generally, chitosan enhances biological performance by adding bioactive molecules

that can induce tissue formation (23). Chitosan is blended with other polymers to
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manipulate the performance to fit the tissue formation (24, 25). Interestingly, chitosan
has a physicochemical functionality similar to the polysaccharides in an extracellular
matrix (26). Thus, in the conduction of our research, chitosan was chosen for blending
with Gel to mimic the extracellular matrix of calcified soft tissue.

In this research, gelatin, chitosan, and CCP were blended and fabricated into
hydrogels to mimic the extracellular matrix, which is similar to the system of calcified
soft tissue. The structure, morphology along with performance of the hydrogels were

characterized for use as an ex vivo model to evaluate tissue formation in HO.

2.2 Materials and Methods
2.2.1 Materials

Gelatin, for bacteriological purposes, was obtained from Sigma-Aldrich, whilst
chitosan was obtained from Marine Bio Resources Co., Ltd. CCP powder was prepared
by mixing p-tricalcium phosphate (>98% [-phase basis, Sigma Aldrich) with
hydroxyapatite (reagent grade, Sigma Aldrich) at the ratio of 1:1. All other chemicals

and reagents were analytical grade and used without further purification.

2.2.2 Preparation of gelatin/chitosan/CCP hydrogels

A gelatin solution of 1.2 wt.% was prepared by dissolving the solution into
deionized water and stirring for 2hr. A chitosan solution of 1.2 wt.% was prepared by
dissolving this into 0.1 M CH3COOH (27) and then stirred and filtered to remove the
undissolved particles. The gelatin and chitosan solutions were added into the CCP
dispersion solutions in 0.1 M CH3COOH with different weight percent of CCP. The
mixtures were then stirred again to obtain homogeneous dispersions. A glutaraldehyde
(GA) stock solution (50%) was diluted and used at 0.1 wt.% (28). After which, it was
slowly added into the gelatin/chitosan/CCP mixtures, while stirring, for 3mins. The
gelatin/chitosan hydrogels, with the addition of CCP, were prepared at ratios of
1:1:0.05, 1:1:0.1, 1:1:0.5, and 1:1:1. A gelatin/chitosan solution without CCP was used

as the control.
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2.2.3 Fourier transform infrared spectroscopy (FT-IR) characterization

FT-IR spectra of composite hydrogels were carried out using the attenuated total
reflectance mode on an FT-IR spectrometer (Equinox 55, Bruker, Ettlingen, Germany).
The dried hydrogels were scanned in the ranges of 4000 to 400 cm™.

2.2.4 X-ray diffraction (XRD) characterization

The XRD patterns of the hydrogels were obtained using the XPert MPD
(Philips, the Netherlands). The samples were studied at 26 range of 5-90° with a scan
step size of 0.05 and second of scan step time.

2.2.5 Hydrogel morphologies

The structural morphologies of the gelatin/chitosan/CCP hydrogels, with
different weight ratios, were observed by a scanning electron microscope (SEM)
(Quanta 400, FEI, Brno, Czech Republic). The hydrogel samples were coated with gold
using a gold sputter coater machine (SPI Supplies, Division of Structure Probe Inc.,
Westchester, PA, USA), before the SEM analysis.

2.2.6 Pore size and distribution

The pore size distribution of the hydrogels was measured from the SEM images
using the ImageJ program. The pore size distributions of all hydrogel samples were
calculated using the Origin 8.1 program (OriginLab, USA) with different pore size

ranges.

2.2.7 Swelling analysis

The dried hydrogels were prepared by being freeze dried for the swelling test.
The dried hydrogels were weighed, then immersed in a phosphate buffer saline (PBS)
solution at 37 °C over different time periods. The wet samples were taken from the PBS
solution, any excess water was removed by filter paper. The wet weight was obtained
in this process, while the percent swelling ratio was calculated by the following

equation (29):
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Swelling ratio = (W -Wg)/Wyq
Where; W; and Wy are the masses of the swollen hydrogels as well as the dried
hydrogels, respectively. Four samples were repeated for the swelling analysis for each

composition.

2.2.8 Calcium release analysis

A calcium, release analysis of the hydrogels was studied using Biovision’s
Colorimetric Calcium Assay Kit (30). The hydrogels were immersed in a PBS solution
and pipetted at 50 pL into a 96-well plate. A chromogenic reagent (90 L) and calcium
assay buffer (60 pL) were then added into the solution samples under mixing. The
solution mixtures were incubated for 10mins at room temperature and protected from
light. The optical density was measured at 575 nm. The calcium concentration was
calculated from the ratio between; the calcium sample amount and the sample volume
added into the 96-well plate.

2.2.9 MC3T3-E1 cell culture

Before, the MC3T3-EL1 osteoblast cell culture a glycine solution was used to
remove the non-reacted GA cross-linking agent on the hydrogels and subsequently the
hydrogels were soaked in absolute ethanol for 24 h. MC3T3-E1 osteoblast cells were
seeded at 2x10° cells on the gelatin/chitosan/CCP hydrogels and cultured in alpha MEM
medium  (Gibco, Invitrogen, Carlsbad, CA, USA) containing 1%
penicillin/streptomycin, 0.1% Fungizone and 10% fetal bovine serum. The MC3T3-E1
cultures were kept in a 37°C incubator with 5% CO». The media was changed every 2-

3 days, after culturing the cells (31)

2.2.10 Cell viability

The cell viability of the hydrogels was observed under fluorescence microscope,
after nucleic acid staining (Hoechst 33342). The hydrogels, containing the osteoblast
cells, were soaked twice in PBS solution and then 1mL of fresh medium and 5 pL of
dye were added. The hydrogels were kept away from light and incubated for 5mins at

room temperature. The blue fluorescence of the cell nuclei appeared after staining (32).
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2.2.11 Cell proliferation assay (PrestoBlue: at days 1, 3, 5, and 7)

Cell proliferation of the gelatin/chitosan/CCP hydrogels was examined by
PrestoBlue reagent on days; 1, 3, 5 and 7. PrestoBlue is a resazurin-based compound
that is reduced by mitochondrial activity in viable cells. The reduced resazurin is a pink
color that can be detected using the fluorometric method. PrestoBlue was prepared by
mixing with the media at a ratio of 1:10 and then added into the hydrogels, after washing
the hydrogels with 1x PBS. All samples were incubated at 37 °C for 1lhr and then the
florescence was measured at a wavelength of 570 nm (33).

2.2.12 Statistical analysis

In this research, 5 samples were selected for testing. The results are presented
as mean = standard deviation. All data were statically analyzed using one-way ANOVA
(SPSS 16.0 software package). A P value < 0.05 was accepted as statistically

significant.

2.3 Results and Discussion
2.3.1 Molecular and structural organization of hydrogels

After, the gelatin, chitosan, and CCP were mixed GA was then added to the
mixtures to form the hydrogels (Figures 2.1A and B). The results showed that the
turbidity of the hydrogels increased as the amount of CCP increased (Figures 2.1C to
G). The hydrogel at a gelatin/chitosan/CCP ratio of 1:1:1 had the most turbidity. The
results demonstrated that CCP induced light scattering, which in turn caused the
increased turbidity (34). The induced scattering possibly came from the different
aggregation sizes of the CCP as well as distribution in the texture of the hydrogels (35).
Interestingly, the results indicated that the different ratios of the gelatin/chitosan/CCP
hydrogels represented different extracellular matrices of calcified soft tissue. The
hydrogel, without CCP represented a similar period to the organic template formation
of the extracellular matrix. On the other hand, hydrogels with different amounts of CCP
were similar to the different stages of calcium deposition on the organic template of the

extracellular matrix.
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Figure 2.1 (A) Blending of gelatin/chitosan/CCP without GA, (B) blending of
gelatin/chitosan/CCP with GA. Appearance of the hydrogels: (C) Control; (D)
gelatin/chitosan/CCP (1:1:0.05); (E) (1:1:0.1); (F) (1:1:0.5); and (G) (1:1:1)

The molecular and structural organizations of the mimicked extracellular
matrices of the freeze dried hydrogels were evaluated by FT-IR and XRD. The FT-IR
spectrum showed mainly that the -OH groups came from the molecular characteristics
of the gelatin and chitosan. The wave number results of the hydroxyl groups or -OH
stretching of the control and the gelatin/chitosan/CCP ratios of 1:1:0.05, 1:1:0.1, 1:1:0.5
and 1:1:1 were at around 3276, 3282, 3282, 3269 and 3269 cm-1, respectively (Figure
2.2). The -OH wave number was higher in the lower amounts of CCP (0.05 and 0.1)
than that of the hydrogel without CCP. This indicated that the -OH groups of the
hydrogels at those ratios had more mobility than the hydrogel without CCP. This
indicated that the water molecules, which generally interact with the -OH groups were
pulled out by the CCP. Therefore, the -OH groups had more mobility (36). The -OH
wave number was lower in the hydrogels with higher amounts of CCP (0.5 and 1) than
those of the hydrogel without CCP. This indicated that the -OH in those ratios of
hydrogel had low mobility, which came from molecular interaction (37). The results
indicated that the water molecules around the gelatin and chitosan were pulled out by a
certain amount of CCP. Interestingly, the excess amounts of CCP interacted with those

-OH groups, which in turn led to low mobility. Based on the FT-IR characterization,
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the results demonstrated that the molecular organization of the gelatin/chitosan/CCP

interacted mainly with the -OH groups.

—— Control

300 gelatin/chitosan/CCP= 1:1:0.05
— gelatin/chitosan/CCP=1:1:0.1
—— gelatin/chitosan/CCP= 1:1:0.5
— gelatin/chitosan/CCP=1:1:1
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Figure 2.2 FT-IR spectra of the hydrogels: Control; gelatin/chitosan/CCP (1:1:0.05)
(2:1:0.1) (1:1:0.5) and (1:1:1)

XRD diffraction was used for the structural characterization of the different
hydrogels (Figure 2.3). These results indicated that the hydrogels without CCP had
broad peaks of XRD, which represented an amorphous organization. The results of the
hydrogels with lower amounts of CCP (0.05 and 0.1) showed broad peaks, which had
small, sharp peaks at around 33 degrees. This represented the CCP in those hydrogels.
The XRD diffraction of the hydrogels with higher amounts of CCP (0.5 and 1) had
predominantly sharp peaks at around 25, 27 and 33 degrees of CCP, which was
distributed in the texture of the hydrogels. Based on the XRD characterization, the
results demonstrated that the CCP was appeared in the matrix of the gelatin/chitosan.
This additionally demonstrated, that the structure of the hydrogels with CCP was

similar to the extracellular matrix of calcified soft tissue.
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Figure 2.3 XRD diffraction of the hydrogels: Control; gelatin/chitosan/CCP
(2:1:0.05); (2:1:0.1); (1:1:0.5); and (1:1:1)

According to the molecular and structural characterizations, the results
demonstrated that the molecules of gelatin/chitosan/CCP self-organized via -OH
interaction. The organization of gelatin/chitosan/CCP had the structure of an organic
substrate of gelatin and chitosan, which was deposited by the minerals of CCP. Previous
research demonstrated that; the extracellular matrix of calcified soft tissue was formed
via the molecular organization of biomacromolecules of proteins, proteoglycans and
glycosaminoglycans (38). Biomacromolecules self-organized into a sophisticated
structure, incorporated with mineral molecules of calcified soft tissue (39). In this
research, the results showed that those biomacromolecules of gelatin/chitosan were
incorporated with mineral molecules of CCP and organized themselves via molecular
interaction. This is similar to the structure of extracellular matrix organization during

soft tissue calcification.

2.3.2 Morphologies of the hydrogels

SEM was wused to observe the morphological structure of the

gelatin/chitosan/CCP hydrogels at different ratios. The hydrogel without CCP showed
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a smoother surface than that of hydrogels with CCP. Small particles of CCP were
distributed on the surface of the porous walls in the case of hydrogels with CCP (Figures
2.4B, C, D, and E). This was especially true, for the hydrogels containing higher
amounts of CCP (gelatin/chitosan/CCP [1:1:0.5] and [1:1:1]) as the particles were
distributed over, almost the entire surface of the porous walls. These results contributed
to the above explanation, whereas, the hydrogels with CCP had the structure of calcified
soft tissue.

The structural formation of the extracellular matrix during soft tissue
calcification shows bio-mineralization of both organic and inorganic materials (40).
During soft tissue calcification; collagen, proteoglycans and glycosaminoglycans are
the organic materials, which serve as a template for the inorganic deposition of calcium
phosphate. The results indicated that the gelatin/chitosan performed as a template for
deposition of CCP. This was similar to the structural formation of the extracellular
matrix during soft tissue calcification (41).

Figure 2.4 Morphology of the hydrogels: (A) Control; (B, F) gelatin/chitosan/CCP
(1:1:0.05); (C, G) (1:1:0.1); (D, H) (1:1:0.5), and (E, I) (1:1:1)

The mean pore sizes along with pore size distributions of the hydrogels were
assessed (Figure 2.5). The mean pores sizes of the gelatin/chitosan/CCP ratios of
1:1:0.01, 1:1:0.05, 1:1:0.1 and 1:1:1 were; 90.7, 80.8, 86.8, 75.5 and 72.6 pum,
respectively. The mean pore sizes of the hydrogels with CCP were smaller than that of
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the hydrogel without CCP. Increasing the amount of CCP decreased the mean pore size.
The hydrogel with the highest amount of CCP (gelatin/chitosan/CCP [1:1:1]) had the
smallest, mean pore size. This possibly came from intensive interaction between the
CCP particles and the gelatin/chitosan causing this interaction to lead to a reduction in
the pore size.

The pore size distributions of the control along with the gelatin/chitosan/CCP
ratios of 1:1:0.01, 1:1:0.05, 1:1:0.1 and 1:1:1 were in the ranges of around; 70 to 110,
50 to 110, 80 to 100, 50 to 100 and 50 to 100 pum, respectively. Notably, a
gelatin/chitosan/CCP ratio of 1:1:0.1 had the narrowest range of pore size distribution.
That narrow range implied a homogeneous porous formation, which possibly came
from the components that self-organized into a regular and stable structure. Contrary to
that, the control and the gelatin/chitosan/CCP ratios of 1:1:0.05, 1:1:0.5 and 1:1:1 had
wide pore size distributions, which represented a heterogeneous porous formation. This
came from an irregular and unstable structure of said hydrogels. The results indicated
that mimicking the extracellular matrix of calcified soft tissue based on hydrogels of
gelatin/chitosan/CCP with certain amounts of CCP had an effect on the regular
structural porous formation. Overall, the pore size range of the mimicked extracellular

matrix was 50-100 um which was suitable for osteoblast insertion (42).
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Figure 2.5 Distribution of pore size: (A) Control; (B) gelatin/chitosan/CCP
(2:1:0.05); (C) (1:1:0.1); (D) (2:1:0.5); and (E) (1:1:1)

2.3.3 Physical behaviors of the gelatin/chitosan/CCP hydrogels

The swelling ratio and calcium release of the hydrogels were evaluated for their
physical behaviors of mimicked extracellular matrix of calcified soft tissue. The
swelling ratios of the hydrogels, including the control and the gelatin/chitosan/CCP
ratios of 1:1:0.05, 1:1:0.1, 1:1:0.5 and 1:1:1 are shown in Figure 2.6. The hydrogel
without CCP had a higher swelling ratio than that of the hydrogels with CCP because,
the hydrogel without CCP had a regular pore size distribution and large pores. The
swelling behavior of the hydrogels reached a steady state in the time period of; 5 to 10
minutes. The hydrogel without CCP along with those with higher amounts of CCP, in
particular the gelatin/chitosan/CCP ratio of 1:1:1, approached a steady state earlier than
the others. The swelling ratio of the hydrogel without CCP, which reached an early
steady state, was probably due to the rapid water uptake into the morphological
structure of the regular pore size distribution as well as it having large pores. In contrast

to this, the hydrogel with the highest amount of CCP had an early starting point of
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steady state possibly occurring due to the molecular and structural characteristics
coupled with the organization, which had the unique component of CCP inducing water
adsorption. Interestingly, previous research demonstrated that the extracellular matrix
had different components, molecular and structural characteristics, organization and
morphological structures during different stages of soft tissue calcification (43, 44). The
extracellular matrix also showed different swelling behaviors of calcified soft tissue
(44).
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Figure 2.6 Swelling behavior of the hydrogels: Control; gelatin/chitosan/CCP
(2:1:0.05); (2:1:0.1); (1:1:0.5); and (1:1:1)

The amount of calcium release was measured (Figure 2.7). These results showed
that; the early state, burst release of calcium for the gelatin/chitosan/CCP ratio of
1:1:0.05 had a lower amount of calcium than the others. Furthermore, that ratio had a
lower rate of burst release than the others. That ratio of 1:1:0.05 approached the steady
state of calcium release in the time periods of 40 to 60 minutes, which was longer than
the others. This possibly occurred because the calcium was firmly trapped in the
gelatin/chitosan matrix. Oppositely, the calcium release period of the
gelatin/chitosan/CCP at ratios of 1:1:0.1, 1:1:0.5, and 1:1:1 approached a steady state
earlier than those at a ratio of 1:1:0.05. This was possibly from excess calcium, which

self-organized into an unstable interaction causing rapid release (45).
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Figure 2.7 Calcium release of the hydrogels: Control, gelatin/chitosan/CCP
(2:1:0.05); (2:1:0.1); (1:1:0.5); and (1:1:1)

Therefore, according to the physical behavior results, including the swelling
behavior and calcium release, the hydrogels with CCP showed a behavior that was
similar to the extracellular matrix of calcified soft tissue. In addition, the hydrogels with
CCP might have the effect of enhancing tissue regeneration. To clarify this hypothesis,

biological performance testing was undertaken.

2.3.6 Biological performances of the gelatin/chitosan/CCP hydrogels

In this research, cell viability as well as proliferation were assessed to evaluate
the biological performance of the mimicked extracellular matrix. Cell viability of the
osteoblasts was observed at days; 3, 5 and 7 (Figure 2.8). The blue spheres on the
hydrogels were the nuclei of the cells. The hydrogel without CCP showed some cell
aggregations that adhered in an irregular distribution on the surface at all-time points.
This indicated that the gelatin and chitosan affected the aggregation and distribution of
the osteoblasts. The aggregations and distribution come from the unstable, structural
formation of gelatin and chitosan, which affected the cell aggregation similar to a

spheroid formation.
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The hydrogels with CCP had good distributions of cells on the surface at all-
time points. This demonstrated that the CCP was able to enhance cell adhesion on the
hydrogels. The hydrogels with CCP showed more cell distribution at day 5 than at day
7. This was due to the calcium, which could enhance cell viability (46). The results
showed that the hydrogels with CCP were suitable for cell viability.

Interestingly, the gelatin/chitosan/CCP ratio of 1:1:0.1 showed a denser cell
distribution than the others. This was possibly due to the suitable amount of CCP along

with the regular, porous structure of the hydrogel being able to enhance cell viability.
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Figure 2.8 Cell viability on the hydrogels: Control; gelatin/chitosan/CCP (1:1:0.05);
(2:1:0.1); (1:1:0.5); and (1:1:1) at days 3, 5, and 7
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The biological performance was also assessed from cell proliferation. There
were no differences in cell proliferation at days 1 and 5 for all ratios. However, the
gelatin/chitosan/CCP ratios of 1:1:0.5 and 1:1:1 at day 3 showed more cell proliferation
of osteoblasts than those hydrogel without CCP (Figure 2.9). After day 5, cell
proliferation for all ratios decreased because, the hydrogels had eroded. The hydrogels
with CCP had more cell proliferation than those hydrogel without CCP at day 7.
Especially, the gelatin/chitosan/CCP at a ratio of 1:1:0.1, which had a greater, more
unique cell proliferation than the others. This was possibly due to suitable amounts of
components along with regular porous formations of the gelatin/chitosan/CCP at a ratio
of 1:1:0.1. According to previous reports, suitable organic and inorganic materials in
the extracellular matrix coupled with a structural, porous formation can induce
osteoblast proliferation (43, 47).

The results, in this research, indicated that; the structural stability, regular
morphology and a certain amount of mimicked extracellular matrix, particularly in the
sample of gelatin/chitosan/CCP (1:1:0.1), performed suitability for the induction of
osteoblast proliferation. This indicated that; gelatin/chitosan/CCP (1:1:0.1) is fit to be
an ex vivo model of HO. Interestingly, different periods of soft tissue calcification
showed different amounts of deposited calcium phosphate on an organic template (48).
Furthermore, there are different amounts of calcium phosphate in different types of soft
tissue in HO (49). Therefore, selection of a suitable model for the type of soft tissue as
well as the period of soft tissue calcification needs to be considered before evaluation

for use in screening for molecular and gene therapy in HO.
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Figure 2.9 Cell proliferation on the hydrogels: Control; gelatin/chitosan/CCP
(1:1:0.05); (1:1:0.1); (1:12:0.5); and (1:1:1) at days 1, 3, 5, and 7. The symbol (*)

presented significant changes (*p < 0.05)

2.4 Conclusions

A mimicked extracellular matrix of calcified soft tissue based on hydrogels of
gelatin/chitosan/CCP was presented as a performance system for the design of an ex
vivo model of HO. For molecular and structural organization, the mimicked
extracellular matrix showed embedded calcium phosphate in a matrix of gelatin and
chitosan, which was similar to calcified soft tissue. In the case of physical performance,
the different ratios of components in the mimicked extracellular matrix had an effect
on the behavior of swelling and calcium release. The biological performance of
gelatin/chitosan/CCP hydrogels showed a certain functionality to enhance cell viability
and proliferation, particularly in the gelatin/chitosan/CCP at a ratio of 1:1:0.1. This
research indicated that the mimicked, calcified soft tissue of those hydrogels with CCP
has promise for use as an ex vivo model of HO. The gene expression of the osteoblasts
on the mimicked extracellular matrix of calcified soft tissue is an important area for
future research. Finally, the screening of specific molecules as well as genes for

treatment of diseases by the ex vivo model is our goal.
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CHAPTER 3
MIMICKED HYBRID HYDROGEL BASED ON GELATIN/PVA
FOR TISSUE ENGINEERING IN SUBCHONDRAL BONE
INTERFACE FOR OSTEOARTHRITIS SURGERY

Abstract

Osteoarthritis (OA) is a degenerative joint disease of the articular cartilage and
extends to subchondral bone. Although, many studies mention the regeneration of both
cartilage and subchondral bone, the interface between these soft and hard tissue should
be highlighted since it plays a significant role in OA as well. In this work, gelatin/PVA
hydrogels in different ratios of 100:0, 70:30, 50:50, 30:70, and 0:100 were prepared by
chemical and freeze-thaw physical crosslinking. The molecular organization and
morphology were characterized and observed by FT-IR and SEM, respectively. The
physical properties of swelling ratio, degradation rate, and compressive strength were
evaluated. The hydrogels were cultured with osteoblasts before evaluation of cell
adhesion and proliferation, alkaline phosphatase activity (ALP), and calcium deposition
and content. The results showed that gelatin/PVVA formed hydrogels via crosslinking of
chemical bonding and molecular interaction. The morphology demonstrated that pore
sizes decreased as the proportion of PVA increased and the swelling ratio and
degradation rate increased as the proportion of gelatin increased. The compressive
strength increased as the proportion of PVA increased. The biological function tests
showed that gelatin/PVA hydrogels supported cell adhesion and proliferation, ALP
activity, calcium deposition and content. Finally, the gelatin/PVA ratio of 30:70
demonstrated suitable structural formation, physical properties, and biological

functions to induce tissue engineering at subchondral bone interface for OA surgery.
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3.1 Introduction

Osteoarthritis (OA) is the chronic disease found in older patients. The feature
of OA is the degradation and lesion of joint tissues, involving articular cartilage,
subchondral bone, and the synovial membrane (1). The major characteristic of OA is
articular cartilage breakdown, which results in joint pain, swelling, and mobility
disability. Numerous surgical approaches such as microfracture, autologous
chondrocyte implantation (ACI), and graft transplantation have been attempted to
regenerate cartilage when medical treatment fails. Alternatively, tissue engineering
approaches using biomaterial scaffolds have become a promising intervention to
regenerate the loss of cartilage in OA. This tissue engineering scaffold provides a three-
dimensional (3D) structure for cell growth and differentiation in non-immune diseases
(2). An ideal artificial scaffold for tissue engineering must provide sufficient
mechanical stability, biocompatibility, biodegradability, suitable porosity for cell
growth and blood invasion, fit the size and shape of the defect, and mediate cell-cell
signaling and interaction (3).

Many types of materials and methods of scaffold fabrication have been
implemented to recapitulate microenvironments present during development or in adult
tissue to induce the formation of cartilaginous constructed with biochemical and
mechanical properties of native tissue (4). Gelatin is a polypeptide derived from the
hydrolysis of collagen and shows similar properties as extracellular matrix (ECM) in
native tissue. It contains a large number of the tripeptide Arg-Gly-Asp (RGD) motifs
which can interact with integrin of the cell surface that results in the enhancement of
cell adhesion to the matrix (5). Due to brittleness, less flexibility, and the fast
degradation rate of a gelatin hydrogel, modifications of the gelatin with other materials
are needed. Poly (vinyl alcohol) or PVA is a water soluble synthetic polymer. It shows
many good properties such as availability, biocompatibility, biodegradability, and
elastic and compressive mechanical properties. The tiny pores in PVA hydrogels are
capable of storing a large amount of water which allows a PVA hydrogel to act as a
lubricant similar to the surface of cartilage (6). It was reported that gelatin/PVA
hydrogels showed decent mechanical and biological properties for this application (7).

Moreover, many works proposed that mixing PVA as composite material or PVA
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scaffold can enhance mechanical properties of scaffold (8-11). In this work, the
combination of gelatin with PVVA should increase the mechanical properties of pure
gelatin hydrogels to promote cell adhesion, cell proliferation, or important biomarkers
of pure PVA hydrogels for cartilage tissue engineering.

A number of studies have focused on the preparation and characterization of
gelatin scaffolds or PVA scaffolds or both for cartilage tissue engineering (6,8,12-14).
The result demonstrated that gelatin and PVVA were shown to be biologically compatible
biomaterials and they increased cell growth. Moreover, differentiated cells regulate
biomarkers and gene expressions which are essential to identify chondrocyte
differentiation and cartilage formation. Interestingly, gelatin/PVVA scaffolds have not
been promoted only for cartilage regeneration. However, these scaffolds are appropriate
for the interfacial microstructure between the cartilage in the calcified zone and the
subchondral bone, which is beneath the calcified zone of cartilage and play a potential
role during OA degenerative as well (15). The porosity of the subchondral bone
interface could maintain the matrix without breakdown and promote cell and
mineralization for new bone interface (16). The optimal scaffold fills the defect and
promotes tissue formation at the subchondral bone interface (17). Hence, this research
focused on the scaffold which can enhance tissue formation at the subchondral bone
interface.

The basic materials of PVA and gelatin were selected with the mimicking
concept for scaffold fabrication into hydrogels. The molecular organization,
morphological structure, and the physical and biological performance of the
gelatin/PVA hydrogels were characterized observed, and tested. Finally, one of the
hydrogels of gelatin/PVA was evaluated as a promising cartilage scaffold to enhance

the tissue engineering of subchondral bone at the interface for OA surgery.

3.2 Materials and methods
3.2.1 Preparation of gelatin/PVA hydrogels

Gelatin solution was prepared by dissolving gelation powder (Sigma-Aldrich,
for bacteriological purposes) in deionized water to get a concentration of 7% w/v and
stirred at 50°C for 1 h. A 7% PVA (Mw = 145,000 and degree of hydrolysis > 98%,
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Merck, Darmstadt, Germany) solution was also prepared in deionized water and stirred
at 90°C for 2-4 hto get complete dissolution. The gelatin and PV A solutions were mixed
at ratios of 100:0, 70:30, 50:50, 30:70, and 0:100. The glutaraldehyde (GA) at
concentration of 0.1% was added into the mixture of gelatin and PVA solution, stirred
until a homogenous solution was obtained and poured into 48-well plate. Then, the
gelatin/PVVA hydrogels were frozen at -20°C for 12 h and thawed at room temperature
for 12 h. The freeze-thaw procedure was carried out in 5 cycles to reach a stable shape.
After the freeze-thawing cycles, the gelatin/PVA hydrogels were soaked with 0.1 M
glycine for 2 h to neutralize GA.

3.3 Characterization of hydrogels
3.3.1 Fourier transform infrared spectroscopy (FT-IR) characterization

FT-IR spectra of the composite hydrogels were carried out using the attenuated
total reflectance mode on an FT-IR spectrometer (Equinox 55, Bruker, Ettlingen,

Germany). The dried hydrogels were scanned in the range of 4000 to 400 cm™.

3.3.2 Morphology and pore size measurement

The morphology of the hydrogels was observed using scanning electron
microscope (SEM, TM3030Plus, Tabletop microscope, Hitachi). Before the SEM
analysis, the hydrogel samples were coated with gold using a gold sputter coater
machine (SPI Supplies, Division of Structure Probe Inc., Westchester, PA, USA). The

pore sizes in each group of gelatin/PVA hydrogels were randomized (n=100) and the

average of pore sizes was calculated using ImageJ software.

3.3.3 Swelling testing

The swelling behavior of the hydrogels was measured at different time periods
in phosphate buffer solution (PBS) at 37°C. The hydrogels were removed out from the
PBS, excess water was wiped off by filter water and the wet weight was determined
immediately. The dry weight of the hydrogels was obtained after freeze-drying. The

swelling ratio was calculated using the equation
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Swelling ratio = (Wi-Wa)/Wq
When Wtand Wy are the weight of the swollen hydrogels and dried hydrogels,
respectively (18).

3.3.4 Degradation behavior

Degradation of the gelatin/PVA hydrogels was carried out by measuring the
weight loss. The gelatin/PVA hydrogels were freeze-dried, weighed, and immersed in
lysozyme at a concentration of 2 mg/ml. A weight comparison was performed before
and after the enzymatic degradation using this equation (19).

% weight loss = (Initial weight — weight after degradation)/Initial weight x 100

3.3.5 Mechanical testing

Compressive testing of the gelatin/PVA hydrogels was performed by applying
a strain rate of 0.2 mm/min using a universal testing machine (Lloyd model LRX-Plus,
Lloyd Instrument Ltd., London, UK). The hydrogels (n=6) were cut into sizes of 10
mm diameter with a 5 mm thickness. The testing machine had a static load cell of 10 N

at rate of 2 mm/min and stopped at a strain 40%.
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3.3.6 Cell culture

MC3T3-E1 cells were cultured in a-modified minimal essential medium (a-
MEM) (Gibco, Invitrogen, Carlsbad, CA, USA) supplemented  with
1% penicillin/ streptomycin, 0.1% Fungizone, and 10% fetal bovine serum (FBS).
Before cell seeding, the samples were sterilized by UV light for 1 h and immersed into
the cultured medium for 24 h. Hydrogels were seeded with 1x10° cells density in 30 pl
expansion medium. After 2 h of cell seeding, 500 ul of osteogenic differentiation
medium was added into each hydrogel, cultivated at 37 °C with 5% CO for up 3 weeks,
and the medium was changed every 3-4 days.

To prepare the osteogenic differentiation medium, a-MEM was supplemented
with penicillin/streptomycin, fungizone, FBS, 10 mM [-glycerophosphate, 50 mg/mL
ascorbic acid, and 100 nM dexamethasone.

3.3.7 Cell proliferation

The cell proliferation of gelatin/PVA hydrogels without osteogenic
differentiation medium were measured using PrestoBlue reagent (PrestoBlue® cell
viability regent, Invitrogen, USA) at day 1, 7, 14 and 21. Initially, the hydrogels were
washed twice with 1xPBS solution. The PrestoBlue solution was prepared by mixing
with the medium at a ratio of 1:10 and added into the hydrogels. The gelatin/PVA
hydrogels were then incubated for 1 h at 37°C, A quantity of 200 ul of the solution was
transferred into 96-well plate, and the absorbance was measured at wavelength of 570

nm.

3.3.8 Cell attachment

MC3T3-E1 cell attachment seeded on the gelatin/PVA hydrogels was observed
at day 1 and day 14 by SEM. The hydrogels were fixed with 3.5% formaldehyde
solution, washed with distilled water, and freeze dried. Before the SEM analysis, the
hydrogels were coated with gold and the cell viability was observed by SEM (SEM,
TM3030Plus, Tabletop microscope, Hitachi).
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3.3.9 Mineralization assay

Alizarin red staining was used to determine the mineralized bone matrix after
osteogenic differentiation. The cells on the gelatin/PVA hydrogels cultivated for day
14 and day 21 were fixed with 4% formaldehyde for 10 min. A 2% (w/v) solution of
alizarin red (Sigma-Aldrich, USA) was added and kept in the dark for 20 min. The
hydrogels stained with alizarin red were then washed several times with deionized
water to remove the excess stain and the mineralize nodule were observed under a

microscope.

3.3.10 Alkaline phosphatase (ALP) analysis

The ALP activity of the cells seeded hydrogels was determined at dayl, 7, 14,
and 21 after culturing the cells in osteogenic differentiation medium. The gelatin/PVA
hydrogels were washed twice with PBS and then frozen at -80°C until the ALP analysis.
To perform the ALP analysis, the lysing solution (1% Triton-X in PBS) was added into
each hydrogel, incubated on ice, and freeze-thawed in 3 cycles. Aliquots of the ALP
assay were measured using alkaline phosphatase liquicolor (AMP Buffer, IFCC,
Human, Germany) according to the manufacturer’s instructions. During the reaction,
ALP hydrolyzes the colorless p-nitrophenylphosphate to form the yellow product of p-
nitrophenol (20). The rate of p-nitrophenol is proportional to the ALP activity. The
absorbance was measured at the wavelength of 405 nm. Each experiment was

performed in triplicates and the relative ALP activity was expressed in U/I.

3.3.11 Calcium colorimetric assay

Another aliquot of the lysed cell solution was used to determine calcium
content. The calcium qualitative assay was measured according to the manufacturer’s
instruction (Biovision, Milpitas, CA, USA). Briefly, the lysed cell solution was pipetted
(50 pl) into a 96-transparent-well plate. Then, chromogenic reagent (90 pl) and calcium
assay buffer (60 pl) were added into the solution samples under mixing and incubated
for 10 min at room temperature in the dark. The optical density was measured at
wavelength of 575 nm. The calcium concentrations was calculated by the ratio of the

calcium content and the sample volume.
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3.3.12 Statistic analysis

All data were statically analyzed using one-way ANOVA, Turkey’s HDS test
(SPSS 20.0 software package). The data are presented as mean + standard deviation
was shown. P values less than 0.05 were considered to be significant.

3.4 Results
3.4.1 Preparation and gelation of gelatin/PVA

The schematic illustration of the gelatin/PVA hydrogel is shown in Figure 3.1.
The gelatin/PVA hydrogels were prepared in two step method. The first step was to
generate covalently chemical crosslinking using the GA crosslinker. The next step was
the formation of the physical crosslinking in the hydrogels using the freeze-thaw
method. The morphology of pure gelatin exhibited a translucent gel. Addition of the
PVA solution showed white opaque structures. The morphologies of the gelatin/PVA

hydrogels at different ratios was presented in Figure 3.2.

Gelatin/PVA hydrogel

Gelatin/PVA solution
(GA 0.01% crosslinking)

~~—— Gelatin

—~—— PVA

@® @  Physical crosslinks

Chemical crosslinks

Figure 3.1 Schematic illustration of gelatin/PVVA hydrogel preparation
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Figure 3.2 Gelatin/PVA hydrogels at different ratios (A) 100:0, (B) 70:30, (C) 50:50,
(D) 30:70, and (E) 0:100

3.4.2 FT-IR characterization of gelatin/PVA hydrogels

The molecular and structural organization of the gelatin/PVA hydrogels with
different concentrations after freeze-drying were studied using FT-IR measurement.
The gelatin, gelatin/PVA and PVA hydrogels showed different spectra in the region of
800-3500 cm™ as (Figure 3.3).

The gelatin spectra showed C-H stretching vibration of the protein that
appeared at wavenumbers 2915 cm™ and 2850 cm™. The peaks in the range of 3100-
3500 cm™ were due to N-H stretching of secondary amide including O-H stretching
vibration. Moreover, N-H bending appeared in the wavenumber of 1500 -1550 cm*
(21). The hydroxyl groups (O-H) stretching in the hydrogels showed a broad peak at
wavenumber in the region of 3000-3600 cm. This hydroxyl groups indicated existence
of intermolecular and intramolecular hydrogen bonding of PVA and gelatin. CH;
bending appeared at wavenumber at 1400-1450 cm™. The bands at 1000-1100 cm™ was
attributed to the reaction of the aldehyde groups of GA with hydroxyl groups of PVA,
forming acetal groups (O-C-O vibration) (22). The more intense absorption peak in this
region was observed as the amount of PVA increased. Moreover, the band at 1630-
1650 cm! and 1530-1550 cm™ in 100:0, 70:30, 50:50, and 30:70 gelatin/PVA hydrogel
were related to the formation of imine (C=N), which came from the interaction between
amine group of gelatin and aldehyde groups of GA. The broad peak of this region
(1630-1650 cm™) was exhibited due to the overlapping with the bands of C=0
stretching vibration peaks in amide | (about 1630 cm™) of uncrosslinked gelatin (23).
The lower intensity of this characteristic peak appeared in the higher PVA amount.

Interestingly, there was no characteristic peak of aldehyde (C=0) obtained from the GA
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crosslinker at 1700 cm™ in the FTIR spectrum which indicated no residual GA existed

in the hydrogels (24).
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Figure 3.3 FT-IR spectra of gelatin/PVVA hydrogels

3.4.3 Swelling behavior of gelatin/PVA hydrogels

The swelling behavior of a hydrogel network is an important factor when
fabricating hydrogels because it is necessary to have high water adsorption and
retention capacity. Moreover, this factor affects solute diffusion, mechanical
properties and molecular mobility of a hydrogel (25). Swelling behaviors of
gelatin/PVA hydrogel with different concentrations were studied at different time
periods from 1 min to 180 min (Figure 3.4). All groups of hydrogels swelled rapidly
in the first few minutes. This reason was due to the pores in the hydrogels and the
hydrophilicity of the polymers. The swelling ratio started to saturate after a long time
due to the equilibrium of water absorption. The hydrogels that contained pure gelatin
(100:0) and gelatin/PVA at ratio 70:30 had highest swelling ratio. Conversely,
hydrogels containing higher amount of PVA (50:50, 30:70, and 0:100) showed low

swelling ratios.
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Figure 3.4 Swelling graphs of gelatin/PVVA hydrogels with different time period

3.4.4 Degradation behavior of gelatin/PVA hydrogels

The degradation behavior

of gelatin/PVA hydrogels with different

concentration ratios were studied by measuring the weight loss (Figure 3.5). All groups

of gelatin/PVVA hydrogels showed high degradation rate at the starting point. The 100:0

and 70:30 gelatin/PVA hydrogels were completely degraded in the lysozyme solution

at day 5 and day 8, respectively. The weight loss of gelatin/PVA hydrogels with ratios
of 50:50, 30:70 and 0:100 decreased after day 32. However, these three groups

maintained their shape during the degradation testing. The results suggested that the

addition of PVA into the gelatin/PVA hydrogel decreased the degradation rates of

hydrogel and provided hydrogel shape stability.
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Figure 3.5 Gelatin/PV A hydrogels after degradation in lysozyme enzyme. The
symbol (*) presented significant changes (*p < 0.05)

3.4.5 Mechanical properties of gelatin/PVA hydrogels

The mechanical properties of a hydrogel are important requirement for cartilage
tissue engineering. When compressed, a hydrogel should not be easily broken or
fractured. Therefore, the mechanical properties of the gelatin/PVA hydrogels
underwent compressive testing. The compressive stress and Young’s moduli of the
gelatin/PV A hydrogels in wet state are showed in Figure 3.6. The pure gelatin hydrogel
showed the lowest compressive stress and Young’s modulus at the limitation of 40%
strain. In contrast, higher PVA content in the hydrogels increased the compressive

stress and Young’s modulus of the gelatin/PVA hydrogels.
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Figure 3.6 The mechanical properties of gelatin/PVA hydrogels: (A) stress at
maximum load and (B) Young’s modulus. The symbol (*) presented significant

changes (*p < 0.05)

3.4.6 Morphological observations and analysis of gelatin/PVA hydrogels

The pore size of hydrogels is important in facilitating cell binding, migration,
and ingrowth. Moreover, the pore size can allow nutrient and oxygen transportation to
the inside of the hydrogels (26). The SEM images of the porous structures of the
gelatin/PV A hydrogels are revealed in Figure 3.7. Gelatin/PVA hydrogels with a ratio
of 100:0 had the largest pore size compared to the other groups at the same
magnification. Adding PVA into the gelatin hydrogels made the pore sizes smaller.
Moreover, the interconnected pores were also appeared in all hydrogel groups. The pore
size distribution of 100 pores was also studied using ImageJ software (Figure 3.8). The
pore size of the gelatin/PVA hydrogels with higher PVA content showed smaller pore

sizes.



Figure 3.7 Surface morphology of gelatin/PVA hydrogels with different ratios at
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Figure 3.8 Pore size distribution of the gelatin/PVA hydrogels at different ratios; (A)
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3.4.7 Osteoblast proliferation on gelatin/PVA hydrogels

Cell proliferation of the gelatin/PVA hydrogels was evaluated to determine the
biological performance. The hydrogel structure and properties such as morphology,
surface functional groups, mechanical properties, stiffness, degradation, and molecular
structures affect cell attachment and cell proliferation of the hydrogels (27).

The cell proliferation efficiency of the gelatin/PVVA hydrogels was studied using
PrestoBlue reagent and measured at day 1, 7, 14, and 21 in the absent of osteogenic
differentiation. (Figure 3.9). The results showed that cell proliferation of the
gelatin/PVA hydrogel increased from day 1 to day 7 and decreased at day 21. Pure
gelatin hydrogels showed the highest cell proliferation at day 1. However, the pure
gelatin hydrogels completely dissolved in the culture medium at day 5 which resulted
in no cell proliferation following day 5. At day 7, the gelatin/PVVA hydrogels at the ratio
of 70:30 showed the highest cell proliferation. However, the hydrogels in this group
also dissolved. In the other three groups, no significant difference on cell proliferation
were observed.

0.7

| [ Gelatin/PVA = 100:0
06 L [ Gelatin/PVA = 70:30
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Figure 3.9 The cell proliferation with different ratio of the gelatin/PVA hydrogels at
day 1, 7, 14 and 21 with ostegenically induced cells. The symbol (*) indicated
significant changes (*p < 0.05)
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3.4.8 Osteoblast attachment on gelatin/PVA hydrogels

Cell attachment on the hydrogels was observed at day 1 and day 14 after cell
culturing (Figure 3.10). At day 1, most of the cells adhered, elongated, and aggregated
along the walls of the pores. Some cells extended across the pores and connected to
neighboring cells. Moreover, few cells penetrated into the pore of the hydrogels. At
day 14, the cells spread and grew almost to confluence on the surface area. In the 0:100
gelatin/PVA hydrogel, it was nearly covered by cultured cells because of the smallest
pore size.

100:0 70:30

Day 1

Day 14

Figure 3.10 Cell adhesion and cell morphologies of the gelatin/PVVA hydrogel at day

1 and day 14. Red arrows show examples of cell elongation

3.4.9 ALP activity from cultured osteoblasts on gelatin/PVA hydrogels

After culturing osteoblast on the gelatin/PVA hydrogels, ALP activity was
measured. ALP activity initiates the mineralization process which was measured to
evaluate the biological performance of bone formation. In this study, the ALP contents
secreted from the MC3T3-E1 cells was determined on days 1, 7, 14 and day 21 in
osteogenic differentiation medium (Figure 3.11). No significant difference in the ALP
activity were observed between the samples at any time point measurement except at
day 7.
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Figure 3.11 ALP activity at day 1, 7, 14, and 21 of the gelatin/PVA hydrogels: 100:0;
70:30; 50:50; 30:70; and 0:100. The symbol (*) presented significant changes (*p <
0.05).

3.4.10 Calcium deposition on cultured osteoblast hydrogels of gelatin/PVA

After day 14 and day 21 of cell culturing in osteogenic differentiation medium,
the cell-seeded hydrogels were stained with alizarin red to indicate the mineralized
nodules. The gelatin/PVA hydrogels without cells were used as control groups at all
experiment times. The results showed that the quantity of calcium content increased at
the cultured time point. The 50:50 and 30:70 gelatin/PVA hydrogels had greater
densities of calcium deposition than the hydrogels without gelatin, i.e. 0:100 (Figure
3.12).
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Control

Figure 3.12 Alizarin red staining on the gelatin/PVA hydrogels at day14, and day 21,
respectively. : (A, D, G) 50:50, (B, E, H) 30:70, and (C, F, 1) 0:100. Blue arrows
indicated the calcium nodules

3.4.11 Calcium contents on the cultured osteoblast hydrogels of gelatin/PVA

In order to determine the calcium accumulation synthesized by the osteoblasts,
the supernatants were collected and the calcium content were measured. Figure 3.13
presents the calcium content of the hydrogels measured at day 1, 7, 14, and 21. No
significant differences of calcium content were observed in any of the gelatin/PVA
hydrogels at day 1 and day 7 in the cell lysates. Notably, the calcium contents of the
50:50 and 30:70 gelatin/PVA hydrogels increased while the 0:100 gelatin/PVA

hydrogel had the lowest calcium content at day 21.
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Figure 3.13 Calcium release of the gelatin/PVVA hydrogel measured at day 1, 7, 14,
and 21. The symbol (*) presented significant changes (*p < 0.05)

3.5 Discussions
3.5.1 Molecular and structural formation of mimicked hybrid hydrogels of
gelatin/PVA

Gelatin/PVA hybrid hydrogels were fabricated using the chemical and physical
crosslinking technique for cartilage tissue engineering that focused on the subchondral
bone interface. Excellent mechanical and biological properties were observed from the
successful crosslinks in the materials. Three types of chemical crosslinks in polymer
chains using GA crosslinking agent in gelatin/PVA hydrogels were formed (Figure
3.14). First, a GA molecule reacts with an amino groups of lysine residues to form imine
bonds in gelatin chains. Second, addition of GA to the gelatin/PVVA solution caused the
crosslinking between a lysine residue (-NH2) of gelatin chains and a hydroxyl groups
of PVA chains. The last reaction occurs when a GA molecule reacts with two hydroxyl
groups of adjacent PVA chains, forming acetal bridge (28). The physical crosslinks to
form polymer crystallites in the gelatin/PV A hydrogels were induced by cyclic freeze-
thaw processing. Figure 3.15 shows the freeze-thaw mechanism of hydrogel formation.
The freeze-thawed hydrogel are formed by dissolving the polymers in the solvent and

freezing the solution. Ice crystals then formed in the freezing step. The size of the ice
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crystals increase as the temperature decreases which results in the gelatin and PVA
polymer chains coming into close contact with each other (12). As the ice-crystal melt
during the thawing, the pores in the gel are formed (29). Repeating the freeze-thaws
cycles can increase the crystalline domain which increases the physical crosslink
density and leads to increased chain stiffness in the hydrogels (30). As a consequence
of different ratios of gelatin/PVA contents, the degree of crosslinking controls the

mechanical and biological properties.
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Figure 3.14 The chemical crosslink reactions of (A) gelatin, (B) gelatin/PVA, and (C)
PVA with GA crosslinker in the gelatin/PVA hydrogels



57

Freezing Thawing
T - T s f\) L N9
/\:\\?/_ - \’\Q >—\ /;'i\?o é/

/"~ Polymer chain

Py
9 Ice

¥ Crosslinking point

Figure 3.15 Freeze thawing mechanism of hydrogel formation

The mimicked hybrid hydrogel of gelatin/PVVA were formed via chemical and
physical crosslinking. This can be related to the hydrogel formation of cartilage tissue.
The hydrophilic PVA, which shows the unique functionality of a hydrogel similar to
hyaluronic acid (HA) in cartilage tissue, was selected to be the base matrix or
continuous phase of our mimicked hybrid hydrogels. Gelatin, which has a molecular
structure similar to collagen in cartilage, was chosen to be the non-continuous phase in
the mimicked hybrid hydrogels. Importantly, chemical crosslinking is the process
during formation of the ECM particularly in collagen fibril formation (31). Therefore,
chemical crosslinking is the mimicked in situ formation of collagen fibril formation in
the ECM. Physical crosslinking occurs in the glycosaminoglycan which is a component
of the ECM in cartilage tissue (32). HA especially has showed unique physical
crosslinking which leads to hydrogel formation (33). In this research, the physical
crosslinking of PVA is the mimicked in situ hydrogel formation which is similar to HA
in cartilage tissue. Our results demonstrated the chemical and physical crosslinking of
the gelatin/PVA mimicked in situ collagen fibrillation and HA hydrogel formation in

cartilage tissue.

3.5.2 Physical performance of mimicked hybrid hydrogels of gelatin/PVA

After mimicking, the physical performance of the hybrid hydrogels of
gelatin/PV A were tested to determine the necessary ability to connect to subchondral

bone. Some research studies proposed cartilage tissue scaffolds which have the ability
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to induce tissue formation of subchondral bone on the surface (3,34-36). In this
research, the swelling behavior, degradation, and mechanical properties of the
mimicked hydrogels were selected for testing to determine the similars to natural
cartilage tissue. In the main, the physical performance results of our research explained
the relationship of molecular structure-morphology-physical performance. Some
research studies demonstrated that the crosslinking affects the morphological formation
and properties of hydrogels such as porous formation, swelling, degradation time, and
mechanical properties (3,34-37). For instance, the swelling behavior in hydrogels is
associated with permeability, fluid flow, and the compressive stiffness in articular
cartilage applications. An increase in the water content reduces the load bearing
capacity of articular cartilage (38). Our data presented that a high swelling ratio which
was found in the higher gelatin concentrations of the gelatin/PVA hydrogels, i.e. 100:0
and 70:30. This result was due to the lower crosslink density in the gelatin hydrogels.
The free amino groups, which uncrosslinked with aldehyde of GA, in the gelatin could
interact with water which resulted in a high swelling ratio (39). The other cause relates
to the addition of gelatin in the hydrogels which makes the hydrogel structures
becoming looser. The macromolecular chains of gelatin can then extend easily
compared to PVA polymer chains. The highly swollen hydrogels resulted from lower
degree of crosslinking and the not so tight structure which resulted in faster penetration
of fluid into the highly porous structure (40). This higher swelling leads to higher
degradation and lower mechanical strength. The degradation and mechanical properties
of gelatin/PVA hydrogels can be tuned to match the cartilage and subchondral bone
regeneration. If the degradation rate is too rapid, it causes mechanical failure of the
hydrogels and damages the reconstructed subchondral bone as the underlying support
(41). Our results showed that higher gelatin content in the hydrogels had greater
swelling and degradation and lower compressive strength. However, lower swelling
behavior in the higher PVA content of the gelatin/PVA hydrogels, i.e. 50:50, 30:70,
and 0:100, can maintain stable shapes for more than two months. However, for articular
cartilage repair at the subchondral bone interface, the hydrogels should degrade slightly
to allow cell and blood invasion after maintaining mechanical stability in the first two

months (3). This is a point for further development of our hydrogels in the future.
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It is known that the crosslinking density of polymer chains can improve the
mechanical properties. Since articular cartilage is primarily loaded under compressive
force, a guideline for the design of cartilage replacement material should consider the
mechanical properties, such as compressive stress or Young” modulus, to be similar to
the adjacent cartilage to distribute the load bearing at the joint (42). Our results showed
that higher compressive stress and Young’s modulus were obtained as the concentration
of PVA increased. This results from the stronger and higher chemical and physical
crosslinks in the PVA chains. The physical crosslinked hydrogels containing PVA
come from the hydrogen bonded PVA crystallites in the network (43). In the
compressive test, the hydrogels were compressed in one direction. The increased
crosslinked polymer fraction supports the hydrogel network and thus gave more
resistance to the compressive force (40). According to Watase et al.,(44) increased
crystallinity due to the freeze-thaw cycles in PVA hydrogels caused an increased elastic
modulus.

However, a greater stiffness or smaller pore size of hydrogels may limit nutrient
flow and decrease the viscoelastic properties and the shock absorbance capacity in
subchondral bone, leading to the breakdown of the overlying cartilage (15). Therefore,
controlling the pore size and interconnected pore network are ways to improve tissue

formation at the defects to be similar to the natural tissue.

3.5.3 Biological properties of mimicked hybrid hydrogels of gelatin/PVA

The biological properties are important to evaluate the potential to induce tissue
formation of subchondral bone at the surface of mimicked hybrid hydrogels of
gelatin/PVA. Principally, the hydrogels must provide cell adhesion and migration
which influence cell proliferation (31). Our research focused on gelatin and PVA
because of their molecular structures and functionalities, and the morphologies that
affect the biological properties. In the view of molecular structure and functionality,
good cell proliferation was obtained from hydrogels with a high amount of gelatin, i.e.
100:0 and 70:30, because of the RGD amino sequence. The interaction between the
RGD amino sequence on the surface of the gelatin and cellular integrin receptors can

regulate the intracellular signal pathway that resulted in the enhancement of cell binding
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(45). At the early stage of testing, the contour forms of the hydrogels were stable. This
also promotes cell adhesion which leads to inducing cell proliferation. The hydrogels
that had lower contents of gelatin, i.e. 50:50, 30:70, and 0:100, had fewer biding sites
to support cell attachment. The PVA hydrogel appeared to have a quite low cell density
because it has no RGD amino sequences as a binding site for cell recognition (22,27).
Some research studies (22,43,46) proposed that cells cultured on gelatin and PVA
hydrogels were still viable which indicated that the gelatin, gelatin/PVA, and PVA
hydrogels were non-toxic. Importantly, at the later stage of testing, the hydrogels with
higher amount of PVA, i.e. 50:50, 30:70, and 0:100, had sufficient stability to maintain
their contour shape. Therefore, they still showed cell proliferation. On the other hand,
hydrogel with low amounts of PVA, i.e. 100:0 and 70:30, had insufficient stability to
maintain the contour shape and for this reason they could not display cell proliferation.
The results demonstrated that the mimicked hybrid hydrogel with a certain ratio of
gelatin and PVA showed suitable molecular structure and functionality for cell
attachment and proliferation.

In the view of morphological structure, the crosslink density also affects the
interconnected pores and pore size in hydrogel. Smaller pore size were observed in the
SEM images of the gelatin/PVA hydrogels with higher PVA content. It is possible that
the gelatin molecules prevent the PVA chains from moving close to each other to form
hydrogen bonds during the freeze-thaw cycles (42). The pore sizes of the gelatin/PVA
hydrogels were in the range of 50-120 um, which is suitable for cell attachment.
Interestingly, pore interconnectivity allows for cell migration and attachment and the
larger pore sizes could allow osteoblast migration from the subchondral bone to the
articular cartilage (4). Some research studies have proposed that if the pore size is too
large, the specific surface area decreases which resulted in the reduction of ligand
density for cell binding (43).

ALP is an important component of hard tissue formation, including tissue
formation in subchondral bone development. Generally, ALP enzyme is expressed in
the early state during osteogenic activity. ALP can be used to identify the osteoblast
differentiation. Interestingly, at day 7, the 50:50 and 30:70 gelatin/PV A hydrogels were
higher in ALP activity than the others. For the other days, no differences in the ALP

activity were observed any of the groups. This comes from two reasons. First, a
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sufficient number of RGD binding groups in the gelatin of the hydrogel is the major
cause to induce ALP activity expression (3,34). Second, stability of the hydrogel is the
minor cause to induce ALP activity expression (47). Interestingly, after day 7 no
significant differences were observed in the ALP activity between any of the groups.
This resulted from the insufficient number of RGD biding groups and instability of the
hydrogels.

Alizarin red staining and calcium assay were performed to investigate the
calcium deposition and calcium content of the hydrogels. Alizarin red, which is an
anthraquinone derivative, was used to detect the calcium compounds. The calcium
cations react with alizarin red by covalent linkages to oxygen and hydroxyl groups.
This mechanism causes the orange-red precipitate on the hydrogel (48). The hydrogel
with gelatin showed better calcium deposition than without gelatin. A sufficient number
of RGD binding groups and the stability were the causes to enhance calcium content in
the hydrogels, particular in the 30:70 gelatin/PVVA hydrogel.

According to the biological properties, the mimicked gelatin/PVA hydrogel at
a ratio of 30:70 was the most suitable as a cartilage scaffold to induce subchondral bone
formation at the interface area. This was due to the sufficient number of RGD binding
groups and the stability that caused the induction of the biological functions of the

mimicked hydrogel.

3.6 Conclusions

The hybrid hydrogels of gelatin/PVA were fabricated with the mimicking
concept and were proposed as cartilage scaffolds of osteoarthritis surgery. The
molecular organization, morphology, and performance of the hybrid hydrogels were
characterized, observed, and tested for evaluation of the potential to induce tissue
formation of subchondral bone at the surface. The results demonstrated that hydrogels
produced by a combination of gelatin/PV A solutions were successfully prepared by the
chemically and physically crosslinked interactions. The crosslinking network on
hydrogels controls the swelling behavior, degradation rate, mechanical properties, and
pore size as well as the biological properties of hydrogels. Although the mechanical

properties of gelatin/PVA hydrogels are not sufficient to support the subchondral bone
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interface, the excellent swelling behavior, degradation rate, pore size, and biological
properties of these hydrogels, especially at a gelatin/PVA hydrogel ratio of 30:70, could
be decent candidates since they could maintain the structure shape with proper swelling
and degradation rate. Moreover, these hydrogels showed appropriate cell
biocompatibility and cell adhesion. The osteogenic potential of gelatin/PVA hydrogel
was confirmed by ALP activity, alizarin red, and calcium content assay. The outcomes
of this work may be helpful to design the hydrogels in tissue engineering to induce

subchondral bone formation for OA surgery.
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CHAPTER 4
SMART BASEMENT MEMBRANE EXTRACELLULAR MATRIX
BASED ON THERMO-RESPONSIVE HYALURONIC-POLY
(N-ISOPROPYLACRYLAMIDE) AS THE MODEL TO
ENGINEER THE MORPHOLOGY OF TISSUES

Abstract

Morphological formation of tissue is important for regenerative medicine. In this

research the smart basement membrane extracellular matrix (ECM) was created as the

model to engineer the morphology of tissue. Poly (N-isopropylacrylamide) (PNIPAM)
was grafted to hyaluronic acid (HA) via coupling reaction to form amide bond. Then,
the molecular structure of grafted HA-PNIPAMSs were characterized by *H-NMR, GPC,
and FT-IR techniques. The structural formation was characterized with DSC. The
physical behavior was observed by rheological properties. Osteoblast cells of MC3T3-
E1 were cultured on the grafted HA-PNIPAM. Then, cell toxicity and proliferation on
the HA grafted PINIPAM were evaluated. Afterward, cell detachment and cell viability
after detachment was observed. The results showed that PNIPAM was partially grafted
to HA. The rheological properties demonstrated that the grafted HA-PNIPAM showed
the highest viscosity at around 30°C. The grafted HA-PNIPAM showed non-toxicity,
good cell proliferation into the sheet form. The cell sheet of the grafted HA-PNIPAM
detached and arranged into the rolled form. Finally, the results demonstrated that the
grafted HA-PINIPAM showed the suitable physical behavior, non-cell toxicity, cell

proliferation, cell detachment, and cell viability after detachment which is promising

for model to engineer the morphology of tissue.
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4.1 Introduction

Morphological formation of tissue is the important stage for regenerative

medicine (1-3). For some cases, the non-completed morphological formation has an

effect on the irregular regeneration which lead to malfunction of tissue (1,2).Therefore,
some researches are often emphasized to create the approach to regulate morphological
formation of tissue (4). Those researches are mainly focused on morphological
formation by activation with the biological signals; growth factors, cytokines, and
extracellular matrix (ECM) (1-3,5). Especially, ECM has the performance of the
biological signal which also shows the structural function to support cell behavior; cell

adhesion, proliferation, and migration(6). Some literatures demonstrate that ECM self-

organizes into different forms which act as the structure to regulate the different
morphological formation of tissue (1,2). According to the unique performance of ECM,
it was emphasized in this research.

Extracellular matrix (ECM) is the component in tissue (7). ECMs are mainly
composed of protein and polysaccharide that self-organize into the complicated
structure (7). Especially, basement membrane ECM showed the function to support the
cell sheet formation (6). Some reports demonstrate the use of the basement membrane
EMC as the natural scaffold, which is successful to regulate two dimensional (2D)
morphological formation of tissue (8). Therefore, the basement membrane ECM was
focused on this research.

Hyaluronic acid (HA) is an important component in ECM (9). Based on the
distinguished physical property and bio-function, HA has been often used as based
materials for biomedical applications (10). Interestingly, some research presented bio-
function of HA to induce cell behaviors leading to different morphogenesis of tissue
regeneration (1,2). This has been used to engineer tissue morphogenesis into different
forms (1,2). Based the biological function, HA was chosen as based bio-functional

materials in this research.
Poly (N-isopropylacrylamide) (PNIPAM) is the unique polymer, which has the
thermo-responsive function. PNIPAM has been often used for grafting on substrate to

engineer cell sheet membranes. At the transition temperature around 32°C of human
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body, the polymer chains intact to exhibit the hydrophobicity of PNIPAM at the grafted
surface (11). This leads to the cell layer detaches from the grafted surface (12). Owing

to the thermo-responsive function, PNIPAM was selected as based smart materials
incorporated with HA in this research.

Generally, PNIPAMs incorporated with HA have been often used for
biomedical application; regenerative medicine (11), drug delivery (13,14), and tissue

engineering (15). There is rarely study on grafted HA-PNIPAMs, which act as the smart
basement membrane ECM to engineer morphology of tissue. In this research, the
grafted HA-PNIPAM was synthesized via coupling reaction to form amide bond, and
characterized. Physical property and bio-function of the grafted HA-PNIPAM were
tested. Then, performance of the grafted HA-PNIPAM as smart basement membrane

ECM was evaluated for promising material to engineer morphology of tissue.

4.2 Materials and methods
4.2.1 Materials

A 95 % hyaluronic acid sodium salt (HA), 98% adipic dihydrazide (ADH), and
3-Mercaptopropionic acid (MPA) chain transfer were purchased from Acros Organics
(Geel, Belgium), N-isopropylacrylamide (NIPAM) monomer with a molecular weight
of 113.2 g and 1-ethyl-3-(3 dimethylaminopropyl) carbodiimide hydrochloride (EDC)
were obtained from Tokyo Chemical Industry (TCI, Tokyo, Japan) (TCL), N-
Hydroxysuccinimide (NHS) and Azobisisobutyronitrile (AIBN) initiator were
purchased from Merck (Darmstadt, Germany), and N,N’-methylenebis(acrylamide)
(MBA) crosslinking agent was obtained from Sigma-Aldrich (St. Louis, Missouri, US).

4.2.2 Synthesis of HA-NH>
HA-NH: was synthesized following the previously reported procedure (16). HA-

NH. was prepared by dissolving HA 05 g in 100 ml DI water to obtain HA solution at
concentration of 5 mg/ml. Then, 10 g of ADH was added into HA solution.0.8 g of EDC
and 0.7g of NHS dissolved in DMSO/H,0 (5 ml:5ml) were then added into the reaction
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mixture of HA and ADH solution. The pH of the mixture was adjusted to about 4-5 by
adding 1 molar hydrochloric acid (HCI) solution. The reaction was stirred at room
temperature overnight and dialyzed (molecular weight cut-off IMWCO; 3500) against
with DI water to remove unreacted molecules. NaCl was added into reactant solution to
produce 5% w solution and HA-NH2 was precipitated in ethanol. The precipitated HA-
NH2 was dissolved again in DI water and dialyzed for 3 days to remove the salt. The

HA-NH: product was lyophilized and kept at 4°C for further use.

4.2.3 Synthesis of PNIPAM-COOH

The carboxylic acid terminated PNIPAM was synthesized by free radical
polymerization of NIPAM monomer. The synthesis of PNIPAM-COOH was slightly
modified from proceduresof R. Yu et al, and J-P. Chenet al (17,18). 10g NIPAM was
dissolved in 50 ml THF. 0.073 g AIBN, 0.62 ml MBA and 136.5 mg MPA were added
into NIPAM solution with stirring under nitrogen atmosphere for 30 min. The reaction
was carried out at 60°C overnight. After polymerization, the viscous solution was
formed and then the solution was evaporated to remove THF. The PNIPAM-COOH was
purified by washing with hot water and finally lyophilized to obtain dried PNIPAM-
COOH polymer.

4.2.4 Synthesis of HA-PNIPAM copolymer

The HA-PNIPAM copolymer was synthesized by conjugating the amine groups
of 0.1 g HA-NH: to the carboxylic groups of PNIPAM-COOH with different weights of
PNIPAM-COOH. Before grafting HA-NH. with PNIPAM-COOH, PNIPAM-COOH (3
g and 5 g) was dissolved in DI water and incubated with EDC and NHS at 4°C for 48 h.
EDC can form an intermediate of an amide linkage between HA-NH, and PNIPAM-
COOH while NHS was used to increase the stability this amide intermediate. To graft

PNIPAM-COOH to HA-NH,, HA-NH> (0.1 g) was dissolved in DI water and added into
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PNIPAM-COOH/EDC/NHS solution. The mixture was stirred overnight at room
temperature, dialyzed for 3 days against DI water to remove unreacted PNIPAM-
COOH, and then lyophilized to obtain the desired copolymer.

The synthetic routes of HA-NH, PNIPAM-COOH, and HA-PNIPAM

copolymer were shown in Figure 4.1.
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Figure 4.1 Synthetic route of (A) HA-NHz, (B) PNIPAM-COOH, and (C) HA-
PNIPAM grafted-copolymer
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4.3 Characterizations
4.3.1 Proton nuclear magnetic resonance (*H-NMR) characterization

The chemical structures of synthesized polymers were determined by *H-NMR
spectrometer (Bruker Advance FT-NMR 300 MHz machine using tetramethylsilane
(TMS) as internal standard). Deuterium oxide (D20) was used as a solvent for all

samples.

4.3.2 Gel permeation chromatography (GPC) measurement

The weight average molecular weight (Mw), number average molecular weight
(Mn), and polydispersity index (PDI=-Mw/M») of HA-NH2, PNIPAM-COOH, HA.-
PNIPAM-3, HA-PNIPAM-5 were measured using GPC technique. The sample polymers
were prepared by dissolving in DI water for HA-NHz;, HA-PNIPAM-3, and HA-
PNIPAM-5 and in THF for PNIPAM-COOH. The GPC measurement condition was as
the following: column 7.8x300 mm, flow rate of 1 mL/min, temperature of the column

set to 40 -C and injection quantity of test sample and standard was 20 pL.

4.3.3 Graft yield measurement

The %graft yield of HA-PNIPAM copolymers was calculated based on the
weight change using the following equation (18).
Graft yield (%) =  (Wha-pnipam — WHanH2) X 100

WeNIPAM-COOH

4.3.4 Fourier transform infrared spectroscopy (FT-IR)

FT-IR (EQUINOX 55, Bruker Optics, Germany) with the mode of Attenuated
Total Reflectance (ATR) was used to study the chemical structure of the synthesized
polymers of HA-NHz, PNIPAM-COOH, HA-PNIPAM-3, and HA-PNIPAM-5. Dried
samples were mixed with KBr powder, compressed as a pellet, and measured over the

range of 4000-400 cm™* wavenumbers.
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4.3.5 Differential scanning calorimetry (DSC)

To determine LCST and thermal profiles of the synthesized polymers, 10% w/v
polymer solutions of PNIPAM-COOH, HA-PNIPAM-3, and HA-PNIPAM-5 were
dissolved in DI water and the DSC (DSC7, Perkin Elmer, USA) analysis of these
polymers solution was performed by heating the temperature from 20 to 50°C at a
heating rate 2°C/min under nitrogen flow.

4.3.6 Rheological properties

To study LCST and the rheological behavior of polymers at varied
temperatures, the aqueous solution of PNIPAM-COOH, HA-PNIPAM-3, and HA-
PNIPAM-5 were prepared at 10% w/v concentration. For each polymer, 0.3 ml of 10%
wi/v polymer solution was added between plate and the polymer viscosity was measured
using Brookfield DV2T viscometer (Middleboro, USA) using plate-plate geometry.
The viscosity data was recorded by increasing the temperature from 25 to 39°C and

water was used as a control.

4.3.7 Cell culture

Osteoblast cells of MC3T3-E1 were cultured in a 75 cm?® flask with alpha
Minimal essential medium-a-modification (a-MEM) medium (Gibco, Invitrogen,
Carlsbad, CA, USA) and supplemented with 1% penicillin/streptomycin, 0.1%
fungizone, and 10% fetal bovine serum (FBS). The MC3T3-E1 cell cultures were kept

in a 37°C incubator with 5% CO- and the medium was changed every 2-3 days.

4.3.8 Cell toxicity and cell proliferation

300 pl of HA-NH2, PNIPAM-COOH, HA-PNIPAM-3, and HA-PNIPAM-5
polymers solutions were seeded on 24-well plate before cell cultivation. After UV
sterilization for 3 h, 100 pl MC3T3-E1 cell suspension with 5x10* cells density per
well were carefully mixed with the synthesized polymers on well plates. Then, the
polymers containing cells were incubated at 37°C in a CO; incubator. The PNIPAM-
COOH, HA-PNIPAM-3, and HA-PNIPAM-5 polymer solution turned into a white
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sheet covered on the bottom of well plates. Then, one milliliter of the culture medium
was added to each well plate and the cell culture was carried out at 37°C in a CO>
incubator. To determine cell toxicity and cell proliferation, PrestoBlue reagent
(PrestoBlue® cell viability regent, Invitrogen, USA) was prepared by mixing with the
fresh medium at a ratio of 1:10, added into the polymer hydrogels, incubated at 37°c
for 1 h, and transferred 200 pl solution into 96 well plate. Colorimetric measurement
was studied at the wavelength of 570 nm using an ELISA plate reader. Cell proliferation

in triplicates was measured with triplicates at day 1, 3, 5 and 10 after cell cultivation.

4.3.9 Cell detachment

After polymer sterilization under UV light, MC3T3-E1 with 5x10* cell density
were seeded onto with the synthesized polymer coated on the commercial culture
sterilized dish (Nunclon™ Surface). Cells were cultured for 3 days and the dishes were
incubated at room temperature until the cell sheet membrane started to detach from the

culture dish.

4.3.10 Cell viability after detachment

Cell viability after detachment was transferred to the new sterilized dish. Then,
cells were further cultured for 10 min, 3 day, and 5 day and cell viability was observed
by microscope (Axio Observer 7 Carl Zeiss, Sweden) at room temperature. Tissue

culture polystyrene (TPS) was used as control group.

4.3.11 Statistical analysis

All data were statically analyzed using one-way ANOVA, Turkey’s HDS test
(SPSS 20.0 software package). The data were presented as mean + standard deviation

was shown. P values less than 0.05 were considered to be significant.
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4.4 Results
4.41 H-NMR characterization

'H-NMR spectra of HA-NH, and PNIPAM-COOH polymers were showed in
Figure 4.2. For the *H-NMR spectrum of HA-NH,, the multiplet signal between 3.2 and
3.7 ppm was assigned to the protons in the glycosides. Moreover, the chemical shift
around 1.9 ppm indicated to the proton of N-acetyl groups in HA-NH>.

!H-NMR spectra of PNIPAM-COOH showed the chemical shift at 3.78 ppm,
which was the methine proton (-CH-) of isopropyl group. The peak at 1.99 ppm was
indicated to the methine proton (-CH-) on PNIPAM-COOH backbone. The multiplet
signal between 2.5 and 2.7 ppm was assigned to the methylene protons (-CH>-) next to
the carbonyl group in the cross linker. The peak at around 147 to 157 ppm was the
methylene protons (-CH>-) located on polymer backbone, and peak at 1.03 ppm was the
methyl protons (-CHs-) in isopropyl groups (19).

PNIPAM-COOH characteristic peakswas not presented in *H-NMR spectra of
HA-PNIPAM-3 and HA-PNIPAM-5 (data not shown) since the molecular weight of HA-
NH2 was much higher than PNIPAM-COOH. Therefore, GPC and FT-IR techniques

will be used to get more information and to confirm the grafting reaction to synthesize
HA-PNIPAM copolymers instead of *H-NMR technique.
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Figure 4.2 *H-NMR spectra of (A) HA-NH. and (B) PNIPAM-COOH

Grafting yield of HA-PNIPAM with different weight of PNIPAM-COOH
content was calculated. The grafting yield of HA-PNIPAM copolymer increased with
increasing the amount of PNIPAM-COOH to HA-NHo>. In addition, M,, My and PDI

were calculated using GPC technique. Table 4.1 showed the feed compositions, grafting

yield, Mn, My, and PDI of synthesized polymers.
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Table 4.1 Grafting yield, Ms, Mw, and PDI of synthesized polymers

Sample Weight | Weightof | Grafting Mhn Mw PDI
of PNIPAM- | vyield (%0)
HA-NHz | COOH (g)

(9)

HA-NH; ; ; - 24970 | 29419 | 1.18
PNIPAM- - - - 2746 3633 1.32
COOH
HA-PNIPAM-3 0.1 3 55.34 +1.51 96914 201755 2.08
HA-PNIPAM-5 | (1 5 60.12+3.96 | 577428 | 1798083 | 6.48

4.4.2 FT-IR characterization

The FT-IR spectra of HA-NH2, NIPAM, PNIPAM-COOH, HA-PNIPAM-3, and
HA-PNIPAM-5 showed the characteristic peaks in Figure 4.3. The FT-IR spectra of
NIPAM monomer displayed at 1654 cm™ and 1617 cm* which related to the carbonyl
group (C=0) bond stretching vibration and the C-C bond stretching vibration,
respectively. The absorbance band at 1544 cm™ was the secondary amide (N-H) bending
and the amine N-H stretching was shown at 3500-3250 cm™ (20). Characteristic peaks
of PNIPAM-COOH appeared in the range 3200-3600 cm?, corresponding to N-H
stretching vibration band. Moreover, the small shoulder at 1713 cm? indicated the
carboxylic groups of MPA on the PNIPAM-COOH side chain. The C-H vibrations of
isopropyl groups (-CH (CHs)2) PNIPAM repeating unit presented at 1387 and 1367 cm’
1 and the disappearance of C-C peak in PNIPAM-COOH spectra indicated the
successful polymerization of NIPAM monomer. Moreover, the amide | and amide I

bands also represented the C-=O stretching and N-H vibration bands at 1648 and 1547
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cm?, respectively (21). The symmetric and asymmetric vibrations of methyl groups (-
CHs) of PNIPAM-COOH polymer were presented at 2974 and 2875 cm? and the
vibration of C-H bond at 2934 cm? were also appeared (22). The FTIR spectra of
PNIPAM-COOH indicated that this PNIPAM-COOH polymer was successfully
synthesized by radical polymerization.

The FT-IR spectrum of HA conjugated with PNIPAM revealed a shift of the
carbonyl stretching peak from 1611 cm?® in HA-NH; to about 1650 cm? in HA-
PNIPAM, and the shift of the bands at 1405 and 1376 cm™ in HA-NH> to 1387 and
1368 cm?! in HA-PNIPAM attributed to the amide bond formation between HA-NH;
and PNIPAM-COOH (23). Similar results were reported by W. Wei et al. for
PNIPAM/salecan hydrogel (21) and by R. Hernandez and C. Mijangos for
alginate/PNIPAM semi-IPNs (24).
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cm: == HA-PNIPAM-3
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Figure 4.3 FT-IR spectra of HA-NH2, NIPAM monomer, PNIPAM-COOH, HA-
PNIPAM-3, and HA-PNIPAM-5
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4.4.3 Thermo-responsive behavior of copolymer

Thermo-responsive behavior of PNIPAM, HA-PNIPAM-3, and HA-PNIPAM-
5 polymers were studied since the solubility of these polymers depends on the
temperature. Therefore, the thermal properties of these polymers as a function of
temperature were studied. The LCST of polymers in this work was characterized by
rheological behavior and DSC analysis. All synthesized polymers (10% w/v) were
soluble in water at room temperature. For rheological behavior, the LCST determined
by viscosity measurement with varying the temperature from 20 to 39°C was showed
in Figure 4.4. The viscosity of synthesized PNIPAM-COOH solution increased rapidly
at the temperature around 29.9°C. The phase transition of PNIPAM-COOH, HA-
PNIPAM-3 and HA-PNIPAM-5 solution changed from a transparent solution to more

turbid and formed an elastic gel when temperature increased to approximately 30°C.

600
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—e— PNIPAM-COOH
500 HA-PNIPAM-3
—v— HA-PNIPAM-5

400 -

300 -

200 -
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100 |-

24 26 286 30 32 34 36 38 40
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Figure 4.4 Viscosity behavior of the different synthesized polymers at concentration

of 10% wwv

DSC is a technique to study sol-gel transition upon heating and cooling cycles.

For the DSC results (Figure 4.5), the DSC thermograms showed a single endothermic

peak for all of synthesized polymers. The onset temperature (Tt onset) was determined

as a transition temperature (Tans Or LCST) of polymer. When coupling HA to the
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PNIPAM polymer, the transition temperature was shifted to slightly higher temperature.
All synthesized polymers showed the LCST at about 30 °C which is similar to the LCST
determined from viscosity measurement. The LCST of HA-PNIPAM-5 obtained from
viscosity and DSC measurement was higher than the LCST of HA-PNIPAM-3 due to

the stronger hydrophobic interactions from increasing amount of PNIPAM (16). These

LCST results were summarized in Table 4.2.
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Figure 4.5 DSC thermograms of PNIPAM-COOH, HA-PNIPAM-3, and HA-
PNIPAM-5 in solution state (10% w/v)

Table 4.2 The sol-gel transition temperature (°C) of synthesized polymers (10%w/v)

Method PNIPAM-COOH | HA-PNIPAM-3 HA-PNIPAM-5
DSC 30.2 314 31.7
Viscosity 29.3 29.6 29.8
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4.4.4 Cell toxicity and cell proliferation

Cell toxicity and cell proliferation of HA-NH,, PNIPAM-COOH, HA-
PNIPAM-3, and HA-PNIPAM-5 were evaluated at day 1, 3, 5, and 10 using PrestoBlue
reagent (Figure 4.6). Cell proliferation of HA-PNIPAM-3 and HA-PNIPAM-5 was
increased from day 1 to day 10. HA-NH> polymer was measured only day 1 and day 3
due to its dissolution into medium which resulted in no cell proliferation on another
day. Cells cultured on PNIPAM-COOH polymer were not well to proliferate compared
to HA-PNIPAM-3 and HA-PNIPAM-5 copolymer.

1.0

B HA-NH,
" |C__] PNIPAM-COOH
[ JHA-PNIPAM-3
0.8 I- |l HA-PNIPAM-5

o

0.4

O.D.

0.2

il BN

0.0 -
Day 1 Day 3 Day 5 Day 10

Figure 4.6 Cell toxicity and cell proliferation of synthesized polymer. The symbol (*)

presented significant changes (*p < 0.05)

4.4.5 Cell detachment

Cells detachment cultured on synthesized polymers was observed at room
temperature. Cell sheet membrane containing PNIPAM-COOH polymer start to detach
from the TPS substrate after 10 min incubation (Figure 4.7). On the other hand, cells
cultured on HA-NH2 polymer did not appear a cell sheet membrane. This results
indicated that the cell sheet membrane come from the ability of PNIPAM-COOH
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polymer. Moreover, cells-cultured polymers containing PNIPAM can reverse and form
as a cell sheet membrane again after incubation at 37°C.

TPS HA-NH, PNIPAM-COOH  HA-PNIPAM-3  HA-PNIPAM-5

]

PNIPAM-COOH  HA-PNIPAM-3  HA-PNIPAM-5

Figure 4.7 (A) Cell sheet with PNIPAM hydrogel detached from the TPS surface
after incubating at room temperature (B) Revised attachment of cell sheet with
PNIPAM hydrogel on the TPS surface after incubation at 37°C

4.4.6 Cell viability after detachment

Cell sheet membranes of PNIPAM-COOH, HA-PNIPAM-3, and HA-PNIPAM-

5 were further cultured after cell detachment from TPS substrate for 10 min, 3 day, and

5 day (Figure 4.8). Cells viability was observed at room temperature. The result showed
that cells can live, growth, and proliferate in the time cultured periods. At day 5, the
amount of cells was higher compared to other days. The higher cells number were
observed in HA-PNIPAM-3 and HA-PNIPAM-5 which was similar to cell toxicity and
cell proliferation result measured by PrestoBlue reagent. Moreover, there was only a
few numbers of cells left on the plate after transferring to new plate. According to this

result, it was a proof of cell attachment on the synthesized polymer before TPS plate.
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Figure 4.8 Cell culturing at 10 min, day 3, and day 5 in PNIPAM-COOH, HA-
PNIPAM-3, and HA-PNIPAM-5

4.5 Discussions

4.5.1 Molecular formation and structural organization of smart basement

membrane ECM

Smart basement membrane ECM based on thermo-responsive HA-PINIPAM
copolymer was synthesized by grafting PNIPAM-COOH on HA-NH: chain through
amide bond formation. The higher PNIPAM-COOH content in HA-PNIPAM-5, the
more amount of PNIPAM-COOH grafted to HA-NH: chain. From this result, the
molecular weight of HA-PNIPAM copolymer can be controlled by varying the amount

of PNIPAM-COOH polymer during grafting process. Similar results have also reported
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by J.P. Chen and T.H.Cheng who prepared PNIPAM-gelatin hydrogels with different
PNIPAM graft chain densities (25).

4.5.2 Physical behaviors of smart basement membrane ECM

The LCST was used to define the rheological properties of polymer hydrogel
into two parts. First, below LCST, the polymer solution maintain the chain mobility
which resulted in no change in viscosity. At the temperature above LCST, the viscosity
of polymer dramatically rise and polymer solution turns into a rigid gel, which come
from the action of PNIPAM-COOH chain (18). In this study, the LCST of PNIPAM-
COOH polymer solution increased slightly with the coupling of HA-NH: in the
copolymer chain. This possibly is the more hydrophilic effect. The hydrophilic HA-
NH backbone prevented the dehydration of PNIAPM-COOH chain (16). Since the
LCST was depended on the water interaction with the polymer and
hydrophilic/hydrophobic moieties within polymer molecules(26), the increasing of
temperature was required to break hydrogen bond between polymer and solvent. This
causes the increasing of LCST in HA-PNIPAM copolymer. The result was also
demonstrates that the LCST of HA-PNIPAM-5 was slightly higher than that in HA-
PNIPAM-3. It was indicated that the stronger hydrophobic interaction between polymer
chains in HA-PNIPAM-5 and the complicated chain entanglement of copolymer (18).
However, the LCST of PNIPAM-COOH, HA-PNIPAM-3, and HA-PNIPAM-5 were
still lower than the physiological temperature, indicating the possibility for cell sheet
membrane. This demonstrates that our smart basement membrane ECM is suitable as
the substrate to engineer the cell sheet morphogenesis in similar environment to human

body.

4.5.3 Bio-functionality of smart basement membrane ECM

After cell culturing with the smart basement membrane ECM, its bio-
functionality is tested. The results demonstrated that the incorporating HA-NH> in
PNIPAM-COOH can improve the biocompatibility of polymers. This is due to the
increasing hydrophilicity of HA-NH2 in copolymer. Such hydrophilic copolymer

allows an array of protein conformations to reside and interact with a variety of
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hydrophilicity. This result was similar to C.H.Chen et al., who prepared HA-chitosan-
PNIPAM injectable hydrogels for prevention of postoperative peritoneal adhesion (27).
They proposed that HA and chitosan can improve biocompatibility of PNIPAM
hydrogel. V. Laukkanen et al., also reported that the increasing of biocompatibility of
polymers corresponds to the increasing of hydrophilicity or positive charges (28). Our
research demonstrated that the basement membrane ECM showed suitable bio-
functionality to induce the cell behavior leading to the enhancement of tissue formation.
This showed that our basement membrane ECM had the suitable bio-functionality for
engineering of tissue with the different morphology.

4.5.4 Smart basement membrane ECM to engineer the morphology of tissue

To evaluate the performance of smart basement membrane ECM to engineer the
morphology of tissue, cell sheet was heated to 37°C. Then, morphology of cell sheet
was observed. The morphological formation of cell sheet on smart basement membrane
was shown in figure 4.9. For the first stage, the thermo-responsive behavior of HA-
PNIPAM cell sheet for detachment and adhesion was presented. When the temperature

was reduced to room temperature, the solution was presented due to the intermolecular

interaction between polar groups of HA-PNIPAM and water molecules. This interaction
between polymer and water caused hydration of the HA-PNIPAM chain to form
expanded structure. This hydrophilic surface of polymer caused the cells detachment.

This was due to the more difficult adsorption of the extracellular matrix, protein, or

other specific agents on hydrophilic polymer surface. Therefore, cell adhesion was

impeded (29). When the temperature was increased to LCST, hydrogen bonds were
broken and the hydrophobic interaction between HA-PNIPAM took place (30). Then,

the copolymer chains collapsed and precipitated out of the aqueous solution.

Transparent solution at temperature lower than LCST became cloudy, opalescent and

achieved to the white sheet membrane when temperature was higher than LCST. This

hydrophobic structure of HA-PNIPAM caused the cells adhesion.
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Figure 4.9 Thermo-responsive behavior of HA-PNIPAM copolymer for cell sheet

membrane

Some researches demonstrate the suitable scaffolds which are used to engineer
the complicate morphology of tissue (31). Interestingly, our ECM can be used as the
alternative model to design the complicate morphology of tissues for instance; muscle,

blood vessel, trachea, etc. The suggested model is to use the positive mold for adhesion
of our ECM which acts as the substrate for cell attachment (Figure 4.10). Then, the
suitable approach was used to culture attached cells leading to morphology of hollow
sheet with a certain size. Afterward, the formed hollow sheet was detached from the
mold by decreasing of temperature. Notably, the suitable approach for culturing is often

used by bioreactors, which mimic the similar environment to natural tissue formation
(1-3,5). Furthermore, to mimic signals which are grafted to the PINIPAM is the second

development to create biological function similar to the complicated tissues.
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Figure 4.10 The proposed model of engineered complicate tissue based on the smart
basement membrane ECM (A) Morphological formation of two dimensional (2D)

tissue (B) Morphological formation of three dimensional (3D) tissue

4.6 Conclusions
In this research, the thermo-sensitive grafted HA-PNIPAM copolymer was

synthesized for using as the smart basement membrane ECM to engineer morphology

of tissue. The molecular structure of copolymer was characterized before physical
behaviors and biological properties were tested. The results demonstrated that the
copolymer showed the structure of HA-NH. partially grafted with PNIPAM-COOH.

The physical behaviors showed that the copolymer self-organized into hydrogel at 37

°C. The copolymer was coated on the substrate for cell culturing. Cell viability on
copolymer coated substrate showed good adhesion. Cells sheet was detached at room
temperature. Then, the cell sheet arranged itself into rolled form. This research

demonstrated that the thermo-sensitive grafted HA-PNIPAM copolymer showed the
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unique performance which can serve as pioneer model to engineer morphology of

tissue.
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CHAPTER 5
CONCLUSIONS AND FUTURE WORKS

This thesis is focused on the fabrication and characterization of functional
mimicked hydrogels in bone tissue engineering for orthopedic applications. There are
three types of fabricated hydrogels in this research. The first study is to fabricate the
combination of gelatin, chitosan, and calcium phosphate (CCP) hydrogel with different
CCP content. This hydrogel is designed to mimic ECM of calcified soft tissue. The
results show that the addition of CCP into gelatin/chitosan hydrogel can enhance cell
proliferation and viability. This hydrogel will be used as a model for heterotopic
ossification (OH) evaluation. However, the mechanical properties, gene expression,
and in vivo testing are important factors for further study.

The hybrid hydrogels of gelatin/PVA with different ratios are successfully
produced by the chemical and physical crosslink network. This hydrogel is designed to
mimic collagen fibril and glycosaminoglycan formation in ECM of cartilage tissue. The
results demonstrate that the pore size decreased as the proportion of PVA increased.
The swelling behavior and degradation rate increased as the proportion of gelatin
increased. The compressive strength increased as the proportion of PVA increased. The
biological properties of this gelatin/PVA hydrogel indicate that the hydrogel promote
cell adhesion and cell proliferation. Moreover, the gelatin/PVA hydrogel also increase
ALP activity and calcium content, which are important biomarkers in osteogenic cell
formation. Although the mechanical properties of gelatin/PVA hydrogel are not
sufficient to support subchondral bone interface, the swelling behavior, degradation
rate, pore size, and biological properties of this gelatin/PVVA hydrogel are suitable for
applications at subchondral bone interface. To develop this hydrogel, varying the
freeze-thaw cycles and the amount of gelatin and PVA was studied. Moreover, gene
expression and in vivo tests are necessary in future work.

Cell sheet membrane obtained from hyaluronic acid grafted with thermo-
responsive PNIPAM polymer is fabricated. *H-NMR, GPC, and FT-IR spectrum
confirmed the synthesized polymer structures. The molecular weight increased as a
proportion of PNIPAM-COOH increased. This results suggest that PNIPAM-COOH
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successfully grafted on HA-NH: chain. LCST of polymers is in the range of 29-32°C,
which comes from the ability of PNIPAM-COOH. Moreover, LCST is lower than
biological temperature, which is suitable for clinical and tissue regeneration
applications. For biological properties, cells can adhere and detach on synthesized
polymers by controlling temperature. Moreover, cells can proliferate after transferring
to the new plate. These synthesized polymers are not only applied for cell sheet
applications but also trigger the information of complicated morphology of tissue.
According to this research, it was deduced that our mimicked hydrogel is
promising to orthopedic application; 1) model for disease evaluation, 2) surgical
applications, 3) to engineer the morphology of tissue. For the future works, to create
the multifunctional hydrogel for specific application is challenge for the materials

scientist and physician.
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GPC Information
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Sample name

HA-NH:

Run time

50.00 minutes

Sample type

Broad unknown

Acquired by

Water Phase

Injection

1

Acg method

Pullulans method

Injection volume
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2. PNIPAM-COOH

Sample name  : PNIPAM-COOH Run time : 45.00 minutes

Acquired by  : Tetrahydrofuran

Sample type . Broad unknown (THE)

Injection o1 Acq method : Polystyrene method

Injection volume : 20.00 pl
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Sample name HA-PNIPAM-3 Run time 50.00 minutes
Sample type Broad unknown Acquired by Water Phase
Injection 2 Acg method Pullulans method
Injection volume : 20.00 pl
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4. HA-PNIPAM-5
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Sample name

HA-PNIPAM-5

Run time

50.00 minutes

Sample type

Broad unknown

Acquired by

Water Phase

Injection

3

Acg method

Pullulans method

Injection volume

20.00 pl
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