nsanwlIeuiguauaudinisasansegnivaluddlain

menslilassdeagadlalag/ninlansuendan Nluvadouiausiuiveuyyd

weSsian aulnen

unAngauasuiiudoyaatuiinvaineinusaauntnisfing 2554 liusnisluadatdyaign (CUIR)
\uuitudoyavestidndwoivendnus Ndsnunadudningidy
The abstract and full text of theses from the academic year 2011 in Chulalongkormn University Intellectual Repository (CUIR)

are the thesis authors' files submitted through the University Graduate School.

'31/|mﬁwuéﬁtﬂud'gwﬁwmmiﬁﬂmmwé’ﬂqmﬂ%mmﬁwmmammmﬁmeﬁm
auivfaansdosUniavudin@alawidva nalvfasaans
AETUALNVEAIANS PNAINTAIININIRY
Un1sAnwn 2560

AUANSIRIPIAINTAIINAINGSY



COMPARATIVE STUDY OF IN VIVO BONE REGENERATION USING
CHITOSAN/DICARBOXYLIC ACID SCAFFOLD IMPLANTED WITH HUMAN PERIODONTAL

LIGAMENT CELLS

Mr. Teerawat Sukpaita

A Thesis Submitted in Partial Fulfillment of the Requirements
for the Degree of Master of Science Program in Oral and Maxillofacial Surgery
Department of Oral and Maxillofacial Surgery
Faculty of Dentistry
Chulalongkorn University
Academic Year 2017

Copyright of Chulalongkorn University



Thesis Title

By
Field of Study

Thesis Advisor

Thesis Co-Advisor

COMPARATIVE  STUDY OF IN VIVO BONE
REGENERATION USING CHITOSAN/DICARBOXYLIC
ACID SCAFFOLD IMPLANTED WITH HUMAN
PERIODONTAL LIGAMENT CELLS

Mr. Teerawat Sukpaita

Oral and Maxillofacial Surgery

Associate ProfessorAtiphan Pimkhaokham, D.D.S.,
Ph.D

Associate Professor Ruchanee Ampornaramveth,
D.D.S., Ph.D

Professor Suwabun Chirachanchai, Ph.D.

Accepted by the Faculty of Dentistry, Chulalongkorn University in Partial

Fulfillment of the Requirements for the Master's Degree

Dean of the Faculty of Dentistry

(Assistant Professor Suchit Poolthong, D.D.S., Ph.D)

THESIS COMMITTEE

Chairman

(Associate Professor Somchai Sessirisombat, M.D., D.D.S.)

Thesis Advisor

(Associate ProfessorAtiphan Pimkhaokham, D.D.S., Ph.D)

Thesis Co-Advisor

(Associate Professor Ruchanee Ampornaramveth, D.D.S., Ph.D)

Thesis Co-Advisor

(Professor Suwabun Chirachanchai, Ph.D.)

External Examiner

(Associate Professor Prisana Pripatananont, D.D.S.)



(% L3

Seiand qulsion : m3fnwiUisuisunuandinisairanszgnlniluddiTinde
nslflasadsagadlalagu/ninlanisuendan filueadiiubauitudueuyud
(COMPARATIVE  STUDY OF IN VIVO BONE REGENERATION USING
CHITOSAN/DICARBOXYLIC ~ACID  SCAFFOLD  IMPLANTED WITH HUMAN

[

PERIODONTAL LIGAMENT CELLS) 8.91U3nwninginusnan: e, nn. as.019wus

9

3 o

WYY, 0. MUSNINetnussan: se. ney. a3, S¥1 SuNses1Img, f. As. &2
Y

fy A5, 67 Wi

nsavaneivasdunsEanINTIinTnevaensgaydeiludaadonislaiunauwny
laganiznisilssnituiien nislwignsnlasuaruaulalunisdesiunisazareiivesdu

N3¥ANYINTTINTABNITTUIUNITALANINFUNTZANVINTTINTAIETTNINIEIAINTTULLDLED

Y

[
va v

AauzEIdelaimunlasuisaradlalaguey PTugUHuNTarateuasdeulestufIensn

Y
Asuenganvilaiivgarsuendadeamyty uwidiliinsfnwifeineiunaautivesianyie
e v v 9 A aAda = aw S Jao ¢ A
Hlunmisnszdunisairenseanlndluddidia n1sfnwideluaselliingusvasdiiofny
Wisuieuamaudinisnseiunsasinszaninivedlasufeasadlalngiu/nsnlansuend

an aeldsumsilavseldiluvadndugausivivesuyed lusesdnsnslnanfsuenynaasy

ns@nwilagldsesinisnzlnandsvenyanddiuau 18 67 uusesnilu 3 nau
nauaz 6 ¢ Toud nduilldleasudeasadlalaeusiafilaradiduinuivud nquitldlase
Aoneadlalaeurdailiiasadiduiausimg uasnduauauiilildlasaisavadaduses
Insnglvandswy uazvhnmseneiioudisunszgnitadatulmidionisdnenindsdly
lnsreufiaalnlunswliluaznisinsizimaganisinirludunvid 6 uazdun1vid 12 nds

MIWER nan1sAnwmuInguildlassasuradlalaguriaiilusaddudau3viug wasngy

'
a =

nldlasudsagadlalagurianliflugadidudausviug aunsanszdunisasinszgnivdla

o w r-:ll

wnnINgumuANegRiitudAy NTvezan 6 way 12 dUas

o

Han153Tasulain lasudsamadlalagiu/ninlaasuenddn dauaudfnalunis
Julassdanmzbiiuwadduinde wazaunsanseiunisasinssgnlnilusesdnisnslnan

ATYLVDINYNARDY
AR Aaueans aneilevailan

a (v & 1 @ Aa = d{' d' = [
A1 FagransyasUnwarkindalaw aneilate . auSnwvan

a d { e !
A a18il9%e 8.91USN¥1571

UnsAnwn 2560 aneilate 8.9USNESIU



# # 5875814032 : MAJOR ORAL AND MAXILLOFACIAL SURGERY

KEYWORDS: CHITOSAN/DICARBOXYLIC ACID SCAFFOLD / PERIODONTAL LIGAMENT

CELLS / BONE REGENERATION / ALVEOLAR RIDGE PRESERVATION
TEERAWAT SUKPAITA: COMPARATIVE STUDY OF IN VIVO BONE REGENERATION
USING CHITOSAN/DICARBOXYLIC ACID SCAFFOLD IMPLANTED WITH HUMAN
PERIODONTAL  LIGAMENT  CELLS. ADVISOR:  ASSOC. PROF.ATIPHAN
PIMKHAOKHAM, D.D.S., Ph.D, CO-ADVISOR: ASSOC. PROF. RUCHANEE
AMPORNARAMVETH, D.D.S., Ph.D, PROF. SUWABUN CHIRACHANCHAI, Ph.D., 67

Pp-

After tooth loss, a consequent atrophy of the alveolar process always takes
place and adversely affect the reconstruction process especially by dental implant. A
novel chitosan/dicarboxylic acid scaffold (CS/DA scaffold) has been developed and
proven to be an excellent candidate material in bone tissue engineering. This study
aimed to evaluate the effects of a CS/DA scaffold with and without seeded primary
human periodontal ligament cells (hPDLCs) in mouse calvarial defect model. Eighteen
mice were divided into 3 groups of 6 each. Four-millimeter calvarial defects were
created on both side of parietal bone and implanted with either CS/DA scaffold or
CS/DA scaffold with hPDLCs. The empty bony defects were kept as control. New bone
formation was assessed using microcomputed tomography and histological analyses 6
and 12 weeks after surgery. Results showed that In vivo bone regeneration at 6 and 12
weeks was significantly enhanced by CS/DA scaffold alone and CS/DA scaffold
implanted with hPDLCs (P <0.05). Histological staining confirmed these findings and
impressive new bone formation was observed in CS/DA scaffold and CS/DA scaffold

with hPDLCs compared with control.

Conclusion: Our study proposes CS/DA scaffold as a novel bone regenerative

material with good osteoinductive/osteoconductive properties.
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CHAPTER 1 INTRODUCTION

1.1 Background and Rationale

After tooth loss, a consequent atrophy of the alveolar bone always takes place.
Many studies have shown that resorption of the alveolar bone adversely result in the
loss of functional and esthetical consequences. Insufficient height and width of
alveolar bone usually found at the extraction site which often impair the execution of

both traditional dentures and dental implant. (1-3)

Alveolar ridge preservation methods have been introduced to maintain a
sufficient ridge contour in extraction areas especially at the site with aesthetic concern.
In fact, several methods have already been introduced for alveolar ridge preservation
such as socket grafting with autografts, allografts, xenografts and alloplasts, however,
each of which has a limitation. Some approaches are even far from ideal, the material
may not successfully be replaced by bone for years. Development of bone tissue
engineering materials is therefore a crucial step for advancing alveolar ridge

preservation techniques. (4-8)

In bone tissue engineering, 3D porous scaffold is an indispensable role in
stimulate new bone formation and controlling bone cells function. The required
property of scaffolding for bone tissue engineering is osteoconduction in which allow
osteoprogenitor cells to migrate, proliferate and finally differentiate to form new bone.

(9, 10)

Chitosan have been introduced to use as tissue regenerative scaffolds because
its provide good mechanical structure and promote cell proliferation and

differentiation. As natural-derived product, chitosan has high biocompatibility and
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therefore meet all criteria to be an excellence candidate for tissue engineering
materials. Still, the major limitations of chitosan is difficult solubility in aqueous
solutions. While chitosan scaffold is considered to be an ideal polymer for making
bioactive compounds, there is a potential in their toxic byproducts. The use of acid or
chemical crosslinkers reagents for solvents make problems about final product

contamination. (11, 12)

Previously, the conventional method to prepare chitosan is to dissolve in
mono-carboxylic acids, such as acetic acid and formic acid. This reaction requires the
subsequence utilization of crosslinking agent such as slutaraldehyde in order to form
the scaffold. Besides mono-carboxylic acids, there are various types of multi-carboxylic
acids, acids that have two or more carboxyl group. Several of these acids are naturally
non-toxic solvent and widely use in food and medicinal-related industries. Moreover,
multi-carboxylic acids not only solubilized chitosan scaffold in aqueous solutions but

also improved chitosan scaffold properties through its non-covalent bond. (13-15)

Recently, Valderruten et al. (16) reported the usage of netural dicarboxylic acids
as dissolving and crosslinking agents to preparation of chitosan hydrogels, serving as
high biocompatibility material. This method was the green method for chitosan
preparation, enormously relieved crosslinkers contamination of the final byproduct.
However, there was no studies report the effect of chitosan prepared by multi/di-
carboxylic acids dissolving/cross- linking method on bone tissue regeneration
properties. In the present study, we evaluated bone regeneration property of a novel
chitosan/dicarboxylic acid scaffold prepared by utilizing dicarboxylic as dissolving and
cross-linking agents implanted with or without primary human periodontal ligament

cells in mouse calvarial defects by micro-computed tomography analysis.
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1.2 Research question
Does a chitosan/dicarboxylic acid scaffold with and without primary human
periodontal ligament cells have potentiality to stimulate new bone formation in

mouse calvarial defects?

1.3 Research objective
To compare new bone formation by means of histologic response and Micro-
computed tomography analysis of chitosan/dicarboxylic acid scaffold with and without

primary human periodontal ligament cells in mouse calvarial defects.

1.4 Hypothesis
Ho : Chitosan/dicarboxylic acid scaffold with and without primary human
periodontal ligament cells do not have potentiality to stimulate bone formation in

mouse calvarial defects.

H1 : Chitosan/dicarboxylic acid scaffold with and without primary human
periodontal ligament cells have potentiality to stimulate bone formation in mouse

calvarial defects.

1.5 Expected benefits

The information about potentiality to stimulate bone formation of
chitosan/dicarboxylic acid scaffold has been described, proposing an alternative
material for bone regeneration. This study strengthens the possibility to develop new

bone substitute material from natural source in the near future.



1.6 Conceptual framework

c/D » Mouse calvarial
Scaffold defects

New bone formation

Cc/D
Scaffold
+ hPDLCs
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CHAPTER 2 LITERATURE REVIEW

2.1 Bone structure and properties

Bone tissue is a complex living organ which structurally compose of cortical
and cancellous bone (Fig. 1). Bone is hard and many of its functions depend on that
hardness. These architectures allow bone tissue to perform its biological and
mechanical functions. Compact bone is the outer most compartment, and accounts
for 80% of the total bone mass. Beside its main function as core framework to support
and protect other organs, provide levers for movement, and (shared with cancellous
bone) acts as reservoir to store minerals content of our body. The inner compartment
of bone is referred as the trabecular or cancellous bone. Trabecular bone, also known
as cancellous bone, a sponge-like tissue, compose of the lacunae and osteocytes in a
lattice- like network in trabecular space. Trabecular bone contain a lot more surface

area with higher metabolic activity. (17)

Ky Epiphysis

Metaphysis

Diaphysis

Medullary canal

Compact bone ‘ ‘ ]‘

Figure 1 Long bone macrostructure
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Bone contains a relatively small number of cells entrenched in a matrix of
collagen fibers that provide a surface for inorganic salt crystals to adhere. Although
bone cells compose a small amount of the bone volume, they are crucial to the
function of bones. Four types of cells are found within bone tissue: osteoblasts,
osteocytes, osteogenic cells, and osteoclasts. Osteoblasts develop from
undifferentiated precursor of the mesenchymal origin while osteocytes are osteoblasts
those are entombed in calcified matrix. Whereas osteoclasts arise from blood-borne
monocytes which derived from distinctively different hematopoetic stem cells origin.
The processes of bone remodeling require both deposition of a new bone by
osteoblasts in concert with matrix resorption capability of osteoclasts. These processes
shape and reshape bones during growth and continue throughout the life making bone
the vital organs. Physiologic remodeling does not change bone shape due to the

balance between bone resorption and bone deposition in the same location.

Over the years, bone grafts have been used as the standard treatment of bone
augmentation. Although these methods are the standard treatments, shortcomings are
encountered with their usage. The size of the defect and the viability of the host bed
can limit their application. Not only the operating time required for harvesting
autografts is bothersome, but often the donor tissue is scarce, and several adverse
consequences might occur such as donor site morbidity, associated infection, pain, and
hematoma. Moreover, allograft and xenograft introduces the risk of disease or cross-

infection. (9, 18)

2.2 Bone tissue engineering
Bone tissue engineering uses the principles of engineering and biology for

developing biological substitutes in order to restore, maintain, or improve its function.
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Recently, the concept of tissue engineering has emerged as a promising alternative
concept for treatment bone defect. Bone tissue engineering requires three
components: (1) morphogenetic growth signal, (2) the cells that will be respond to the

signal, (3) a suitable scaffold that can serve for the host cells. (19, 20)

2.2.1 Cell approaches in bone tissue engineering

One of the key component of mineralized tissue engineering is progenitor cells.
Providing osteoprogenitor cells that have intrinsic potential to regenerate bone could
give rise to a better result. However, the identification of the cell sources that have
potential to differentiate into osteoblasts and form neo-vasculature those can be
implanted into bone defect are the main obstacle. Identification of possible candidates
for cell transplantation can be explained by the finding that those cells demonstrate
capability to reconstruction osseous tissue by undergo a progressive differentiation
from an undifferentiated progenitors to biosynthetically mature cells. Therefore this
therapeutic strategies can support the healing process at different stages of bone tissue

development. (20)

2.2.2 Scaffold

Scaffold materials for cells seeding play important role in bone tissue
engineering. Scaffold is important for cell homing, proliferating and forming of new
osseous tissue in three dimensions. Critical consideration to select an ideal scaffold for
bone tissue engineering (Table 1) include, for example, biocompatibility,
biodegradability, promote cellular activities and possess proper physical and

mechanical properties.



18

Challenging topic in bone tissue engineering is the development of scaffolds
that give the promising result in bone regeneration processes. The development of
such scaffold could follow some or all the stages listed included: (1) scaffold
fabrication (2) incorporation of growth factor (3) testing for in vitro bone regeneration
in a static culture (petri dish) (4) testing for in vivo regeneration potential in a dynamic
environment. (5) growth of mature tissue in a physiologic environment. (6) surgical
transplantation of  the scaffold. (7) tissue-engineered transplant

assimilation/remodeling. (21)

Table 1 Select criteria for bone tissue engineering scaffold.

Bone tissue engineering scaffold properties

1. Osteoinduction

2. Osteoconduction

3. Degradation rates of scaffold according with new bone growth

4. Appropriate mechanical and physical properties

5. Good bony apposition

6. Promotes osteoblast ingrowth

7. Does not induce soft tissue growth

8. Average pore sizes approximately 200 - 400 dm

9. Minimal inflammation of surrounding tissue

10. Sterilizable without loss of properties
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2.3 Requirements for an ideal scaffold

The requirements of scaffolds for bone tissue engineering are complicate. A
variety of parameters (Table 2) such as degradation rate, mechanical strength, porosity,
pore size, pore microstructures, surface chemistry, and topography, should be carefully
considered for the design and fabrication of scaffolds to meet the needs of a specific

tissue engineering application. (9, 18, 19, 22, 23)

Table 2 Considerations for scaffold design used in bone tissue engineering. (24)

Criteria Function

Biocompatibility Ability of a material to perform with an
appropriate host response in a specific

situation without immune response

Biodegradability The degradation rate of scaffold

consistent to new bone formation

Mechanical properties Appropriate mechanical properties to

provide temporary support

Osteoinductivity Osteoprogenitor cells can be stimulated

when presence of scaffolds

Porosity Proper pore size to allow

Osteoprogenitor cells ingrowth
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2.4 Types of scaffolds

There is a rapid increase in the number of novel scaffolds that has been
developed for bone tissue engineering over the years, using varied materials and
fabricated in different forms (Table 3). Polymers remain to be the most commonly
investigated, followed by ceramics and often used in combination as composites (Fig.

2). (23, 24)

Polymer-metal Ceramic-metal

Figure 2 Proportion of scaffolds used in bone tissue engineering applications. (24)
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Table 3 Type of biomaterials for scaffolds used in bone regeneration

Metal - Good compressive | - Biomolecules Tantalum, titanium
strengths cannot be Magnesium (alloy)
integrated Iron (alloy)
- Not biodegradable
- Concerns about
ion release
Ceramic - Good - Low fracture Bioglass
biocompatibility toughness calcium sulphate
- Good - Difficulties in hemihydrate (CSH)
osteoinductive forming process. Calcium carbonate
properties Dicalcium phosphate
Octacalcium phosphate
B—Tricalcium phosphate
Biphasic calcium
phosphate
hydroxyapatite
Polymer | - Good - Low Polylactides (PLA)
biocompatibility osteoinductive Polyglycolides (PGA)
- Easy formability capacity Polycaprolactone (PCL)
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- Good mechanical
properties

- Biodegradability

Cellulose
Hyaluronan
Fibrin
Collagen

Chitosan

Composite | - Combine desirable
properties of

different materials

Amorphous CaP PLGA
B—TCP Chitosan-gelatin
HA-Collagen

HA-PLGA

2.5 Chitosan for bone tissue engineering applications

The history of chitosan dates back to the 19th century, when the deacetylated

form of chitosan was carried out by Rouget in 1859.(25) Studies on chitosan have been

raised as biomaterials for tissue engineering applications during the past 40 years.

Chitosan is a linear polysaccharide, composed of glucosamine and N-acetyl

glucosamine units linked by B (1-4) glycosidic bonds (Fig. 3). (26)

CHs

OH °=<
.. HO .,
0
HO 0
NH
o < OH

CHs

Chitin

OH

NH,
-0 o) HO
HO 0

NH,

OH
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Figure 3 Chemical Structures of chitin and chitosan

Chitosan is a deacetylated form of chitin procured mainly from the exoskeleton
of shrimps and crabs. Chitosan is biodegradable and has good biocompatibility with
almost all the tissues of the body. Chitosan and its derivatives show excellent
biological properties including biodegradability, immunological, antibacterial and
wound-healing  activities.  Moreover, chitosan has displayed significant
osteoconductivity, but minimal osteoinductive property. It induces proliferation of
osteoblast cells, mesenchymal cells and induces in vivo neovascularization. (27-30)
For bone engineering applications, Chitosan can also be prepared in a variety of forms
like sponges, fibers, films, hydrogel and other complex structures. Thus, Chitosan
satisfies most of the properties supporting its candidature for tissue engineering

applications. (29, 31, 32)

In its crystalline form, chitosan is normally insoluble in aqueous solution above
pH 7, however, in dilute acids (pH 6.0), the protonated free amino groups on
glucosamine facilitate solubility of the molecule. Generally, chitosan has three types
of reactive functional groups, an amino group as well as both primary and secondary
hydroxyl groups at the C(2), C(3), and C(6) positions, respectively. These groups allow
modification of chitosan like graft copolymerization for specific applications, which can
produce various useful scaffolds for tissue engineering applications. The chemical
nature of chitosan in turn provides many possibilities for covalent and ionic
modifications which allow extensive adjustment of mechanical and biological
properties. Previously, the most popular acid solutions used for chitosan dissolution
were monocarboxylic acids with only one carboxyl group, such as acetic acid and

formic acid and requires the use of a crosslinking agent such as glutaraldehyde for the
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formation of scaffold. Besides monocarboxylic acids, there are many kinds of multi-
carboxylic acids with more than one carboxyl group. They are found naturally non-
toxic solvent and are widely used in the food and medical-related industries. Moreover,
multi-carboxylic acids not only solubilizing the chitosan in water but also improves the
property of the scaffold through its non-covalent cross-linking interaction with

chitosan. (13-15)

Valderruten and colleagues (16) reported the preparation of chitosan hydrogels
using natural dicarboxylic acids as nontoxic dissolving and cross-linking agents,
contributing to the biocompatibility of the material. This was the green method of
preparation, greatly reduced contamination of the final product, resulting in highly
pure, biocompatible materials that could likely be useful in various aspects of

biomedicine.

Chitosan has been extensively used in bone tissue engineering since it was
shown to promote growth and mineral rich matrix deposition by osteoblasts in culture.
Also chitosan is biocompatible, biodegradable, and can be molded into porous
structures to allows osteoconduction. (33) Chitosan matrices have been combined
with osteogenic materials, like hydroxyapatite, calcium phosphate and sulfate, and
others. The purpose of the combination of those biomaterials is to obtain organic and

inorganic composites that simulate the bone structure. (11)

Chitosan composites have been tested in bone defects in experimental models
successfully for bone regeneration. Chitosan hydrogel, gelifiable by blue light, was used
for BMP-2 release and showed good bone regeneration in a femoral defect in rat. (34)

Similar results were observed with the use of a lyophilized porous membrane, a
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compound of chitosan and hydroxyapatite, in a calvarial defect in rat, the composite
membrane filled up the defect as compared to a control, in addition, the presence of

osteogenic markers was more abundant in the experimental group. (35)

Chitosan/nanohydroxyapatite composites have shown a relevant effect for
tissue engineering, because of its ability to induce a good proliferative response in
osteoblasts, and in a tibial defect in a rabbit it showed good bone regeneration at 8

weeks seen by microcomputarized tomography. (36)

Regenerative medicine is facing new challenges in the way to induce tissue
repair in live tissue. At present, chitosan is one of the most promising biopolymers for
tissue engineering and possible orthopedic applications. In particular, the possibility to
generate structures with predictable pore sizes and degradation rates make chitosan a

suitable material as a bone graft alternative in orthopedic procedures.

However, efforts to improve the mechanical properties of chitosan composite
biomaterials are essential for this type of application. Great importance is the ability
of chitosan to bind anionic molecules such as growth factors, glycosaminoglycans and
DNA. In fact, the combination of good biocompatibility, intrinsic antibacterial activity,
ability to bind to growth factors and to be processed in a variety of different shapes
makes chitosan a promising candidate scaffold material for cartilage, intervertebral disc

and bone tissue engineering in clinical practice.

2.6 Bone regeneration using periodontal ligament stem cell
In addition to having an appropriate scaffold, another essential element in bone
tissue engineering is stem cell transplantation. Recent advances in stem cell biology

and regenerative medicine enable the development of novel treatment using cell-
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based therapeutics that are likely to stimulate regeneration with superior efficacy and

predictability. (37, 38)

Mesenchymal stem cells isolated from tooth and surrounding tissue of tooth
can be efficiently harvested and can commit to the desired phenotype in combination
with prefabricated scaffolds and might be used for various regenerative therapies. (39,

40)

Periodontal ligament cells (PDLCs) were shown to have excellent potential to
differentiate into bone forming osteoblasts therefore making them a honest candidate
to be used for autologous bone replacement. (40, 41) The periodontal ligament is a
special connective tissue, situated between alveolar bone and. Periodontal ligament
is also involved in maintaining homeostasis in periodontal tissues by supplying
progenitor cells. Multipotent stem cells have been isolated from periodontal ligament
and were shown to have similar characteristics to bone marrow stem cells, with the
potential to differentiate into adipocytes, osteoblasts and chondrocytes under
specified differentiation conditions, and were subsequently named periodontal
licament stem cells. Periodontal ligament stem cells have the ability to form
cementum and periodontal ligament structures when transplanted into surgically
created periodontal defects in animals, demonstrating their potential use for

regeneration of periodontal tissues.

Stem cells cultured from the periodontal lisament possess characteristics of
MSC such as cell surface marker expression (CD105+, CD90+, CD44+, CD73+, CD45-,

CD31-, and (CD34-) and multilineage differentiation ability (into osteoblasts,
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chondrocytes, and adipocytes). Shaochua et al. (42) concluded that PDLSCs combined

with a scaffold can be used in bone tissue engineering.
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CHAPTER 3 MATERIAL AND METHODS

3.1 Material

3.1.1 Primary human periodontal ligament cells

Teeth from healthy patient, age 18 to 25 year-old, were extracted as
recommended by their dentist. Each subject was without oral and systemic infection.
The cell isolation procedure used in this study modified from the protocol by Mrozik
et al. (43) The periodontal ligament attached to the middle one-third of the root
surface was cut off with a surgical blade. The tissue explants were seeded in culture
medium (10% FBS, 1% L-Gluamine, 0,5 mg/ml gentamicin and 3 mg/ml amphotericin
B in DMEM, #11960, Gibco, Life Technologies Corporation, Grand Island, NY) until
outerowing cells reached confluence. The cells were incubated at 37° C humidified
atmosphere with 5% CO2. The primary human PDL cells at the 3"-8" passage were
used for the following experiments. The Ethics Committee of the Faculty of Dentistry,
Chulalongkorn University, Thailand was approved the study to be carry out according

to the protocol (HREC-DCU 2017-018).

3.1.2 chitosan/dicarboxylic acid scaffold

Preparation from The Petroleum and Petrochemical College, Chulalongkorn
University, Thailand. Briefly, chitosan was dissolved homogeneously in succinic acid
solution (4% w/w). After stir for 10 min, the solution was poured into a beaker and
frozen at —20C for 36 h. The frozen mass was immersed in 1IN NaOH, and then washed
with distilled deionized water to a pH 7 to obtain transparent chitosan/succinic acid
hydrogels. Then, the hydrogels were freeze dry to obtain chitosan/dicarboxylic acid

scaffold and cut into cylindrical shape 4x1 mm pieces.
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Figure 4 Gross structure and microstructure of chitosan/dicarboxylic acid scaffold

3.1.3 Animal

Eighteen 8-week-old male C57BL/6Mlac mice (National Laboratory Animal
Centre, Mahidol University, Bangkok, Thailand) were used in this study, The experiment
was approved by Chulalongkorn University Animal Care and Use Committee (CU-

ACUCQC), Thailand (Animal Use Protocol No. 1732002).

3.2 Methods

3.2.1 In vitro differentiation assay

In vitro differentiation to osteogenic lineage was performed as follows. hPDLCs
were initially culture in growth medium. After confluence, the media was replaced by
osteogenic medium. The cells were incubated in osteogenic medium (DMEM
supplemented with  10% FBS, 50mg/ml L-ascorbate-2-phosphate, 0.25mM
dexamethasone, and 5 mM B—glycerophosphate) for 10 days. Mineral deposition was

analyzed by Alizarin red staining.
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3.2.2 Real time reverse transcription-polymerase chain reaction (RT-PCR)

To estimate effect of chitosan scaffold in expression of osteoblast-related
genes by hPDL cells, semiquantitative, and real-time RT-PCR were performed. After
incubation with and without chitosan scaffold for 5, 10 days in osteogenic medium.
PCR primer for runt-related transcription factor 2 (RUNX2), type | collagen (COL1),
osterix (OSX), bone sialoprotein (BSP), alkaline phosphatase (ALP), osteopontin (OPN)
(Sigma-Aldrich, St. Louis, MO) were used to screen the osteoblast-related genes. Three

independent experiments were repeated in each sample.

3.2.3 Mouse calvaria defect model

The animal procedure used in this study modified from protocol by Spicer et
al. (44) and Huynh et al. (45) On the operation day, 1 x 10° hPDLCs in 100 L of growth
medium were seeded onto chitosan scaffold for 1 h before implantation. General
anesthesia was induced by intraperitoneal injection of pentobarbital (NEMBUTAL®
Sodium Solution, Akorn, Inc., Lake Forest. IL). Surgical sites were exposed with a 1.5
cm sagittal incision. Two bilateral full-thickness bony defects (dmm in diameter) in the
center of each parietal bone were created using a biopsy punch (Stiefel, GSK, NC, USA)

with a normal saline rinsed.

The mice were randomly divided into three groups of 6 each as follows: (1) the
defects were filled with Chitosan scaffold, (2) the defects were filled with Chitosan

scaffold and hPDL cells and (3) the defects were left empty. [Fig. 4].
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Figure 5 Mouse calvaria defect model. (A) Anatomical location of defects. (B) Defect

were created using a biopsy punch and inserted C/D scaffolds.
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3.2.4 Micro-Computed Tomography (Micro-CT)

After being euthanized at 6 weeks and 12 weeks, calvaria bones were excised,
and fixed immediately in 10% buffered formalin. Bone formation in the defect were
analysed using micro-CT imaging according to Bouxsein's guideline. (46) Samples were
scanned using a micro-CT scanner (SCANCO Medical AG, UCT 35, Switzerland). The
reference lines were created from scout view to determine the analyzed area. The
exposure parameters were 70 kV, 114 HA, 8 W. The micro CT program was adjusted to
a threshold of 241. The mineral density and the morphology of skull cavity were
evaluated. The analyses were performed using 3D analysis software from Scanco

Medical (SCANCO Medical AG, Switzerland).

3.2.5 Histological Examination

After taking the micro-CT scans, samples were fixed in 10% formalin for 2 weeks
and dehydrated through a graded series of alcohols. After dehydration, all specimens
were cut in half lengthwise and randomly half of specimens were embedded without
prior decalcification in methylmethacrylate solutions (ACROS Organics, USA) and
embedded in a catalyzed mixture of Osteo-Bed resin solution containing 2.5 ¢ of
benzoyl peroxide per 100 ml for 2 weeks. Longitudinal sections of 5 llm were prepared
using a microtome (Microm HM355S, Richard Allan Scientific, USA). Sections from each
specimen were then stained with von Kossa to detect mineralized bone structure. The
remained specimens were decalcified using Decalcifier Il (#3800420, Leica Biosystem:s,
Wetzlar, Germany) and embed in paraffin. Samples were then cut along the larger
diameter of the defect. Sections at 10 Jlm each was mount onto individual slides, and
stain with hematoxylin and eosin (H&E) and Masson's Trichrome for reveals the cellular

reactions that indicate bone formation.
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3.3 Statistical Analysis

For statistical analysis, One-way analysis of variance (ANOVA) were utilized for
mineral density of micro-CT data and independent samples comparison t-test were
utilized for each data set of gene expression. Statistical significant was consider at P <
0.05. All statistical analyses were performed using Statistical Package for the Social

Science (SPSS) Statistics software package version 22 (IBM, New York, USA).
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CHAPTER 4 RESULT

4.1 Human periodontal ligament cells isolation and differentiation

The isolated primary human periodontal ligament cells (hPDLCs) of initial
culture had typical fibroblastic morphology with spindle and fusiform shape (Fig. 5A).
The primary hPDLCs reached confluence after 14 days in culture. The hPDLCs were
then tested for its osteogenic differentiation potential by bone nodule formation assay.
After being cultured in osteogenic medium for 10 days, the lines demonstrated intense
staining for calcium deposition resemble mineralization nodules were chosen for

further experiment (Fig.5B).

Figure 6 (A) The primary periodontal ligament cells extracted from periodontal
ligament were cultured for 14 days. (B) Mineral deposition of hPDLCs after 10 days in
osteogenic medium observed by Alizarin red staining. Magnification, x10 for A,

Magnification, x40 for B.



4.2 CS/DA scaffold promoted osteoblast-related genes expression by hPDLCs
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To analyse expression of osteoblast-related genes, we quantified gene

expression of the initial undifferentiated population and after 5, 10 days. We measured

changes in expression levels of seven osteoblast-related genes. There was significant

fold difference in expression levels of most of these genes in hPDLCs on CS/DA scaffold

compared to those of control group. After 5 days incubated with CS/DA scaffold in

osteogenic medium, markedly increase in expression of RUNX2 was observed. Similar

results were also found in the upregulated expression of ALP and OSX. Whereas, the

other intermediate to late markers of bone matrix such as COL1 and OPN were highest

express at days 10 on CS/DA scaffold group. [Fig. 6].
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4.3 CS/DA scaffold enhanced in vivo bone regeneration in mice calvariae

CS/DA scaffold could enhance in vivo bone regeneration in mice calvariae
defect. New bone formation as assessed by Micro-CT analysis demonstrated the
promoting effect apparently at both 6 and 12 weeks after implantation. It was interest
that newly formed bone was present both in the center of the defects and from the
periphery. (Fig. 7). Quantification of bone volume/tissue volume (BV/TV) showed
amount of new bone formation at 6 weeks of the CS/DA scaffold implanted with
hPDLCs group significantly greater than those of CS/DA scaffold alone or control
defects (P <0.05). While at 12 weeks, CS/DA scaffold implanted with hPDLCs group and
CS/DA scaffold alone group was significantly higher than surgical control group (P

<0.05).

Histological analysis of sections at both 6 and 12 weeks after implantation
stained with H&E revealed that the bone defects were filled with newly formed dense
tissue in the CS/DA scaffold implanted with hPDLCs group and CS/DA scaffold alone
group (Fig. 8A). Masson's Trichrome staining demonstrated an increase in the amount
of collagen and bone matrix in both CS/DA scaffold with and without hPDLCs group
(Fig. 8B). Undecalcified section Von Kosa staining of both scaffold alone and scaffold
loaded with cells group showed intense mineralized calcium nodule (Fig. 8C). There

was no bone formation found in defects without scaffolds at either time point.
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Figure 8 Effect of CS/DA scaffold on bone regeneration in mouse calvaria defects as
assessed by micro-CT scanning. (A) New bone formation in mouse calvaria defect (red
arrows). (B) Quantification of bone volume related to tissue volume (BV/TV). One-way

ANOVA, Turkey HSD post hoc test , * p = 0.05
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Figure 9 Effect of CS/DA scaffold on bone regeneration in mouse calvaria defects as

assessed by H&E staining (x20); black arrows point to new bone formation.
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Figure 10 Effect of CS/DA scaffold on bone regeneration in mouse calvaria defects as
assessed by Masson's Trichrome staining (x20); black arrows point to new bone

formation.
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Figure 11 Effect of CS/DA scaffold on bone regeneration in mouse calvaria defects as
assessed by Undecalcified Von Kosa staining (x20); black arrows point to new bone

formation.
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CHAPTER 5 DISCUSSION

Regenerative medicine is a challenging science in the way to induce tissue
repair in live tissue. Advance development in this field have been attempted to provide
the availability of bioactive compounds for repairing damaged tissue. (18, 20) Currently,
significant progresses have been achieved to treat bone defect and stimulate new
bone formation with cell and scaffold based bone tissue engineering strategies.
Chitosan is one of the most promising polymers for tissue engineering and possible
orthopedic applications. Chitosan scaffold has been extensively used in bone tissue
engineering since it was shown to promote growth and mineral rich matrix deposition
by osteoblasts in culture. Also chitosan is biocompatible, biodegradable, intrinsic
antibacterial nature, and can be molded into porous structures to allows

osteoconduction. (33)

Recently, Valderruten and colleagues (16) reported the novel fabrication of
chitosan using dicarboxylic acids as nontoxic dissolving and cross-linking agents which
greatly reduced contamination of the final toxic byproducts. In this study, we
demonstrated the use of novel 3D porous CS/DA scaffold with and without seeded
primary human periodontal ligament cells (hPDLCs) in mouse calvarial defects. We
found that CS/DA scaffold was able to promote significant new bone formation either
with or without hPDLCs. This is a first report on evaluation of osteogenic potential of
CS/DA scaffold with and without seeded stem cells. Osteogenic differentiation of stem
cells seeded on scaffold is the key issue determining the success in new bone
formation. (47) Corresponded with previous reports (40, 48), hPDLCs demonstrated

excellence capability to differentiate into bone forming osteoblasts as shown by
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intense staining for calcium deposition and formed mineralization nodules as revealed
by Alizarin red staining. Moreover, there is significant increase in expression levels of
osteoblast-related genes by hPDLCs on CS/DA scaffold compared to control group.
The hPDLCs cultured on CS/DA scaffold showed marked increase in expression level
of RUNX2 and its downstream effecter OSX, considering the key transcription factor
required for differentiation of pre-osteoblasts to mature osteoblasts. (49) The other
osteoblast-related genes such as COL1, ALP and OPN, which are mostly associated
with mineralization (50), showed several fold increases in levels of expression in CS/DA
scaffold. These findings suggest that CS/DA scaffold can enhances the differentiation
of hPDLCs into osteoblasts mainly by upregulating most of osteoblast-related genes.
According to Ho et al. (51) reported that chitosan can stimulate osteoblast proliferation

and maturation through a Runx2-dependent pathway.

The osteogenic properties of chitosan have been reported in various animal
models. Pang et al. (52) presented chitosan solution promoted the synthesis of
collagen type | and facilitated the differentiation of hPDLCs into osteoblast and has
significant potential to accelerate new bone formation in rat calvarial defects. Nandi
et al. (53) developed controlled release growth factor incorporated in chitosan scaffold

and reported their ability to promote bone healing and regeneration in a rabbit model.

In order that explore the potential of clinical applications, an in vivo study of
the scaffold to repair a critical-sized calvaria defect was performed. In our study, we
mainly evaluated the ability of CS/DA scaffold with and without hPDLCs in promoting
bone formation. Our data clearly demonstrated a significant increase in BV/TV in the
defects of the CS/DA scaffold implanted with hPDLCs and CS/DA scaffold alone both

at 6 and 12 weeks postsurgery. Especially at 6 weeks, defect closure and new bone
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area in the CS/DA scaffold implanted with hPDLCs group were significantly greater than
those in the other groups (p < 0.05). The UCT images also supported the enhanced
bone ingrowth in CS/DA scaffolds cultured with hPDLCs. Some of the images clearly
showed an appearance of mineralized nodules in the central part of the defect.
However, by 12 weeks, no significant difference between scaffolds alone groups and
scaffolds loaded with stem cells can be observed. hPDLCs can accelerate early onset
of osteogenesis but does not affect bone formation over time. Since hPDLCs exhibit
osteoprogenitor cell properties, the presence of more amount of osteoprogenitor cells,
therefore, can stimulates early onset of bone formation. However, when entering
reparative phase of healing, mesenchymal stem cells derived from surrounding
environment might have been recruited, proliferate, differentiate into osteogenic cells
and generate bony callus formation in the defect. This might explain why we observed
no difference between scaffolds alone and scaffolds loaded with hPDLCs at later time
point, 12 weeks. Moreover, in microscopic view, we found more bone ingrowth into
the mouse calvaria defect in scaffolds alone and scaffolds loaded with hPDLCs group,
with more positive area of H&E staining for cellular reactions that indicate bone
formation without any inflammatory reaction, Masson's Trichrome staining for amount
of collagen and mineralized matrix, and von Kossa staining for mineralized bone
structure. Altogether the results of the present study demonstrated that CS/DA
scaffold has significant potential to induce new bone formation in vivo either with or

without hPDLCs.

Although C/D scaffold has been shown to be very useful in biomedical and
tissue engineering, there still exist questions about the in vivo degradation rate of these

scaffold. We found that there were only 20% to 30% of scaffold left in defects at 6
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weeks after implantation, represent to the degradation rate of CS/DA scaffold was too
fast. Corresponded with Emilia et al. (54) reported that poor long-term stability of pure
chitosan is a substantial drawback in the scaling-up of chitosan in tissue engineering
applications. Further research in the future should be conducted to improve CS/DA

scaffold stability.
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CHAPTER 6 CONCLUSION

In conclusion, this study suggests that CS/DA scaffold with and without seeded
primary hPDLCs were suitable for bone defect repair in a critical size mouse calvarial
defect model. The novel CS/DA scaffold could be serve as carrier for stem cells to
repair bone defect. This scaffold has an enormous potential to develop as materials
for bone tissue engineering applications. Further experimental and clinical studies

should be conducted to confirm these results.
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APPENDIX

Quantification of bone volume/tissue volume (Group 6 weeks post-operative)

Descriptives

95% Confidence Interval for
Mean
N Mean |Std. Deviation| Std. Error |Lower Bound| Upper Bound Minimum | Maximum
control 6 q 0550 04203 02102 -0119 1219 00 10
scaffold 6 6 1967 04033 01647 1543 2390 14 25
scaffold cell 6 2717 02563 01046 2448 2986 24 31
6
Total 16 1894 109306 02326 1398 2390 00 31
Test of Homogeneity of Variances
Quantification of bone volume/tissue volume
Levene Statistic dfl df2 Sig.
.658 2 13 534
ANOVA
Quantification of bone volume/tissue volume
Sum of Squares| df |Mean Square F Sig.
Between Groups 113 2 .057 44.007 .000
Within Groups 017 13 .001
Total 130 15




Robust Tests of Equality of Means

Quantification of bone volume/tissue volume

Statistic®

dfl

df2

Sig.

Brown-Forsythe

41.124

9.174

.000

a. Asymptotically F distributed.

Post Hoc Tests

Multiple Comparisons

Dependent Variable: Quantification of bone volume/tissue volume

Mean 95% Confidence Interval
(1) Group (J) Group Difference (I-J) | Std. Error Sig. Lower Bound | Upper Bound
Tukey HSD control 6 scaffold 6 -14167 .02315 .000 -2028 -.0805
scaffold cell 6 -21667 .02315 .000 -2778 -.1555
scaffold 6 control 6 14167 .02315 .000 .0805 .2028
scaffold cell 6 -.07500" .02070 .008 -.1297 -.0203
scaffold cell 6 control 6 21667 .02315 .000 .1555 2778
scaffold 6 07500 .02070 .008 .0203 1297
Tamhane control 6 scaffold 6 -14167 .02670 .005 -.2273 -.0560
scaffold cell 6 -21667 .02348 .001 -3034 -.1299
scaffold 6 control 6 14167 .02670 .005 .0560 2273
scaffold cell 6 -.07500" .01951 .013 -.1328 -.0172
scaffold cell 6 control 6 21667 .02348 .001 .1299 .3034
scaffold 6 07500 01951 013 0172 1328

*. The mean difference is significant at the 0.05 level.
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Homogeneous Subsets

Quantification of bone volume/tissue volume

Subset for alpha = 0.05
Group 1 2 3
Tukey HSD™®  control 6 .0550
scaffold 6 1967
scaffold cell 6 2717
Sig. 1.000 1.000 1.000

Means for groups in homogeneous subsets are displayed.

a. Uses Harmonic Mean Sample Size = 5.143.

b. The group sizes are unequal. The harmonic mean of the group sizes

is used. Type | error levels are not guaranteed.

Means Plots

=
i
=]

1

0.2577

0.207

0.157

0107

Mean of Quantification of bone volumeltissue volume

0.057

T
control 6

T
scaffold 6

Group

T
scaffold cell 6
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Quantification of bone volume/tissue volume (Group 12 weeks post-operative)

Descriptives

Quantification of bone volume/tissue volume

95% Confidence Interval for
Mean
N Mean | Std. Deviation | Std. Error | Lower Bound | Upper Bound | Minimum | Maximum
control 12 4 | 1.1950 08888 04444 1.0536 1.3364 1.10 1.31
scaffold 12 6 | 1.4067 03882 01585 1.3659 1.4474 1.36 1.45
scaffold cell 12] 6 | 1.4950 07120 02907 1.4203 1.5697 1.40 1.61
Total 16 | 1.3869 13573 03393 1.3145 1.4592 1.10 1.61
Test of Homogeneity of Variances
Quantification of bone volume/tissue volume
Levene
Statistic df1 df2 Sig.
1.070 2 13 371
ANOVA
Quantification of bone volume/tissue volume
Sum of
Squares df Mean Square F Sig.
Between Groups 220 2 110 25.245 .000
Within Groups 057 13 .004
Total 276 15




Robust Tests of Equality of Means

Quantification of bone volume/tissue volume

Statistic®

dfl

df2

Sig.

Brown-Forsythe

21.898

2 7.252

.001

a. Asymptotically F distributed.

Post Hoc Tests

Multiple Comparisons

Dependent Variable:Quantification of bone volume/tissue volume

Mean Difference 95% Confidence Interval
(1) Group (J) Group (I-)) Std. Error|  Sig. Lower Bound | Upper Bound
Tukey HSD  control 12 scaffold 12 -21167 .04259 .001 -3241 -.0992
scaffold cell 12 -30000" 04259 [ .000 -4124 -.1876
scaffold 12 control 12 21167 .04259 .001 .0992 .3241
scaffold cell 12 -.08833 .03809 .088 -.1889 .0122
scaffold cell 12 control 12 30000 .04259 .000 .1876 4124
scaffold 12 .08833 .03809 .088 -0122 .1889
LSD control 12 scaffold 12 -21167 .04259 .000 -3037 -1197
scaffold cell 12 -30000" .04259 .000 -.3920 -.2080
scaffold 12 control 12 21167 .04259 .000 1197 .3037
scaffold cell 12 -08833 .03809 .037 -.1706 -.0060
scaffold cell 12 control 12 30000 .04259 .000 .2080 .3920
scaffold 12 08833 .03809 .037 .0060 1706
Tamhane control 12 scaffold 12 -21167 .04718 .037 -.4042 -0191
scaffold cell 12 -30000" .05310 .005 -.4794 -.1206
scaffold 12 control 12 21167 .04718 .037 .0191 4042
scaffold cell 12 -.08833 .03311 .085 -.1887 .0120
scaffold cell 12 control 12 30000 .05310 .005 .1206 4794
scaffold 12 .08833 .03311 .085 -.0120 .1887

*. The mean difference is significant at the 0.05 level.
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Homogeneous Subsets

Quantification of bone volume/tissue volume

Subset for alpha =
0.05
Group 1 2
Tukey HSD*™®  control 12 1.1950
scaffold 12 1.4067
scaffold cell 12 1.4950
Sig. 1.000 119

Means for groups in homogeneous subsets are displayed.

a. Uses Harmonic Mean Sample Size = 5.143.

b. The group sizes are unequal. The harmonic mean of the

group sizes is used. Type | error levels are not guaranteed.

Means Plots

1.5077

1.4077

1.307

1.207

Mean of Quantification of bone volumeltissue volume

1.107

T
control 12

T
scaffold 12

Group

T
scaffold cell 12
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