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ABSTRACT 

The receptor activator of nuclear factor kappa-B (RANK)/RANK 

ligand/osteoprotegerin (OPG) system plays a critical role in bone remodelling by 

regulating osteoclast formation and activity. OPG has been used systemically in the 

treatment of bone diseases that has many side effects. Therefore, in searching for more 

effective and safer treatment for bone diseases, we have investigated newly formulated 

OPG-chitosan complexes, which is prepared as a local application for its osteogenic 

potential to remediate bone defects. This study was designed to develop a new OPG-

chitosan gel for bone tissue engineering applications and to evaluate the 

biocompatibility, sustained release ability and biodegradability of gel in vitro. The 

cytotoxicity of OPG in chitosan and its proliferation in vitro was evaluated using 

normal, human periodontal ligament (NHPL) fibroblast cell culture. The cytotoxicity of 

these combinations was compared by measuring cell survival with a tetrazolium salt 

reduction (MTT) assay. The cellular morphological changes were observed under an 

inverted microscope. A propidium iodide and acridine orange double-staining assay was 

used to evaluate the morphology and quantify the viable and nonviable cells. The 

present study also evaluated the effectiveness of new formulated OPG- chitosan gel in 

vivo. In this study, the OPG-chitosan gel was formulated using human OPG protein and 

three different molecular weights (MW) of water-soluble chitosan i.e. 10, 25 and 50 

kDa. The physicochemical properties were determined using the fourier transform infra-

Red (FTIR) spectroscopy, thermogravimetric analysis (TGA) and the differential 

scanning calorimetry (DSC). The formulation gel was subjected to protein release assay 

and biodegradability test. In vitro cytotoxicity test of OPG-chitosan gel was carried out 

on NHPL fibroblast and NH osteoblast using the Alamar blue (AB) assay. The 

morphology of fabricated OPG-chitosan gels and attachment of cells on the gel was 

observed and compared using scanning electron microscope (SEM). The osteogenic 
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potential of the OPG-chitosan gel was evaluated in 18 female rabbits which involved 

creating critical-sized defects on the calvarial bone, filled with the OPG-chitosan gel 

and sacrificed at 6 and 12 weeks. This study showed that the OPG-chitosan gel showed 

more thermally stable material with biodegradability rate (28 days). Chitosan could 

withstand temperatures of 200 °C before decomposing. The OPG-chitosan gel water 

uptake exhibited similarity of the fluid contents percentage with those of living tissues. 

The gel was able to enhance a favorable condition for cell viability and tissue growth in 

vitro. The AB assay result revealed that the OPG-chitosan gel has no critical cytotoxic 

effect on fibroblast and osteoblast cells and a clear cell layer covering the entire 

outermost surface of the gel was observed by scanning electron microscopy at 72 hours 

of incubation. The in vivo results showed bone growth in the OPG-chitosan gel filled 

defects with the mean values that statistically higher than that of the control defects 

(unfilled defects) (p < 0.05). In a nutshell, the results have suggested the newly 

developed OPG-chitosan gel has the ability to extend the release pattern, support the 

growing of cells, specific degradation by lysozyme, and the effectiveness of OPG-

chitosan gel in bone healing. It can be concluded that the OPG-chitosan gel has many 

characteristics beneficial to tissue engineering applications. 
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ABSTRAK 

Pengaktif reseptor faktor nuklear kappa-B (RANK)/ RANK ligan/ sistem 

osteoprotegerin (OPG) memainkan peranan yang penting dalam pembentukan semula 

tulang dengan mengawal pembentukan osteoklas dan aktiviti. OPG telah digunakan 

secara sistemik dalam rawatan penyakit tulang yang mempunyai banyak kesan 

sampingan. Oleh itu, dalam mencari rawatan yang lebih berkesan dan lebih selamat 

untuk penyakit-penyakit tulang, kami telah menyiasat baru digubal kompleks OPG-

kitosan disformulasikan terbaru, yang disediakan sebagai aplikasi setempat untuk 

potensi osteogenik untuk mengatasinya kecacatan tulang. Kajian ini bertujuan untuk 

membangunkan gel osteoprotegerin-kitosan baru untuk aplikasi kejuruteraan tisu tulang 

dan untuk menilai biokompatibiliti, keupayaan kelegaan berterusan dan biodegradabiliti 

gel in vitro. Kajian ini juga menilai keberkesanan dirumuskan gel OPG-kitosan baru 

dalam in vivo. Dalam kajian ini, gel OPG-kitosan itu digubal menggunakan protein 

OPG manusia dan tiga berat molekul yang berbeza (MW) larut air kitosan iaitu 10, 25 

dan 50 kDa. Sifat-sifat fizikokimia ditentukan menggunakan fourier transform infra-red 

(FTIR) spektroskopi, analisis Termogravimetri (TGA) dan kalorimeter pengimbasan 

pembezaan (DSC). Gel ini tertakluk kepada asai pelepasan protein dan ujian 

biodegradabiliti. Dalam ujian citotoksisiti in vitro telah dijalankan ke atas NHPL 

fibroblast dan NH osteoblast menggunakan cerakin alamar biru (AB). Morfologi gel 

OPG-chitosan direka dan lampiran sel pada gel diperhatikan dan dibandingkan 

menggunakan mikroskop elektron pengimbas (SEM). Potensi osteogenik gel OPG-

kitosan yang dinilai dalam arnab yang melibatkan mewujudkan kecacatan kritikal 

bersaiz pada tulang kalvarial, penuh dengan gel OPG-kitosan itu, dan dihorbankan pada 

6 dan 12 minggu. Kajian ini menunjukkan bahawa gel kitosan yang OPG- menunjukkan 

bahan stabil lebih haba dengan kadar biodegradabiliti (28 hari). Ia boleh menahan suhu 

200 ° C sebelum mengurai. Pengambilan gel air OPG-kitosan dipamerkan persamaan 
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kandungan peratusan cecair dengan tisu-tisu hidup. Gel dapat meningkatkan keadaan 

yang baik untuk daya maju sel dan pertumbuhan tisu dalam in vitro. Hasil asai AB 

mendedahkan bahawa gel OPG-kitosan tidak mempunyai kesan sitotoksik kritikal 

fibroblas dan sel-sel osteoblas dan lapisan sel yang jelas meliputi permukaan paling luar 

keseluruhan gel diperhatikan dalam imbasan mikroskop elektron di 72 jam pengeraman. 

Dalam Hasil kajian in vivo menunjukkan pertumbuhan tulang pada kecacatan gel OPG-

kitosan yang penuh dengan nilai-nilai purate yang secara statistik lebih tinggi daripada 

kecacatan kawalan (kecacatan unfiled) (p <0.05). Secara ringkas, keputusan telah 

mencadangkan gel OPG-kitosan yang baru dibangunkan mempunyai keupayaan untuk 

memanjangkan corak pelepasan itu, menyokong penanaman sel, kemerosotan tertentu 

dengan lisozim, degradasi gel OPG-kitosan dalam penyembuhan tulang. Ia boleh 

membuat kesimpulan bahawa gel OPG-chitosan ini mempunyai banyak ciri-ciri manfaat 

kepada aplikasi kejuruteraan tisu. 
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CHAPTER 1: INTRODUCTION  

 Background 

The discovery of nuclear factor κB ligand (RANKL)/ RANK/OPG signaling 

pathway that has a role in the pathogenesis of bone loss by modulating RANK-induced 

osteoclastogenesis have provided the rationale for the development of drugs to treat 

bone diseases (Liu & Zhang, 2015).  

OPG is a secretory glycoprotein of the tumour necrosis factor (TNF) receptor and 

plays a key role in the regulation of bone resorption (Theoleyre et al., 2006).  OPG has 

one ligand namely RANKL. RANKL is a Type 2 transmembrane glycoprotein that 

belongs to the TNF family of cytokines. RANKL is expressed on the surface of 

osteoblasts, stromal cells, and T cells. The binding of RANKL to RANK stimulates 

differentiation of monocyte/macrophage progenitor cells into active and matured 

osteoclasts via numerous signaling pathways (Theoleyre, et al., 2006; Baud’huin et al., 

2013). The role of OPG in the pathological aspects of bone diseases, such as 

osteoporosis associated with estrogen deficiency and periodontal disease, has been well 

established (Bostanci et al., 2007; Koide et al., 2013; Balli et al., 2015; Hassan et al., 

2015). The OPG therapy has been used to reduce bone resorption and to enhance 

osseous healing (Bekker et al., 2001; Kostenuik et al., 2001; Fili et al., 2009), the 

therapeutic strategies are based on OPG’s potent inhibitory action on osteoclast 

differentiation and function.  

Since the discovery of OPG as an inhibitor of osteoclast activity and maturation, it 

has opened up a new research exploration using OPG as a potential therapeutic agent for 

treatment of bone diseases (Hofbauer et al., 2001). To our knowledge, there is no study 

investigating the use of a drug delivery system using a polymer/polysaccharide matrix, 

such as chitosan as a transporter, to deliver OPG locally.
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Various matrix materials are available in the market for drug delivery such as 

ceramics, liposomes, and polymers (Mouriño et al., 2013; Gentile et al., 2015; Gentile et 

al., 2016). Polymers are attractive materials for biomedical applications such as 

orthopaedic applications, proliferation of various soft tissues, drug delivery systems and 

conjugated to small drugs and proteins for the treatment of osteoporosis, osteoarthritis, 

and bone cancer (Mouriño, et al., 2013; Gentile, et al., 2015; Gentile, et al., 2016). 

Localized delivery of drugs or bioactive factors can be achieved using polymeric 

hydrogels. Polymer hydrogels can be designed with a wide range of polymers and 

crosslinking schemes to make materials that have controlled and sustained drug release.  

Natural polymers (chitosan)  is  derived from chitin (Ilium, 1998), with ideal properties 

for biomedical applications such as antimicrobial activity, biocompatible, 

biodegradable, mucoadhesive material and accentuated affinity to proteins (Coimbra et 

al., 2011a). The chitosan-based biomaterials are being tested in the treatment of bone 

defect (Florczyk et al., 2013; Jung et al., 2013). Clinically, chitosan also has dental 

applications as it can be used to repair socket after dental extraction (Ezoddini-Ardakani 

et al., 2011b). It has been applied as a biodegradable dental chip containing 

chlorhexidine or thymoquinone for the management of chronic periodontitis in patients 

(Jothi et al., 2009; Al-Bayaty et al., 2013). Therefore, in this study, we attempt to 

formulate a new gel comprising OPG and chitosan for bone tissue regeneration which 

OPG is released over a prolonged period of time to inhibit bone resorption. 

 

 Aim and objectives 

The aim of this study was to formulate OPG-chitosan gel and evaluate its 

biocompatibility and osteogenic potential. The objectives were as following: 
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 To assess  cell proliferation and morphological effects of OPG and chitosan raw 

materials on normal human periodontal ligament (NHPL) fibroblast cells by 

using 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) 

and acridine orange and propidium iodide (AOPI) assays.  

 To evaluate biocompatibility of OPG-chitosan gels on NHPL fibroblast cells and 

normal human (NH) osteoblast cells in vitro by using AB assay and SEM. 

 To formulate the OPG-chitosan gels from different molecular weights of water- 

soluble chitosan and determine physicochemical properties of gels by using 

Fourier Transform Infra-Red (FTIR) spectroscopy, Thermogravimetric Analyses 

(TGA) and Differential Scanning Calorimetry (DSC). 

 To evaluate in vitro biodegradation and drug release of OPG-chitosan gel. 

 To evaluate the efficacy of the OPG-chitosan gel in bone regeneration in rabbit 

model by means of clinical evaluation, radiographical (XtremeCT) evaluation 

and Hematoxylin and Eosin stain (H&E) and immunohistochemistry (IHC) 

 To evaluate toxicity effects of OPG-chitosan gel by biochemical assays (liver 

and kidney function tests). 
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CHAPTER 2: LITERATURE REVIEW  

 An overview of bone  

 General structure  

Bone is a specialized form of connective tissue that consists of cells and extracellular 

matrix. The major component of the bone matrix proteins is collagen that constitutes 

about 90% of the total weight. The most abundant of proteins is type I collagen 

followed by type V collagen. Trace amounts of other types such as III, XI, and XIII 

collagen have also been found in the bone matrix (Ross & Pawlina, 2011).  

The matrix also contains non-collagenous proteins that form the ground substance of 

the bone. They are essential to the bone development, growth, remodeling, and repair. 

The four main groups of non-collagenous proteins found in the bone are proteoglycan 

macromolecules, multi-adhesive glycoproteins, bone-specific vitamin K-dependent 

proteins, and growth factors and cytokines (Ross & Pawlina, 2011). 

Proteoglycan macromolecules contribute to the compressive strength of bone and are 

also responsible for binding growth factors and may inhibit mineralization. 

Multiadhesive glycoproteins which include osteonectin, sialoproteins such as 

Osteopontin, and Sialoprotein I and II, are responsible for attachment of the cells and 

collagen fibers to the mineralized ground substance (Egerbacher et al., 2006; Ross & 

Pawlina, 2011). 

Bone-specific vitamin K-dependent proteins include osteocalcin which captures 

calcium from the circulation and stimulates osteoclast in the bone remodeling, protein S 

which aid to remove the apoptotic cells and matrix Gla-protein which assists in the 

development of vascular calcifications (Ross & Pawlina, 2011).  
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Growth factors and cytokines include insulin-like growth factors, tumor necrosis 

factor-α, transforming growth factor β, platelet-derived growth factors, bone 

morphogenic proteins (BMPs) and interleukins (IL1, IL6). BMPs induce the 

differentiation of mesenchymal cells into the osteoblast (Ross & Pawlina, 2011). The 

inorganic components of the bone are the crystal of calcium hydroxyapatite, which 

composed mostly of calcium and phosphorus(Gartner & Hiatt, 2012).  

The bone is classified according to its density i.e. either compact or spongy. The 

bone can also be classified according to shape; the location of spongy and compact bone 

varies with the shape of the bone of long bones, short bones, flat bones, irregular bones 

(Hage & Hamade, 2015). Mature bone is composed of structural units called osteons 

(Haversian systems) which consist of concentric lamellae of the bone matrix 

surrounding a central canal called Haversian canal. Between the osteons are the 

remnants of previous concentric lamella called interstitial lamellae. Immature bone 

differs from the mature bone in several aspects such as immature bone is nonlamellar 

also known as a bundle or woven bone, contain more cells per unit which are randomly 

arranged and more ground substance in immature bone. (Ross & Pawlina, 2011). 

  Cells of bone tissues 

There are five cell types associated with the bone tissue: osteoprogenitor cells, 

osteoblasts, osteocytes, osteoclast and bone lining cells. Each of these cells is regarded 

as a different form of the basic cell type except the osteoclast which originates from a 

different cell line.  

Osteoprogenitor cells  are derived from the mesenchymal stem cells in the bone marrow 

that have the potential for differentiation into different cell types including fibroblast, 

osteoblast, adipocytes, chondrocytes and muscle cells (Galli et al., 2014). These cells 

are found in the internal and external layer of the bones and also reside in the 
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microvasculature supplying bone. They comprise of endosteal cells that line the marrow 

cavities, Haversian canals and Volkmann’s canals and the periosteal cells that form the 

innermost layer of the periosteum. The morphology of these cells is consistent but its 

stimulation leads to differentiation into more active cells, the osteoblasts (Humber, 

2010; Ross & Pawlina, 2011). 

Osteoblast cell is a secretory cell that retains the ability to divide. It secretes type I 

collagen and bone matrix proteins that form the initial non mineralized bone or osteoid. 

Osteoblast secreted osteoclast stimulating factor and bone matrix proteins such as 

osteocalcin and osteonectin, bone sialoproteins I and II, osteopontin, thrombospondin, 

alkaline phosphatase and various proteoglycans (Florencio-Silva et al., 2015). The cells 

are a cuboidal or polygonal shape in the light microscope and their aggregation into a 

single layer in apposition to the forming bone. The inactive osteoblast that differs from 

the secretory osteoblast found in an active matrix deposition is flat and attenuated cells 

that cover the bone surface. The osteoblast is surrounded by osteoid matrix and then 

become an osteocyte (Ross & Pawlina, 2011). Osteoblasts have expressed the receptor 

for activation of RANKL on their surface. When this ligand contacts with 

preosteoclast’s surfaces RANK-induced preosteoclast to differentiate into the osteoclast 

(Gartner & Hiatt, 2012). 

The osteocyte is the mature cell that is responsible for maintaining the bone matrix. 

They can synthesise new matrix, also participate in matrix degradation and help to 

maintain calcium homeostasis. Each cell occupied the space called lacuna and from the 

cell, cytoplasmic processes extended through the canaliculi in the matrix to contact 

process of the neighboring osteocyte and bone-lining cells (Mescher, 2013). Formative 

osteocyte deposits new matrix that exhibits certain characteristic similar to those of 

osteoblasts. Also, the osteocyte has a resorptive function but isn’t precisely defined. The 
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observed changes can be explained by enzymatic degradation of collagen by osteocyte-

secreted matrix metalloproteinases (Thompson et al., 2015).  

Bone lining cells are derived from the osteoblasts and cover bone that is not 

remodeling. They are thought to function in the maintenance and nutritional support of 

the osteocytes and regulate the movement of calcium and phosphate into and out of the 

bone (Ross & Pawlina, 2011). 

Osteoclasts are large, multinucleated cells that are responsible for the bone 

resorption. They are derived from the fusion of mononuclear hemopoietic progenitor 

under influence of multiple cytokines. Osteoclast precursors expressed initially two 

important transcription factors, c-ƒos and later RANK on their surface. The RANK 

receptors interact with RANKL produced and expressed on the stromal cell surface. The 

RANK- RANKL mechanism is essential for the osteoclast differentiation and 

maturation (Soysa et al., 2012). Lysosomal enzymes such as tartrate-resistant acid 

phosphatase and cathepsin K are actively synthesized by the osteoclast and are secreted 

into the bone-resorbing compartment. Its function is regulated both by locally acting 

cytokines and by systemic hormones. Calcitonin, androgens, insulin, thyroid hormone, 

insulin-like growth factors-1, IL1, Macrophage colony-stimulating factor (CSF)-1, and 

platelet-derived growth factor are osteoclastic receptors (Hadjidakis & Androulakis, 

2006). 

 Bone remodeling  

Frost (1990) defined bone remodeling as a process results from the action of 

osteoblasts and osteoclasts whereby old bone is continuously replaced by new tissue as 

a result of balanced bone resorption and formation. Remodeling process results from the 

action of the tissue-forming osteoblasts and the tissue-resorbing osteoclasts which work 

together in certain cell units called basic multicellular units. 
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The remodeling cycle consists of three consecutive phases: resorption, reversal, and 

formation. Resorption begins with the migration of mononuclear preosteoclasts to the 

bone surface, where they form multinucleated osteoclasts. After the completion of 

osteoclastic resorption, there is a reversal phase when mononuclear cells appear on the 

bone surface. These cells provide signals for osteoblast differentiation and migration 

that initiate bone formation. The formation phase performed with osteoblasts laying 

down bone until the resorbed bone is completely replaced by new bone. At the end of 

this phase, the surface is covered with flattened lining cells and a prolonged resting 

period begins until a new remodeling cycle is initiated (Frost, 1990). 

There is both systemic and local regulation of bone cell function. The systemic 

regulation includes parathyroid hormone, vitamin D, calcitonin, growth hormone, 

glucocorticoids, thyroid hormones, estrogens, and androgens. Parathyroid hormone 

(PTH) is an important player in bone mass homeostasis. Intermittent injections of PTH 

in rats have been shown to increase bone mass through increased synthesis of local 

growth factors such as insulin-like growth factor I which stimulate bone cell 

proliferation and matrix synthesis. There were synergistic effects of combined PTH and 

mechanical stimulation of the trabecular bone formation rate so that it was suggested for 

treatment of osteoporosis (Kim et al., 2003). Also, elevation of PTH in response to 

calcium stress increased circulating 1, 25 (OH) 2D3, which acted on the immature 

osteoblasts to stimulate osteoclastogenesis through the RANKL/OPG regulatory system 

(Suda et al., 1999). 

These different pathways may be central to the site-specific regulation of bone 

remodeling. Vitamin D-mediated osteoclastogenesis is regulated locally by OPG 

production in mature osteoblasts (Baldock et al., 2006). 
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Calcitonin suppresses osteoclast secretory activity particularly of tartrate-resistant 

acid phosphatase (TRAP). It also inhibits both basal and stimulated resorption of organ 

cultured intact bone directly causes a loss of the ruffled border of osteoclasts and 

reduces osteoclast number over time (Carter & Schipani, 2006). 

The growth hormone and insulin-like growth factor signaling pathways are important 

regulators of muscle and bone cell survival and function. The decline in circulating 

growth hormone and insulin-like growth factor 1 levels that is associated with aging 

may contribute to reduction in trabecular bone mass and muscle strength (Perrini et al., 

2010). 

Glucocorticoids induce bone resorption and stimulated RANKL and macrophage 

colony-stimulating factor expression and prolonged osteoclast lifespan. The suppression 

of the resorptive phase of remodeling contributes to the retarded bone formation central 

to glucocorticoids -induced osteoporosis (Kim et al., 2006). 

Excess thyroid hormones would decrease the amount of mineralized tissue as well as 

the degree of bone mineralization. This suggested an accelerated bone turnover that is 

confirmed by an increase in serum concentrations of bone formation and bone 

resorption markers in hyperthyroidism (Monfoulet et al., 2011). 

Estrogen has an osteoprotective function by regulating the life span of mature 

osteoclasts via the induction of the Fas/FasL system (Nakamura et al., 2007). Estrogen 

also stimulates proliferation of osteoblastic cells via estrogen receptor α (Galea et al., 

2013). Estrogen also affects gene coding for enzymes, bone matrix proteins, hormone 

receptors, transcription factors, and up-regulates the local production of OPG, insulin-

like growth factor (IGF) I, IGF II and transforming growth factor (TGF) β (Hadjidakis 

& Androulakis, 2006). 
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Androgen has been shown to affect bone cells e.g. stimulating osteoblast 

proliferation and also stimulating osteoblast and osteocyte apoptosis through an 

increased in Bax/Bcl-2 ratio even in anabolic settings. Androgens thus play a distinct 

role in skeletal homeostasis (Wiren et al., 2006). 

The local regulation of the bone cell function includes the OPG/RANKL/RANK 

system. These molecules are the key factors in linking bone formation to resorption 

during bone remodeling process. The expression of bone formation markers is activated 

in the bone formation phase, followed by the stimulation of RANKL/OPG expression in 

the bone resorption phase (Tanaka et al., 2011). 

 Bone regeneration 

Non-critical bone defect can repair spontaneously without intervention. However, the 

critical bone defect will require reconstructive surgery and bone transplantation. 

Autogenous bone graft would be the best and safest strategy for bone repair. 

Autogenous bone graft is acquired from the patient's own body e.g. mandibular 

symphyseal region and iliac crest bone (Park et al., 2004). The disadvantages of the 

autogenous graft are operative time for graft harvest, donor site morbidity, graft 

resorption, molding challenges. Due to these disadvantages, numerous alternatives to 

autogenous bone graft are available to address these limitations (Rogers & Greene, 

2012). 

Allograft bone is graft transplanted from one individual to another individual of a 

different genetic background. It may be used to repair large bone defects, but this bone 

graft also exhibits several limitations, which include the possibility of disease 

transmission, graft rejection, problems with graft integration and viability at the 

recipient site (Catanzariti & Karlock, 1996). 
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Recently, the interest for alloplastic bone substitute materials has increased as an 

alternative to autogenous bone graft and xenogenic materials, especially in oral surgery. 

The use of chitosan in bone regeneration is controversial. Spin-Neto and co-workers 

study (2010; 2012)  revealed that there was no significant bone formation following 

chitosan and chitosan hydrochloride gel application in critical size bone defects and 

defects repaired by connective tissue, with variable degrees of inflammation. On the 

other hand, another study report that chitosan has a high degree of biocompatibility and 

osteoconductivity  (Bojar et al., 2014). 

Other approaches based on gene therapy that have revealed high promise in 

experimental studies. Before these approaches become a clinical reality, significant 

efficacy and safety concerns will require being overcome (Lienemann et al., 2012). 

Growth factor delivery for effective bone tissue engineering is considered as 

progenitor cell proliferation and differentiation which is induced by the pro-osteogenic 

growth factors e.g. IGF, and members of the BMP family. BMP-2 to BMP-9 is the most 

potent growth factors known to induce ectopic bone formation. A major limitation to 

growth factor therapy is that significant quantities of growth factors, more than 

physiological levels, are needed to induce the formation of bone. For example, 3.5 mg 

of recombinant BMP-7 is used for the treatment of a bone defect, which corresponds to 

2-fold of the entire amount of BMP-7 found in a human being. This is may lead to very 

high treatment costs and a significant risk for adverse side effects such as an ectopic 

bone formation or osteolysis (Lienemann, et al., 2012).  

  Osteoprotegerin (OPG) 

OPG has been identified by Simonet and co-workers (1997) as a secretory 

glycoprotein form of the superfamily of TNF receptors. It inhibits osteoclast maturation 
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and protects the bone from both normal osteoclast remodeling and ovariectomy-

associated bone loss. 

The name osteoprotegerin derived from Latin OS for bone and protegere for to 

protect (Holen & Shipman, 2006). It is also named OCIF (osteoclastogenesis inhibitory 

factor), TR-1 (TNF receptor-related molecule-1), TNF receptor superfamily member 

and FDCR-1 (follicular dendritic cell receptor-1).  

OPG mRNA is expressed in bone, skin, liver, lung, stomach, placenta, brain and the 

range of other tissues. The site of its expression does not necessarily predict the site(s) 

at which it exerts its biological function as OPG is a secreted protein (Simonet, et al., 

1997). 

OPG has no transmembrane and cytoplasmic domain as the most of the TNF 

superfamily receptors and is secreted as a soluble protein. OPG is synthesized by 

osteoblast as a propeptide from which the signal peptide (with 21 amino acids) 

separates, generating a 380-amino acid matures peptide. It has two terminals, N and C-

terminus and has seven major domains (domains 1–7). At the N-terminus of OPG is 

death domains (D1–D4) which are cysteine-rich structures with a characteristic of the 

extracellular domains of the TNFR family proteins, these domains are essential for 

biological activity. At the C-terminus, it has two death domains (D5-D6) that share 

structure feature with the death domains of the TNF receptor p55, Fas, and TNF-related 

apoptosis-inducing ligand (TRAIL) receptor, all of which mediate apoptosis signals. 

Also in the C- terminus, it has domain 7 which contains the heparin binding site. 

Binding to heparin or heparin-like molecules is important for such growth factors as 

basic fibroblast growth factor to function. Despite it did not correlate with the biological 

activity but changes in heparin-binding with some proteins affect stability, rate of 

clearance, and target cell specificity.  Domain 7 is also responsible for the dimerization 
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of OPG by a disulfide bond and the dimer TNF protein is a more potent inhibitor 

(Simonet, et al., 1997; Yamaguchi et al., 1998; Yasuda et al., 1998; Holen & Shipman, 

2006). 

OPG exists as monomeric and homodimeric forms, and these two forms have either 

similar potency for inhibiting osteoclastogenesis in vitro as reported in Tomoyasu and 

co-workers study (1998) or the dimeric form of OPG is a more potent RANKL inhibitor 

than the monomeric form as OPG homodimer has greater affinity for RANKL than the 

monomeric form, this reported in Schneeweis and co-workers study (2005).  

OPG production is stimulated by 1α, 25-dihydroxyvitamin D3, estrogens, pro-

inflammatory cytokines such as IL-1 and TNF-α as well as TGF-β whereas parathyroid 

hormone and glucocorticoids suppress OPG production (Thirunavukkarasu et al., 2001; 

Bronner et al., 2005). 

 Biological functions of osteoprotegerin 

OPG has almost one ligand, RANKL. RANKL is a type 2 transmembrane 

glycoprotein that belongs to the TNF family of cytokines. It  expressed  on  the surface  

of  osteoblasts,  stromal  cells  and  T  cells (Yasuda, et al., 1998). This ligand is 

encoded as a monomer structural and is functionally active as a homotrimer. A trimeric 

RANKL can be expressed in two forms: as a membrane-anchored form and as a soluble 

form released from the plasma membrane through enzymatic cleavage by membrane 

metalloprotease–disintegrin TNF-alpha convertase or a related metalloprotease. These 

two forms can function as potential ligands which can interact with RANK and/or OPG 

receptors with the same biological activity (Lum et al., 1999). 

The stimulation of RANKL production is by the same factors that stimulate bone 

resorption, i.e. PTH, parathyroid hormone-related protein, vitamin D3, interleukin-1 
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(IL-1), IL-11, IL-17, TNF-alpha,  prostaglandin E (PGE) 2 and CD40L (Drugarin et al., 

2003). 

In bone, RANKL specifically binds the RANK receptors which are a type I 

transmembrane protein of the TNF receptor superfamily (Anderson et al., 1997). RANK 

receptor expressed on the surface of hematopoietic osteoclast progenitors, mature 

osteoclasts, chondrocytes, mammary gland epithelial cells, trophoblast cells, dendritic 

cells, mature T cells, and hematopoietic precursors (Hsu et al., 1999; Fata et al., 2000; 

Neumann et al., 2005).  

RANKL is a heterotrimer containing 3 molecular intracellular domains (I, II, and III) 

and  interact  with  three  monomers  of  RANK, linked  by  disulfide  bonds.  The  

RANK/RANKL  binding  stimulate the differentiation the monocyte/macrophage 

progenitor cells to osteoclasts through the  activation  of  numerous  signaling  pathways  

involved  in  the osteoclast  differentiation,  activation , and  survival (Theoleyre, et al., 

2006; Baud’huin, et al., 2013). It has been reported that mice with a disrupted RANKL 

gene showed complete lack osteoclasts that caused severe osteopoterosis and a defect in 

tooth eruption as a result of an inability of osteoblasts to support osteoclastogenesis 

(Kong et al., 1999b).  

As the binding of RANKL to RANK on pre-osteoclasts and osteoclasts is essential 

for their maturity and activity, OPG that is a soluble decoy receptor for RANKL 

prevents binding of RANKL to RANK and subsequent activation of osteoclast and 

inhibit osteoclastogensis and bone resorption. 

Moreover, OPG seems also to play a key role in cell survival, via its interaction with 

TRAIL. TRAIL was identified by Wiley and co-workers (1995) as a type 2 membrane 

protein of the TNF superfamily, produced by most of human tissues. There  are  five  
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TRAIL  receptors,  two death receptors  (DR4  and  DR5)  which stimulate  and  support  

apoptosis, and the other three decoy receptors,  DcR1,  DcR2 , and  OPG,  are  decoy  

receptors  unable  to induce  apoptosis and thus binding block TRAIL-induced apoptosis 

of Jurkat cells (Emery et al., 1998).  The binding of the OPG to the TRAIL and RANKL 

has similar affinities. As a result of the TRAIL/OPG interaction, TRAIL-induced 

apoptosis in several types of cells and numerous cancer cells is inhibited (Neville-

Webbe et al., 2004). This could explain the reason of the phenomena of the stimulation 

of OPG production by tumor cells (Reid et al., 2009). Pritzker and co-workers (2004) 

reported that OPG acts as a survival factor for human microvascular endothelial cell 

survival due to its ability to bind and block TRAIL-induced apoptosis. 

 Role of osteoprotegerin in the pathogenesis of bone diseases 

Various studies suggest that different bone diseases are related to alterations in 

OPG/RANKL/RANK system. Here we summarize several bone diseases associated 

with OPG/RANKL/RANK abnormalities that are estrogen secretion deficiency 

associated with osteoporosis, drug-induced osteoporosis, hyperparathyroidism, Paget’s 

disease, chronic inflammatory diseases, autoimmune diseases, osteopetrosis, bone 

tumors and metastases and Cushing syndrome and periodontal disease. 

 Osteoporosis  

Osteoporosis associated with estrogen deficiency and drug-induced osteoporosis are 

conditions related to abnormalities in OPG/RANKL/RANK system. Estrogens and 

androgens have direct effects on osteoclasts and these hormones inhibit in vitro bone 

resorption as well as inhibit the production of the pro-resorptive cytokine and IL-6 

(Bellido et al., 1995; Pederson et al., 1999). The estrogen has an important role in the 

bone anti resorbing activity by stimulating OPG expression in osteoblasts. Estrogens 

induce the in vitro expression of OPG gene and stimulate OPG production from 
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osteoblasts and thus inhibit RANKL production (Hofbauer et al., 1999).  The decrease 

of estrogen secretion associated with decreasing the ovarian function leads to the 

decrease of the OPG production in the source cells. The estrogen has an important role 

in the bone anti resorbing activity by stimulating OPG expression in osteoblasts (Bord 

et al., 2003). 

Glucocorticoid-induced osteoporosis is the most frequent secondary form of 

osteoporosis. Glucocorticoids downregulate OPG expression and increase the RANKL 

expression (Wang et al., 2011). Following glucocorticoid exposure, an increase in the 

osteoblastic RANKL/OPG ratio is associated with enhanced osteoclastogenesis (von 

Tirpitz et al., 2003).   

Immunosuppressants such as cyclosporine A, rapamycin, and tacrolimus (Hofbauer, 

et al., 2001; Stein et al., 2007) have also been implicated in the pathogenesis of post-

transplant osteoporosis. These drugs have been found to significantly decrease OPG 

mRNA levels and protein secretion by osteoblast precursor cells in a dose-dependent 

manner. It also stimulates RANKL mRNA levels in marrow stromal cells, thus 

substantially increasing the RANKL/OPG ratio and induce osteoclastogenesis 

(Hofbauer, et al., 2001). OPG serum levels were positively correlated with serum levels 

of osteocalcin, parathyroid hormone, and creatinine. After renal transplantation, patients 

who received cyclosporine and glucocorticoids after 2 weeks have shown  significant 

reduction in serum levels of  OPG compared to baseline levels while creatinine 

clearance also increased (Sato et al., 2001; Hofbauer et al., 2004). 

 Hyperparathyroidism (PTH) 

Parathyroid hormone stimulates RANKL expression and inhibits OPG remain 

production by osteoblasts, and thus promotes osteoclastogenesis (Tsukii et al., 1998).  
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The effects of PTH on the production of OPG remain controversial. Most in vitro 

studies indicated that PTH decreases OPG secretion by the osteoblasts (Lee & Lorenzo, 

1999; Onyia et al., 2000). The results of in vivo studies were conflicting. Rats treated 

with PTH have been reported to suffer reduction in OPG mRNA levels in rat femur 

metaphyseal and diaphyseal bone (Onyia, et al., 2000). However, another study reported 

hyperparathyroidism is accompanied by a high serum concentration of OPG and 

RANKL as well as a low OPG/RANKL ratio. Both treatments with alendronate or 

parathyroidectomy reduce bone resorption and increase the OPG / RANKL ratio. Both 

parathyroidectomy and treatment with alendronate reduce bone resorption, and increase 

OPG/RANKL ratio (Szymczak & Bohdanowicz-Pawlak, 2013). In a clinical trial, it was 

reported that no changes in serum OPG was found in patients with hyperparathyroidism 

when compared pre- and postoperatively (Stilgren et al., 2003). 

The fact that PTH has different effects on RANKL and OPG at different stages of 

osteoblast development leads to a new paradigm of osteoclast regulation.  The 

osteoclastogenic activity of PTH occurs primarily by suppression of OPG gene 

expression in early osteoblasts and elevation of RANKL gene expression in mature 

osteoblasts (Huang et al., 2004). 

The genetic polymorphisms of the OPG gene (TNFRSF11B) and RANK gene 

(TNFRSF11A) have been associated with Paget’s disease of bone. They contribute to an 

increase risk for developing the Paget’s disease which is characterized by increased 

bone resorption by osteoclasts and uncontrolled bone remodeling (Chung & Van Hul, 

2012). 

Juvenile Paget’s disease is a rare, autosomal recessive bone disease characterized by 

a greatly accelerated bone turnover that presents in infancy or childhood. Juvenile 
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Paget’s disease can result from OPG deficiency caused by homozygous deletion the 

gene that encodes OPG (Whyte et al., 2002; Cundy et al., 2005).  

 Chronic inflammatory diseases  

The T cells seem to be the link between inflammation and bone loss. RANKL 

expression occurs at the surface of activated, but not quiescent, murine T cells. RANKL 

derived from T cell has as a signal involved in optimal T cell activation. Also, T cell 

derived RANKL can regulate the osteoclast development and activation resulting in 

bone resorption so it plays an important role in the bone remodeling (Kong et al., 

1999a).  

RANKL expression is upregulated by many soluble factors affecting bone resorption, 

including the proinflammatory cytokines, interleukin-1, and TNF-α. T cells express a 

cell-surface membrane-bound RANKL that is cleaved by metalloproteinases into a 

soluble form. There may be some functional differences between membrane-bound and 

soluble RANKL, with cell-bound OPGL being more effective mediators of 

osteoclastogenesis when measured by in vitro assays (Kong, et al., 1999a; Sakata et al., 

1999). Proinflammatory cytokines such as IL1 and IL6 and TNF- α can increase the 

production of the RANKL and decrease the OPG production. These mediators and 

change of OPG production are associated with the chronic local inflammation and viral 

infections (Nakashima & Penninger, 2003; Tunyogi‐Csapo et al., 2008). OPG functions 

as a decoy receptor for RANKL, competing with RANK for binding with RANKL, 

effectively inhibiting osteoclastogenesis both in vitro and in vivo. Thus evaluation of 

RANKL levels must go hand in hand with OPG levels, as the balance of the two will 

determine whether osteoclastic or osteoblastic activity dominates (Simonet, et al., 1997; 

Kong, et al., 1999a; Yeung, 2004). 
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 Autoimmune diseases 

The RANKL/RANK/OPG system plays as an important link between the immune 

system and bone metabolism. The function of the OPG/RANKL system is similar to 

that of the interleukin–cytokine system (Kohli & Kohli, 2011).  

Rheumatoid arthritis is a chronic disease which is characterized by progressive 

synovial inflammation and joint destruction. The RANK/RANKL/OPG system plays a 

significant part in the pathogenesis of local and generalized bone loss in rheumatoid 

arthritis (Vega et al., 2007). The osteoblastic stromal cells, synovial fibroblasts and 

activated T-cells express the RANKL result in an increase in  RANKL/OPG ratio, 

leading to enhanced osteoclastogensis in erosive arthritis (Lubberts et al., 2003; Fili, et 

al., 2009). Otherwise, some studies have shown that serum levels of OPG and RANKL 

in patients with rheumatoid arthritis are higher than that in healthy people. These can be 

explained by anti-TNF therapy, where by regulates the OPG/RANKL balance by 

stimulating the bone erosion in arthritis (Oyajobi, 2007; Fili, et al., 2009). 

 Osteopetrosis 

Osteopetrosis is a rare inherited disorder of generalized whereby bone mass increase 

as a result of decreasing the osteoclastogenesis and bone resorption (Felix et al., 1996). 

RANKL, OPG, and their signaling pathway may play a potential role in the 

pathogenesis of osteopetrosis. It has been reported that transgenic overexpression of 

OPG has resulted in osteopetrosis in mice (Simonet, et al., 1997). OPG may regulate 

bone metabolism via overexpression of OPG in the bone, thus results in a dramatic 

increase in bone density and inhibition of osteoclast maturation. Secondly, OPG 

specifically inhibits osteoclastogenesis in vitro. Thirdly, systemic delivery of OPG 

produces an increase in bone density in the tibial metaphysis and blocks the loss of bone 

induced by ovariectomy. Fourthly, in situ hybridization data indicates the mouse gene is 
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expressed at high levels in the cartilaginous primordia of bones throughout the fetus. 

Lastly, the human gene is localized in chromosome in region closely linked to the gene 

involve in the skeletal disorder resulting in bone deformation (Simonet, et al., 1997). 

 Bone tumors and bone metastases 

In bone metastases, the RANK / RANKL pathway is essential in the pathology of 

bone destruction.  Bone tumor cells can activate the osteoclasts by causing increased 

RANKL levels and/or decreasing OPG levels locally, resulting in excessive osteoclast 

activity (Mundy, 2002; Canon et al., 2012). In severe osteolysis, RANKL/OPG ratio is 

increased and involved in the development of benign and malignant bone tumors and 

the progress of osteolytic lesions by tumor metastases (Grimaud et al., 2003; Milone et 

al., 2013). 

RANKL expression is increased in bone metastases associated with different types of 

solid tumors including breast cancer while the expression of OPG is inhibited because 

of the tumor cells present in the bone marrow secrete factors such as IL-1, IL-11, and 

PGE2 (Clezardin & Teti, 2007; Clézardin, 2011). 

Treatment with OPG-Fc successfully inhibits tumor-induced bone destruction by 

complete inhibition of osteoclastogenesis. Subsequently, the inhibition of bone 

resorption results in reduction of released growth factors and calcium from the bone 

matrix and increased in tumor cell apoptosis (Canon et al., 2008; Canon, et al., 2012). 

 Cushing syndrome  

Cushing syndrome is defined as signs and symptoms associated with prolonged 

exposure to improper high levels of cortisol hormone. This condition results from 

diseases is associated with excess cortisol and adrenocorticotropic hormone levels, and 

glucocorticoid drugs intake (Abbas et al., 2005).  
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Serum OPG levels also positively correlated with morning serum cortisol. In patients 

with Cushing syndrome, serum OPG levels has been shown higher than healthy control 

subjects, but it remained unchanged after the recovery, even when the bone is restored. 

The elevation of OPG level could be due to persistent damage to the cardiovascular 

system by glucocorticoid (Ueland et al., 2001; Hofbauer, et al., 2004). 

 Chronic periodontitis 

In healthy periodontium, Sakata and co-workers (1999) have demonstrated that OPG 

is expressed by cultured human gingival fibroblasts, periodontal ligament cells, and 

dental pulp cells, but not by epithelial cells. OPG production is continuous by resident 

periodontal fibroblasts and potentially endothelial cells (Kobayashi-Sakamoto et al., 

2004). 

Lymphocytes, macrophages, and neutrophils infiltrate the gingival connective tissue 

in periodontitis and interact with osteoblasts, periodontal ligament fibroblasts, and 

gingival fibroblasts. Macrophages and T lymphocytes release inflammatory mediators, 

for example, IL-1, IL-6, TNF-α, and prostaglandin E2, which stimulate osteoblasts to 

produce RANKL and induce bone resorption indirectly and also T lymphocytes can also 

promote alveolar bone resorption by direct production of RANKL (Taubman & Kawai, 

2001).  

RANKL expression is increased with T, B-lymphocytes and macrophage infiltration, 

respectively in chronic periapical lesions. RANKL seems to be closely related to 

periapical inflammatory cells (Fan et al., 2011). 

Gingival fibroblasts stimulated with lipopolysaccharide produce OPG and inhibit the 

ability of RANKL to stimulate monocyte differentiation into osteoclasts and thus inhibit 

osteoclastogenesis (Nagasawa et al., 2002). Also, lipopolysaccharide induces RANKL 
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expression in osteoblasts (Zou et al., 2003). The RANKL expression on the periodontal 

ligament was upregulated Actinobacillus actinomycetemcomitans lipopolysaccharide 

(Tiranathanagul et al., 2004). The osteoclastogenesis induced by Porphyromonas 

gingivalis, Treponema denticola, and Treponema socranskii mediated by enhancing  

RANKL expression and depression of OPG by PGE2 (Choi et al., 2005).  

Enterococcus faecalis lipoteichoic acid could upregulate the expression of RANKL 

and OPG at different rates, suggesting a potential role of lipoteichoic acid in the bone 

resorption process of refractory apical periodontitis through the regulation of RANKL 

and OPG (Zhao et al., 2013). 

The various forms of periodontitis are differentially regulated by the expression of 

RANKL and OPG and the relative RANKL/OPG ratio acts as indicative of disease 

occurrence (Bostanci et al., 2007). 

Crotti and co-workers (2003) compared the RANKL and OPG expression in the 

granulomatous tissue adjacent to areas of alveolar bone loss from periodontitis patients 

to the tissue without periodontitis using immunohistochemistry. Their results revealed 

that significantly higher levels of RANKL protein in the periodontitis tissue were 

expressed compared with OPG protein in the healthy tissue. 

Mogi et al. (2004) studied the alteration of RANKL and OPG levels in gingival 

crevice fluid (GCF) of patients with periodontitis. They found that an increased 

concentration of RANKL and a decreased concentration of OPG in GCF from 

periodontitis patients. They suggested that RANKL and OPG contribute to osteoclastic 

bone destruction in periodontal disease. 

In the same line Bostanci et al. (2007) compared the levels of OPG, RANKL, and 

their relative ratio in GCF of healthy and periodontal disease subjects. They found that 
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the OPG concentrations in GCF were significantly decreased in all periodontal disease 

patients compared to healthy subjects. Also, they found OPG level in GCF was 

negatively correlated with all clinical parameters (probing pocket depth, clinical 

attachment level, papillary bleeding index and plaque index) but RANKL was positively 

correlated. 

Koide and co-workers (2013) examined alveolar bone loss in OPG-deficient mice 

and RANKL-overexpressing transgenic mice. Alveolar bone loss in OPG deficient mice 

at 12 weeks was significantly higher than that in RANKL- overexpressing transgenic 

mice. OPG deficient mice but not RANKL- overexpressing transgenic mice exhibited 

severe bone resorption especially in cortical areas of the alveolar bone. An increased 

number of osteoclasts was observed in the cortical areas in OPG deficient mice but not 

in RANKL- overexpressing transgenic mice. They suggested the resorption in cortical 

bone areas to be prevented by OPG produced locally. 

 Periapical disease 

OPG and RANKL have been identified in odontoblasts, ameloblasts, pulp cell lines, 

and periodontal ligament cells, and their expression is considered to play a role in 

osteoclastogenesis and bone resorption (Tobón-Arroyave et al., 2005; Qian & Huang, 

2010). In periapical disease, abnormal expression of RANKL and OPG has been 

detected. An increased in RANKL level and a significant decreased in OPG level has 

been associated with bone absorption. In periapical cyst, more active bone absorption 

was observed compared to periapical granuloma (Meihua et al., 2012). 

 Potential therapeutic role of OPG in bone diseases 

 Animal studies  

As OPG has an important role in the bone diseases, there are various experimental 

and clinical trials on the use of OPG in the treatment of different bone diseases.  
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Simonet et al. (1997)  and  Yasuda et al.(1998) reported that an increase in bone mass in 

mice after treatment with OPG at 10 mg kg-1 per day for 7 days and 24 mg kg-1 per day 

for 14 days.   Furthermore, OPG treatment at a dose of 5 mg kg-1 per day for 14 days 

has been completely prevented ovariectomy-induced bone loss in rats (Simonet, et al., 

1997). A study has confirmed the hypocalcemia effects of OPG after injection in normal 

rats. The result showed that increased in bone mineral density and bone volume 

accompanied by a decrease in osteoclast number. These facts suggested that the 

reduction of calcium concentration in normal rats’ serum by administration of OPG is 

due to suppression of bone resorption by inhibition of osteoclastogenesis, especially 

maturation of osteoclasts (Tomoyasu, et al., 1998).  

Bolon and co-workers (2001) observed that transferred OPG gene mediated vehicle 

by a single injection of a recombinant adenovirus carrying the OPG-Fc gene, prevents 

bone density loss induced by ovariectomy period. In addition, a single intravenous 

injection of OPG in young growing rats leads to significant increase in bone volume and 

density, which are associated with suppression of osteoclastic bone resorption 

(Capparelli et al., 2003). 

Other preclinical studies demonstrated a potential therapeutic role of OPG in the 

prevention and reduction of lytic bone lesion associated with the skeletal tumor. 

Lamoureux et al. (2007) suggested the targeting of RANKL may be possible to modify 

the osteosarcoma itself and inhibit its development. 

In an experimental periodontitis, the human OPG has been shown to have strong 

preventive effects on alveolar bone loss in rats. Yao et al. (2011) revealed that OPG 

with BMP-2 improves osteoblastogenesis and new bone formation by recruitment of 

mesenchymal stem cells. OPG treatment is still being used in preclinical bone 

metastasis models. The result revealed that the proliferation of tumor cell and apoptosis 
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of tumor cell-osteoclast activity have been decreased. Whereby the bone turnover and 

the pro-tumor growth factors releasing from the bone matrix have been prevented 

(Canon, et al., 2012). 

 Human studies 

Additionally, there are a few clinical trials on the use of OPG systemically. One of 

these studies is done by using a single subcutaneous dose of human recombinant OPG 

(3 mg kg-1) in post-menopausal women (Bekker PJ, 1999) (Hofbauer & Heufelder, 

2000). It was observed that biochemical markers of bone resorption have been reduced 

and thus OPG has been shown to reduce the bone turnover. 

Another study performed by Body et al. (2003), who investigated the use 

recombinant OPG in patients with bone disease related to breast carcinoma or multiple 

myeloma. The results indicated that recombinant OPG is effective in reducing bone 

resorption marker levels as an acceptable treatment for these diseases. 

 Drug Delivery  

 Local drug delivery system 

The term local drug delivery system refers to the technology utilized to present the 

drug to the desired body site of drug release and absorption. The advantages of 

controlled drug delivery systems are mainly to achieve an optimum concentration, 

usually for prolonged times, to enhance activity of labile drugs, due to their protection 

against hostile environments, to diminish side effects due to the reduction of high initial 

blood concentrations and to eliminate patient discomfort compared to parenteral 

administration. 

There are two probable methods to increase the drug action: sustained and controlled 

drug release to decrease or remove side effects of the drug and site-specific drug 
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delivery to diminish unwanted systemic effects. These two approaches have been 

investigated with different natures or synthetic vehicles (Schwach-Abdellaoui et al., 

2000). 

Matrix materials for drug delivery comprised ceramics, polymers, and composites of 

the two. A ceramic material is prepared from an inorganic, non-metallic material which 

can have a crystalline structure. Ceramics usually have a high compressive strength and 

low ductility so they provide high resistance to deformation but they are brittle 

materials. Matrices for bone regeneration are calcium phosphates, bioactive glass, and 

calcium sulfates. The calcium phosphates are the best material because the inorganic 

constituent of bone is composed of the calcium hydroxyapatite. Bioactive glass and 

calcium phosphate enhance bone-matrix interface strength by stimulating the formation 

and deposition of calcium phosphate from solution. There is also the biomaterial 

metallic scaffolds such as porous titanium or tantalum.  The titanium is bioinert material 

but relatively high stiffness as compared to the adjacent bone can lead to stress shielding 

problems and the subsequent loosening of the implant (Matassi et al., 2011).  

Polymers can be of natural or synthetic origin. A natural biodegradable polymer such 

as type-I collagen, fibrin, hyaluronic acid and chitosan, exhibits good biocompatibility 

and osteoconductive properties. However, the use of these materials is limited due to 

their very low mechanical stability. The composites consist of a combination of 

materials of different properties. Thus, they may complement advantages of the 

individual materials to optimize the composite material. The combination of bioactive 

ceramics such as calcium phosphates with polymers improves the mechanical properties 

of scaffolds (Matassi, et al., 2011).  
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 Chitosan (Carrier)  

Chitosan is a cationic natural carbohydrate polymer derived from chitin by the partial 

deacetylation. Chitin is a natural biopolymer originated from crustacean shells such as 

crabs, lobsters, and shrimps. Chitosan is also naturally found in some microorganisms 

such as yeast and fungi. It comprises of β-(1-4)-glucosamine and N-acetyl-d-

glucosamine monomeric units (Ilium, 1998).  

Chitin is insoluble in most solvents but chitosan is soluble in most organic acidic 

solutions at pH less than 6.5 including formic, acetic, tartaric, and citric acid (LeHoux & 

Grondin, 1993).  

Commercially available chitosan are in the forms of dry flakes, solution, and fine 

powder forms. The average molecular weight of chitosan is ranging between 3800 and 

2,000 Daltons. The quality and properties of chitosan products, such as particle size, 

density, purity, viscosity, deacetylation, molecular weight, and polymorphous structure 

may differ widely because the characteristics of the final products are influenced by 

many factors involved the manufacturing process. These factors are important 

characteristics of pharmaceutical formulations based on chitosan (Nair et al., 2009). 

Lysozyme that is found in the fluid of body and egg white of chicken could degrade 

chitin/chitosan polymers. It recognizes and digests n-acetyl glucosamine sequences in 

the chitin/chitosan molecules, thus lysozyme degradability rises with increasing degree 

of n-acetylation in the polymer chain. High deacetylation of  chitosan matrix is 

degraded after a few days of lysozyme treatment and the matrix with low deacetylation 

continued comparatively constant for a long time (Nwe et al., 2009).  
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 Physical forms of chitosan  

Chitosan is available in different physical forms including resins, microspheres, 

nanoparticle, hydrogels, membranes, fibers and chips. According to the particular 

application of the chitosan, the particular physical form is selected.  

(a) Chitosan bead/resin 

The drug loaded in chitosan may be important in the drug delivery through the 

different routes as sustained and controlled release dosage forms. It has various 

therapeutic uses depending upon the drug loaded into them for example antibiotics 

(Anal & Stevens, 2005; Srinatha et al., 2008), non-steroidal anti-inflammatory drugs 

(Arica et al., 2005) and corticosteroid drugs (Mennini et al., 2008).  

(b) Hydrogel 

Hydrogels of the biopolymer is a significant class of polymeric materials due to their 

interesting properties for potential application in various fields such as biomedical, 

pharmaceutical and environmental industries. It has been used as the vehicle of 

antibiotics against periodontal pathogens (Ji et al., 2009) and for the treatment of 

Helicobacter pylori infection in peptic ulcer disease (Chang et al., 2009) and anti-

inflammatory drug (Wang et al., 2009) and other medications. 

(c) Film/ membrane  

Chitosan film or membrane has been used in different biomedical applications. 

Antibiotic loaded in chitosan film was evaluated by Noel (2008), who supported 

effective release of amikacin and daptomycin that inhibited the growth of 

Staphylococcus aureus. Incorporating antibiotics into chitosan could provide alternative 

methods of treating musculoskeletal infections. A study on CaSO4-chitosan composite 

membrane explored a promising application in guided tissue regeneration. It has been 

observed that it could effectively isolate bone defect from the entrance of connective 
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tissue cells and provide a space where bony tissue cells could grow into later (Kuo et al., 

2009).  

(d) Microparticles/ Nanoparticles 

Chitosan microspheres/nanoparticles are used to provide controlled release of many 

drugs and to improve the bioavailability of degradable substances such as proteins, as 

well as to improve the uptake of hydrophilic substances across the epithelial layers. 

Nanoparticles are solid colloidal particles with diameters ranging from 1-1000 nm. They 

consist of macromolecular materials and can be used therapeutically as an adjuvant in 

vaccines or drug carrier in which the active ingredient is dissolved, entrapped, 

encapsulated, adsorbed or chemically attached. Polymers used to form nanoparticles can 

be both synthetic and natural polymers (Tiyaboonchai, 2003; El-Sherbiny et al., 2015) 

(e) Chips 

PerioChip is a pioneer in the field of biodegradable delivery frameworks for reducing 

pocket depth in chronic periodontitis. Chitosan is prepared in the biodegradable chip 

and used for local drug delivery. Periodontal chips that forms from chitosan and  

contain drug have clinical benefits that are achieved when using these chips as an 

adjunct to conventional scaling and root planning (Junbo & Cunxian, 2009; Al-Bayaty, 

et al., 2013). 

(f) Porous scaffolds 

Chitosan scaffolds for tissue engineering applications are developed and used for 

skin tissue engineering (Ma et al., 2003), articular cartilage tissue engineering (Yan et 

al., 2010), bone tissue engineering (Levengood & Zhang, 2014; Cama et al., 2015). 
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 Uses of chitosan  

Chitosan has numerous features e.g. (natural source, biodegradable and unique 

cationic nature) that make it attractive for numerous applications. It can be used in 

cosmetics (moisturizer in personal-care products) (Jimtaisong & Saewan, 2014), 

agriculture (seed coating, fungus control agents) (El Hadrami et al., 2010; Ziani et al., 

2010; Zeng et al., 2012), water treatment (Hu et al., 2013) and food industry (Moreira et 

al., 2011).  

Chitosan is the preferred material in biomedical, biotechnological and 

pharmaceutical applications as wound dressings, antimicrobial and antifungal agents 

(Dai et al., 2011; Jayakumar et al., 2011; Chien et al., 2013; Karunanithy et al., 2013). 

It is has been used in gene and drug delivery vehicles (Duceppe & Tabrizian, 2010; 

Tiyaboonchai, 2013). This is based on its capability of binding a high amount of fats. 

Moreover, it has no caloric value, thus chitosan can be used perfectly for promoting 

weight loss (Mhurchu et al., 2005).  

Chitosan can be used for preventing heart disease, controlling high blood pressure, 

renal failure treatment  and producing contact lenses (Bachtell, Goodell, Grunkemeier, 

Jin, & Gregory, 2006; Jing, Li, Ji, Takiguchi, & Yamaguchi, 1997; S.-H. Park et al., 

2009; Shigemasa & Minami, 1996; Vasudev, Chandy, & Sharma, 1997; Yoon et al., 

2008).  

Chitosan-based biomaterials have been tested for the treatment of bone defect 

(Florczyk, et al., 2013; Jung, et al., 2013). Clinically, chitosan also has dental 

applications as it was used to repair socket after dental extraction (Ezoddini-Ardakani, 

et al., 2011b). It was also applied as a biodegradable dental chip containing 
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chlorhexidine or thymoquinone for the management of chronic periodontitis in patients 

(Jothi, et al., 2009; Al-Bayaty, et al., 2013).  

 Animal model 

 Animal models for bone defect repair 

 The need for an animal model 

Animal models facilitate the evaluation of materials in different applications, for 

example in different tissue qualities (normal or unhealthy bone), long time durations 

and ages (Pearce et al., 2007). This is mainly because standardized defects can be 

created in animals unlike humans, for ethical reasons. The harvesting of biopsy in 

human for histology and testing new treatments is not acceptable. The animal models 

are efficiently complementary to in vitro studies (Struillou et al., 2010).  In general, 

animal models represent the simplified replicas of the actual system of study. Since they 

have a similar functions and structures as the systems under study, the information 

derived from such model may be applied with caution to the system of interest.  More 

important, animal models are often simpler to control and manipulate, and ethical 

concerns may be easier address (Liesbechner, 2004). 

 Animal model selection 

The animal selection depends on many factors including cost, availability, ease of 

housing, ease of handling, tolerance to captivity and acceptability to society. Other 

factors include resistance to infection, low maintenance care, biological characteristics 

analogous to humans, adequate facilities, tolerance to surgery to extrapolate the results 

to the human, understanding of the species-specific bone characteristics – such as bone 

microstructure and composition, as well as bone modelling and remodeling properties, 

are important (Schimandle & Boden, 1994).  
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Variety of different animal models could be used for biomaterials testing to repair a 

bone defect. Rodents and rabbits have high bone metabolism so healing will be fast, 

shorter study duration and relatively cost effective. On the other hand, the disadvantage 

is these animals are close to the human. The choice for large animal models is based on 

their reproducibility, surgical accessibility of experimental sites and similar pathologies 

under study. Large domestic animal models such as sheep, goats and pigs have similar 

size and bone characteristics to humans. Dogs are better animal model compared to 

sheep but regarded as human companion, thus pose more ethical issues (Hillier & Bell, 

2007; Pearce, et al., 2007).  

 Defect Characteristics 

In order to be able to evaluate the effects of bone healing in an experimental model, 

the control defect must heal slowly than the experimental model. By definition, the 

critical-sized defect that is the smallest size tissue defect that will not completely heal 

over the natural lifetime of animal (Spicer et al., 2012).  Also another definition, a 

critical-sized defect is a defect that undergoes less than 10% of spontaneous healing 

during the entire life of the animal.  The size of the defect depends on the anatomy and 

physiology of the species considered (Di Bella et al., 2008). Non- critical sized defect 

was healed by forming bone islands and there is a new bone formed. The critical sized 

defect was healed by formation of fibrous connective tissues. Various studies into 

critical sized defect have been undertaken on clavarial defects for evaluations of bone 

graft (Spicer et al., 2012; Cooper et al., 2010). The information obtained from research 

is done on the animals approximates what may be expected in humans as the greater the 

anatomical, physiological and organic are similar.  Some similarities have already been 

stated concerning bone composition, density, and remodeling between human beings 

and animal models. Bone density and resistance to fractures in rabbits are very similar 
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to humans. (Harcourt-Brown & Harcourt-Brown, 2002; Pearce, et al., 2007; Calasans-

Maia et al., 2009). 

 Type of defect 

There are four types of bone defects including calvarial, long bone (mandible) 

segmental, partial cortical (cortical window, wedge defect, or transcortical drill hole), 

and cancellous bone defect (drill holes). The calvarial and long bone segmentals are 

more used than others. The commonly used animals are rabbits, rats, dogs and sheep. 

For calvarial models, rabbit and rats are first choices and for segmental defects, rabbits 

and dogs are used. Dogs and sheep are often used for experimental conditions (An & 

Freidman, 1998).  

The rabbit and rat defect model are very common and suitable as the calvarial bone 

has a good size for the easier surgical procedure and specimen handling and it has a 

plate which permits creations of a uniform circular defect that allows appropriate 

radiographic and histological analysis. Also the defect does not need any fixation as it is 

supported by dura and the overlying skin (An & Freidman, 1998). 

 The rabbit as animal model 

Rabbits are viable and suitable models for experimental researches in different 

branches of dental and medical sciences. White New Zealand rabbits are frequently 

used in a variety of experiments, including orthopedics (Mendes et al., 2001; Castaneda 

et al., 2006) and craniomaxillofacial surgery (Calasans-Maia et al., 2008).  The 

advantages of rabbits as experimental models are easy to handle and observe, can work 

with a large number of individuals, have short vital cycles (gestation, lactation and 

puberty), easy to standardize the environment, allow genetic standardization, permit 

transplantation or transmission of tumors and there is a large amount of basic data 

available. The disadvantages of rabbits are they need to live in a totally artificial 
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environment require standardized diets and diseases under study need to be are 

artificially induced. Rabbits are medium-sized models of choice because they are easy 

to handle and readily available to be observed (Harcourt-Brown & Harcourt-Brown, 

2002).  

In rabbits, the skeletal growth is expected to coincide with the epiphyseal plate’s 

closure and usually happens at puberty i.e. around 6 months of age. The defect size, 

anatomical site and its stability are factors that regulate the quality and quantity of bone 

healing in experiments. This is because muscular and load stresses and the degree of 

mobility can affect the results. Animal species, cortical bone, bone structure and 

vascularisation, involvement and the presence of periosteum are to be considered as 

well (Cacchioli et al., 2007). 
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CHAPTER 3: MATERIALS AND METHODS 

 Optimization of osteoprotegerin-chitosan gels Formulation 

The combination effect of OPG with different molecular weights of chitosan on 

osteoblast and NHPL fibroblast was evaluated to optimize the most effective 

concentration of chitosan and OPG before the formulation of gels. 

 Materials 

Cell viability assay is an appropriate method for screening new substances within a 

short time in order to determine the effective dose of materials to enhance the cell 

number. The materials used in this experiment are low molecular weight (LMW), 

medium molecular weight (MMW) and high molecular weight (HMW) chitosan that 

were purchased from Sigma.  Human OPG protein (Peprotech Recombinant Human 

OPG, 1mg, USA) was applied. Tris buffer (5 mmol L-1, pH 7.5), phosphate buffered 

saline (PBS) and dimethyl sulfoxide (DMSO) were used throughout the experiment. 

Normal human periodontal ligament (NHPL) fibroblast and NH osteoblast cells were 

purchased from Lonza (Lonza Inc., Walkersville, MD, USA). Penicillin-streptomycin 

was obtained from Bioscience Ltd., MTT, propidium iodide and acridine orange from 

Macalai, Japan. The alamar Blue (AB) fluorescent assay (Sigma) was used to measure 

cell viability 

 Instruments  

All the experiments were performed by using inverted microscope (BX60 Olmpus), 

centrifuge (Universal 32R Hettich), microplate reader (Infinite M1000 PRO (TECAN), 

humidified CO2 incubator and scanning electron microscope (SEM) (low vacuum 

operating mode; Quanta FEG 250; FEI, Eindhoven, the Netherlands). 
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 Cell culture 

The NHPL fibroblast and NH osteoblast cells were cultured in Dulbecco's modified 

eagle medium (DMEM). The medium was supplemented with 10% fetal bovine serum 

(FBS) and 1% antibiotics (penicillin-streptomycin) and incubated at 37 ᵒC in humidified 

CO2 incubator with 5% CO2. The medium was changed twice a week until confluent 

cell monolayer was formed and observed under an inverted microscope.  

 Biocompatibility study (chitosan, osteoprotegerin, and osteoprotegerin-

chitosan combination) 

 Cell viability assay of raw materials 

The effect of different molecular weights of chitosan (LMW, MMW, and HMW) and 

OPG on NHPL fibroblast cells viability was evaluated after treatment. The cultured 

cells were trypsinized, seeded in a 96-well microplate (8 × 103 cells per well) and 

incubated at 37 ᵒC in 5 % CO2 for 24, 48 and 72 hours to allow cell attachment as 

described earlier (Souza et al., 2010). The medium was freshened and treated with serial 

dilutions of chitosan (100, 50, 25, 12.5, 6, 3, 1.5, 0 μg mL-1 and OPG (30, 15, 7.5, 3, 

1.5, 0.75, 0.35, 0.19, 0.09, 0.045, 0.024 μg mL-1 then incubated for 24, 48 and 72 hours. 

Following incubation, 20 µL of MTT solution (5 mg mL-1) solution was added to each 

well, followed by incubation for 4 hours. All media was removed and 100 µL of DMSO 

was added to dissolve the crystal formation. The optical density was measured at a 

wavelength of 570 nm, using a microplate reader (Tecan Infinite M 200 PRO, 

Männedorf, Switzerland). The percentage of the cell viability was determined using the 

following formula: 

 %100% 









cX
Xvaibilitycell    
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Where X the absorbance of treated cell, and Xc is the absorbance of the control group 

(untreated cells). The tests were repeated at least three times to ensure reproducibility.   

 Cell proliferation assay of osteoprotegerin combined with chitosan 

In this assay, NHPL fibroblast cell proliferation assay was carried out by MTT on 

various concentrations of the OPG-chitosan combination. The different molecular 

weights of chitosan (fixed concentration) and different concentrations of OPG (high, 

moderate and low concentrations) were selected based on the cell viability assay results. 

Cells (8 × 103 cells per well) treated with OPG-chitosan combinations together with 

control samples include cells without treatment incubate for 24, 48, 72 hours.  Each 

sample was assayed in triplicate.  At the end of incubation periods, 20 μl of MTT 

solution (5 mg ml-1 MTT dissolved in PBS) was added per well followed by 4 hours 

incubation at 37ᵒC. The optical density was measured at a wavelength of 570 nm using 

a microplate reader (Tecan Infinite M 200 PRO, Männedorf, Switzerland).  

 Morphological observation osteoprotegerin combined with chitosan 

NHPL cells were seeded into a 24-well microtiter plate (with a density of 3 × 104 

cells per well) and were incubated for 24 hours at 37˚C and 5% CO2. Then the cells 

were treated with different MWs of chitosan, combined with 0.024 µg mL-1 OPG which 

exhibited the higher ability to induce the cell proliferation, and incubated for 24, 48 and 

72 hours. The cellular morphological changes of the treated and untreated cells were 

observed under a Leica DM IRB (Leica Microsystems, Wetzlar, Germany) inverted 

microscope and compared with untreated, viable cells.  

 Acridine orange and propidium iodide (AOPI) double-staining assay of 

osteoprotegerin combined with chitosan  

Acridine orange (AO) and propidium iodide (PI) are nuclear DNA staining (nucleic 

acid binding) dyes. AO is permeable to both live and dead cells and stains all nucleated 
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cells, generating green fluorescence. This assay was conducted to assess the 

morphology and quantify the viable and nonviable (apoptotic) cells. Viable cells are 

indicated by green nuclei with round intact structure and nonviable cells will display 

orange-to-red areas. 

NHPL fibroblast cells were quantified using AOPI staining, according to standard 

procedures and examined under a fluorescence microscope (Lieca attached with Q-

Floro Software, Solms, Germany). The treatment was carried out in a 25 mL culture 

flask (Nunc, Roskilde, Denmark). NHPL fibroblast cells were cultured at a 

concentration of 2 × 105 cell mL-1 and treated with different MWs of chitosan (LMW, 

MMW, and HMW) combined with a 0.024 µg mL-1 concentration of OPG. Flasks were 

incubated in an atmosphere of 5 % CO2 at 37 °C for 24, 48 and 72 hours. The cells were 

then spun down at 220 x g for 5 min. The supernatant was discarded and the cells were 

washed twice, using cold PBS after being centrifuged at 220 x g for 5 min to remove the 

remaining media. Five microliters of fluorescent dye containing AO (10 μg mL-1) and 

PI (10 μg mL-1) were added into the cellular pellet at equal volumes. The freshly stained 

cell suspension was dropped onto a glass slide and covered with a cover slip. The slides 

were then observed under the fluorescence microscope within 30 minutes before the 

fluorescent colour begin to fade. The percentages of viable and nonviable cells were 

determined based on the morphological criteria assessed under the UV-fluorescence 

microscope. 

 In vitro biocompatibility evaluation of osteoprotegerin-chitosan gels  

NHPL fibroblast and NH osteoblast (Lonza, Walkersville, USA) were used to 

evaluate the biocompatibility of gels by means of AB assay. MTT assay wasn’t used in 

this assay because MTT solution interacted with gel and giving false results.  
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 In vitro viability assay of osteoprotegerin-chitosan gel 

NHPL fibroblast and NH osteoblast cells were cultured in DMEM and osteogenic 

media supplemented with 10% fetal calf serum and 1 % penicillin-streptomycin. 

Aliquots (20 µL) containing 40 × 103 cells were then seeded on top of the gels, which 

had been previously placed in 24 well culture trays. Two hours after cell seeding, 1 mL 

of culture medium was added to each well and incubated at 37°C in a 5 % CO2 

humidified atmosphere. Blank was wells with no cells and control was wells with cells 

without adding gels. Cell viability will be assessed by AB fluorescent assay. The AB 

fluorescent assay (Sigma) was used to measure cell viability. To measure the viability of 

gel-adherent cells, the medium was gently aspirated from the vacated culture wells and 

replaced with 10 % AB reagent to measure the viability of cells cultured in tissue 

culture on the gels. Cells were incubated with a reagent for 5 hours in culture conditions 

and then media samples were collected in a 96-well plate for absorbance detection 

(excitation 570 nm, emission 600 nm) using a microplate reader (Biotek ELx808 

Absorbance Microplate Reader, Winooski, VT, USA). The absorbance of AB assay is 

theoretically proportional to the growth rate and viability of cells. Thus, the mean of the 

cell viability was determined by the measurement of the absorbance of AB assay, and 

the percentage of the cell viability was determined using the following formula: 

 %100









cX
Xvaibilitycell    

Where X the absorbance of treated cell, and Xc is the absorbance of the control group 

(untreated cells). The tests were repeated at least three times to ensure reproducibility.  

Based on the reference, the cytotoxicity responses were qualitatively rated as severe, 

moderate, slight and non-cytotoxic when the percentage of the cell viability is < 30 %, 

30-59 %, 60-90 % and > 90 %, respectively (Rodrigues et al., 2012; Jahromi et al., 

2014).  
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 Cells adhesions to osteoprotegerin-chitosan gel by scanning electron 

microscope (SEM) 

The adhesion of NHPL fibroblast and NH osteoblast cells to gels were assessed after 

72 hours of seeding of cells on gels by SEM. This assay can also determine whether 

cells were growing on the gel.   For that, cell- seeded gels were washed in PBS and 

fixed in 4% glutaraldehyde then incubated at 4 ᵒC overnight. Afterward, the cell-seeded 

gels were washed again in PBS, subjected twice to a 30, 70, 95 ethanol series (10 

minutes each), and finally air dried. Samples were analyzed with a Quanta FEG 250 

scanning electron microscope. 

 Formulation of osteoprotegerin-chitosan gel 

Two sets of different molecular weights (MWs) of water-soluble chitosan (10, 25, 50 

kDa gels were prepared by dissolving 50 mg of water-soluble chitosan in Tris buffer (5 

mmol L-1, pH 7.5). The mixtures were then left overnight to allow chitosan to 

completely dissolve. For 1 set of the gels, 1 mg mL-1 recombinant human OPG protein 

(Recombinant Human OPG, PeproTech, Rocky Hill, New Jersey, USA) was added. The 

other set was left without any addition of recombinant human OPG protein. Chitosan 

binder (85 kDa), was added to all the gel formulations. They were then mixed and 

allowed it to stand overnight under vacuum at room temperature (25°C). The gels were 

later sterilized by gamma radiation (4 kGy) and kept in desiccators. In order to ensure 

the OPG protein in the gel was not affected by the gamma radiation, the amounts of 

protein release from gels before and after radiation were measured by using human 

osteoprotegerin ELISA kit (Cusabio Biotech, China). The flow of the process for the 

preparation is shown in Figure 3.1. 
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Figure 3.1: The process of the gel formulation from raw chitosan, osteoprotegerin, and 
chitosan binder. 
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 Gamma sterilization  

In order to achieve sterilization of gel with minimum loss of components or 

alteration of their functional activities, gamma irradiation, which has been increasingly 

employed for preservation of foodstuffs, medical products, pharmaceuticals, cosmetics, 

and sterile packaging materials (Ruhl et al., 2011). The gels (500 mg per vial) was 

sealed in a glass vial and was irradiated at Malaysian Nuclear Agency, Malaysia. Using 

a Gamma radiation (dose rate of 4 kGy) and irradiated gel samples were sealed tightly 

in small glass bottles with paraffinic wax. In order to ensure the radiation did not 

damage the OPG protein, the OPG release from gel after 24 hours is measured before 

and after radiation by using of Human OPG ELISA kit, Cusabio Biotech.  

 Physicochemical properties of osteoprotegerin-chitosan gel 

 Fourier Transform Infrared Spectroscopy (FTIR Measurements) 

The FTIR spectrum was recorded on a spectrometer (Thermoscientific 

Nicolet 6700). The spectra were obtained at a frequency range of 400 - 4000 cm-1 

with a resolution of 4 cm-1. The information was collected in the FTIR analysis using 

FTIR system. The FTIR analysis was based on the identification of absorption bands 

associated with the vibrations of functional groups presented in macromolecules 

(Tangsadthakun et al., 2017). The experiment was run in triplicate and the means 

were averaged.  

 Thermogravimetric (TGA) Measurements  

In this study, TGA was performed under a nitrogen atmosphere in a TA Instruments. 

TGA was used to evaluate the thermal stability and determine the decomposition 

temperature of gels. TGA was done on a Perkin-Elmer Pyris Diamond TG/DTA thermal 

instrument TGA 4000. TGA analysis was carried out in a temperature range of 50-

900°C under a nitrogen atmosphere with a heating rate of 20 °C minute-1. 
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Approximately 3-10 mg of sample was weighed, then sealed into the pan and analyzed 

by the TGA. A thermograph curve of weight loss against temperature was constructed 

from the data obtained by the instrument. The conversion rate curve was produced to 

indicate the mass loss conversion (%) during the heating time. The experiment was run 

in triplicate and the means were averaged. 

 Differential Scanning Calorimetry (DSC) Measurements  

By using DSC, the thermal properties were being investigated. DSC studies used a 

DSC Mettler-Toledo (model. DSCC822e) instrument in the range started from 25 °C to 

250 °C and cooling to 250 °C to 25 °C, under nitrogen at a flow rate of 20 cm3 min-1 

and a scan rate of 10 °C min-1. The experiment was run in triplicate and the means were 

averaged. 

 Study of the water uptake ability (swelling test) of osteoprotegerin-chitosan 

gel 

Pre-weighed dry gels (W0) were immersed in 5 mL of PBS solution, pH 7.4 at 37 °C, 

and incubated for 24 hours.  Following that, the gels were blotted with a filter paper, 

blew dry with a stream of air and the wet weight (W24 h) was determined. The 

percentage of water absorption (S%) of the gel was calculated from the given equation 

(Banerjee et al., 2009). 

%100 = S%
0

024







 

W
WW h

 

  Where W24 represents the wet weight of gels after 24 hours of incubation and W0 is 

the initial weight of the gels. The values were expressed as mean ± standard deviation (n 

= 3). The experiment was run in triplicate and the means were averaged. 
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 Equilibrium water content of osteoprotegerin-chitosan gel 

Another parameter for gel swelling is percentage equilibrium water content (EWC 

%), which can be calculated from the following equation  

 %100% 0







 


s

s

M
MMEWC  

Where Ms is the mass of the gel in equilibrium swelling mass (the weight of mass did 

not change), and M0 is the mass of the dry gel at time 0. The values of EWC% by 

obtaining gels were calculated. The values were expressed as mean ± SD (n = 3). 

 In vitro degradation and solubility of osteoprotegerin-chitosan gels 

The dry gels (5 mg) are placed in a tube containing 5 mL of PBS (pH 7.4) mixed 

with 1.5 mg mL-1 lysozyme. The concentration of lysozyme was chosen to correspond 

to the concentration in human serum (Freier et al., 2005). Gels of known dry weights 

were incubated in the lysozyme solution with gentle mechanical agitation (40 horizontal 

stokes per minute) in a constant temperature incubator shaker for the period of study. 

The lysozyme solution was replaced daily to ensure continuous enzyme activity 

(Masuda, Ueno, & Kitabatake, 2001).  After 7, 14, 21 and 28 days, samples were 

removed from the medium, dried and weighed. The extent of in vitro degradation was 

expressed as a percentage of weight, loss of the dried film (n= 3 samples of each gel) 

after lysozyme treatment. To separate between enzymatic degradation and dissolution, 

control samples was stored for 28 days under the same conditions as described above 

but without the addition of lysozyme. The experiment was run in triplicate and the 

means were averaged. 

 Evaluation the osteoprotegerin release from osteoprotegerin-chitosan gels 

Known dry weight of the OPG-chitosan gel (5 mg) is placed in a glass flask and 5 ml 

of phosphate buffer (pH 7.4) was added. Then the flask was kept in an incubator shaker 
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and shaker was adjusted to 40-50 horizontal stokes per minute at 37°C,  the supernatant 

was collected and replaced with fresh PBS solution at various time intervals of 1, 2, 3, 

4, 5, 6, 7, 14, 21 days and  while replacing it with fresh 1ml of phosphate buffer. The 

samples were centrifuged and filtered. The protein release from the gel was analyzed by 

using NanoOrange Protein Quantitation Kit (Invitrogen). The experiment was run in 

triplicate and the means were averaged. 

 In vivo study 

This section described the materials and methods used in the study to describe the 

bone formation during healing  in surgically created parietal bone defects in the rabbit 

model and its toxicity effects of the OPG-chitosan gel by means H & E stain, IHC and 

biochemical assays (liver and kidney function tests). 

The animal experiment was carried out according to the Institutional Animal Care 

and Use Committee (FOM IACUC) and registered as number 20150115/ DENT/ R/ 

NAB at the University of Malaya (Appendix B).  

Based on previous assays and the results of biodegradation, solubility, OPG release, 

cell and metabolic viability, it was found that the OPG-25 kDa chitosan gel has better 

properties than the OPG-10 kDa and OPG-50 kDa chitosan gel combinations. Thus, the 

OPG-25 kDa chitosan gel (best formula) was used to evaluate the osteogenic potential 

effect in the in vivo study.   

 Experimental Animal  

Eighteen New Zealand white female rabbits were used. The animals were obtained 

from the Animal Experimental Unit (AEU), University of Malaya and housed in the 

same place under standard laboratory conditions.  All animals were  examined  by  a  
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veterinarian  and  their  suitability  for  inclusion  in  the  study  was determined. The 

inclusion criteria were: 

1.  The rabbits were 6 months old.  

2.  The rabbits were weighted between 3.5- 4 kg.  

3. The rabbits’ skulls have no congenital defect that may interfere with surgical 

procedure.   

 They were allowed free access to food supply throughout the experimental period. 

Each rabbit was given a number coding for identification. The surgery was performed in 

an operating theater at Animal Experimental Unit (Figure 3.2). 

 

Figure 3.2: The image shows the prepared surgical area 
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 Surgical Protocol  

General anesthesia was used in all surgeries which were performed under the sterile 

conditions in an operating room.  The 18 rabbits were randomly divided into 3 groups; 

with 6 rabbits in each group. In Group I (control group) the surgical sites were left 

untreated (surgery only).  In Groups II (test group), the surgical sites were filled up with 

chitosan gel and in Group III (test group) the surgical sites were filled up with OPG-

chitosan gel. All the 3 groups underwent a similar surgical procedure which involved 

surgical defects created on the parietal bone. Three rabbits were sacrificed at each time 

interval, these being 6 weeks and 12 weeks post-surgically (Figure 3.3).   
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Figure 3.3: Distribution of animals in test and control groups.  

 Anesthetic Management   

General anesthesia was induced by an intramuscular injection of 30 mg/kg of 

ketamine 100 mg mL-1 (Troy laboratories PTY. Limited, Smithfield, Australia) and 3 

mg kg-1 of xylazine 20 mg mL-1 which was analgesic, sedative and relaxant injection 

(Troy laboratories PTY. Limited, Smithfield, Australia) (Bondarenko et al., 2014). 

Local anesthetic solution (2 % lidocaine with adrenaline) was used for local hemostasis. 

The drape was placed over the animal leaving only the surgical site was exposed. 

Physiosuite monitor was used during surgery for temperature monitoring and 
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homeothermic warming. Sodium chloride (0.9 %) in the range 30 mL kg-1 per hour was 

provided to prevent a drop in blood pressure (Figure 3.4).  

    

Figure 3.4: Images of (A) operating table and (B) physiosuite monitor that regulate the 
body temperature of rabbits. 

 Surgical Sites 

A total of 18 surgical defects were surgically created in the parietal bone in 18 

rabbits. The parietal bone was selected as a suitable experimental site, as this bone has a 

good size for the easy surgical procedure and specimen handling. It has a plate which 

permits the creation of a uniform circular defect for appropriate radiographic and 

histological analysis. Also, the cranial defect does not require any fixation as it is 

supported by dura and the overlying skin (An & Freidman, 1998).   

 Flap Design 

A sagittal incision was made in the skull along the midline from the frontal to the 

occipital bone.  Following that, a full thickness skin-periosteal flap was raised to expose 

the parietal bone using a periosteal elevator (Figure 3.5).  
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Figure 3.5: Images of (A) Full thickness skin-periosteal flap and (B) exposed parietal 
bone   

 Surgical Defects 

A circular defect with 15 mm diameter was created in the parietal bone using 

trephines of the corresponding sizes. A surgical headpiece with a portable surgical 

motor under cool saline irrigation was used to prevent heat that may cause bone dead. 

The bone was removed, then the defects were treated accordingly prior to suturing. The 

soft tissues (periosteum, connective tissue, and skin) were repositioned and then sutured 

layer by layer. The periosteum was repositioned and secured using 4.0 vicryl on a half 

round needle. The skin flap over the defect was approximated and sutured using 3.0 

vicryl on a half round needle (Figures 3.6).  
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Figure 3.6: Images of surgical procedures. (A) Round surgical defect, (B) and (C) 
Extension of a surgical defect in 15 mm width and 15 mm length, (D) Defect filled with 
OPG-chitosan gel (E) Periosteal suturing and (F) Skin Suturing. 

 Post-operative Management 

Tincture iodine and dressing were applied over the suture incision. Each animal was 

given post-operative medications i.e. meloxicam ( according to weight i.e. between 0.3 - 

1.5 mg kg-1) (Turner et al., 2006) was given for three days. In addition, an intramuscular 

injection Kombitrim® 1ml/10 kg (sulfamethoxazole and trimethoprim) (Kela Labratoria 

n.v, Hoogstraten, Belgium) was given for three days to prevent the post-operation 
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infection. Once the rabbits regained conscious, it was placed in a cage and allowed for 

water and food supply. 

 Blood Collections 

From each animal, blood samples were collected before the surgery and before the 

sacrifice. Three millimeters of blood was collected from marginal ear veins from each 

rabbit. All blood samples were centrifuged and the collected sera were stored in – 20 ᵒC 

until assay. Kidney and liver functions tests were performed (Figure 3.7). 

 

Figure 3.7: The vacutainer containing blood sample. 

 Euthanasia and block harvesting  

After anesthesia was induced by usual means, the rabbit was euthanized by using 

cardiac puncture with an overdose of barbiturates (Dolethal, Pentobarbitone sodium 200 

mg ml-1 solution, 0.7ml kg-1 IV) according to the assigned time points either 6 and 12 

weeks. A skin incision was made on cranium bone close to earlier surgical sites. The 

previously grafted sites were excised with a bone cutting round bur. An en bloc (20 mm 

× 20 mm) around the surgical site was be harvested (Figure 3.8). The en bloc was then 

placed into a container containing 50 ml 10% normal buffered formalin (NBF)  

Univ
ers

ity
 of

 M
ala

ya



53 

 

Figure 3.8: Image of the harvested en bloc specimen.  

 Methods of Evaluation  

 Clinical Evaluation 

The bone formation during healing was evaluated clinically by visual means to 

determine the closure of surgical defects. The soft tissue appeared thin and transparent. 

On the other hand, the bone tissue appeared dense and opaque.  

 Radiographic Evaluation 

The surgical area (parietal region located between occipital region and anterior 

frontal region) was imaged by XtremeCT (Scanco Medical AG, Switzerland) (Figure 

3.9).  
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Figure 3.9: The images shows Scanco XtremeCT device used in the experiment. 

A normal parietal bone (round, 15 x 15 mm dimension) which was removed during 

the surgery was scanned and used as a reference. All the surgical sites for all groups (be 

it 6 and 12 weeks after surgeries) were scanned. The scan length was set to 25 mm and 

with an isotropic voxel size of 82 μm, each measurement result in 154 parallel CT 

slices.  

The Scanco XtremeCT device allowed the following evaluations of the healing 

surgical defects:  

(i) A 3D model colour map comparison 

(ii) Bone volume and bone volume density comparison  

(iii) Comparison of tissue density at the periphery and centre of healing surgical 

defects  

The 3D model colour map was constructed by superimposing the reference (normal 

bone) with the standardized scanned area healing surgical defects of different groups 
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and different time points. The differences between the reference and the surgical defects 

were shown with the following colour coding:  

(i) Green indicates no changes between the reference (normal bone) and healing 

surgical defect 

(ii) Yellow indicates some change between the reference (normal bone) and healing 

surgical defect.  

(iii) Red indicates big change between the reference (normal bone) and healing 

surgical defect 

The Scanco XtremeCT also calculated the mean bone volume and the percentages of 

bone volume by density.  It also allowed comparison of tissue densities at periphery and 

center of the surgical defects. The measurements were analyzed using the Materialise 

Mimics Innovation Suite 17.0, Materialise 3-matic® Medical 9.0 and SkyScan "CT-

analyser" software. 

 Histological Evaluation 

(a) Tissue Preparation  

 Fixation  

The block specimen was fixed in 10 % natural buffer formalin (NBF). The block was 

placed in a pot containing 50 mL NBF and the fixation process was undertaken 48 

hours. The ratio of tissue to fixative volume was 1:50. 

 Decalcification  

The block specimen was decalcified with 100 ml 10 % Ethylenediamine tetra acetic 

acid (EDTA). The decalcification solution was changed every day. The ratio of tissue 
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from implant site to decalcification solutions was 1:50. Decalcification was considered 

complete when there were no radiopacities in radiographic films that were taken for 

specimens after decalcification. After 3 weeks, decalcification was completed, 

specimens were washed in PBS for 30 minutes. The bone formation was evaluated by H 

and E stain and IHC.  

 Processing for blocking 

The block processing was carried out using a Leica TP 1020 tissue processor. This is 

an automatic machine where the specimen underwent a long cycle schedule. The 

specimens were treated through twelve stations with series of graded concentrations of 

ethanol (70 %, 95 %, 100 %, 100 % and 100 %) and xylene, and then Paraplast wax 

(56°C melting point). Finally, the specimens were embedded in molten (56°C) paraffin 

wax. The specimen was positioned with outside surface (periosteal side) facing 

outward. The blocks were stored in airtight container for future use. 

 Sectioning  

A microtome (Leica, Germany), with disposable microtome blade (Leica 818 high 

profile disposable microtome blade) was used for sectioning. Four µm thick sections 

were collected and stained with H and E as a histology guide. The sections were floated 

on a water bath (45ᵒC) before being mounted on silanized glass slide, MUTO. 

Specimens were identified according to a specific antibody treatment (osteopontin and 

osteocalcin) and negative control for antibodies, H and E staining. All dried up for 15 to 

20 minutes and heat treated in an incubator at 60ᵒC overnight. The slides were stored at 

4ᵒC. Figure 3.10 summarised the flow of the bone preparation until histological work. 

Univ
ers

ity
 of

 M
ala

ya



57 

 

 

Figure 3.10: Image of bone preparation including fixation, decalcification, and 
histological investigations.  

(b) Immunohistochemistry (IHC) 

(i) Selection of Antibody 

For this study, antibodies were selected based on a review of the literature in relation 

to previous use in rabbit and availability.  The selected antibodies: Osteopontin (clone 

1B20; Novus Biologicals, Cambridge, UK), Osteocalcin monoclonal antibodies (OCG3, 

Abcam, Cambridge, UK) and Cathepsin K polyclonal antibody (Biovision, USA) have 
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been cited satisfactory for results in rabbit bone tissue (Arrigoni et al., 2013; 

Bondarenko, et al., 2014). 

 (ii) IHC Protocol  

All slides were labeled accordingly prior to any IHC work.   

 Removal of paraffin and rehydration of tissues 

Fixed sections were placed in fresh xylene bath and incubated at room temperature 

for 5 minutes. The previous step was repeated twice with fresh xylene. Excess liquid 

was drained and the slides were placed in a fresh absolute ethyl alcohol bath, 95 %, 85 

%, 75 % alcohol bath and distal water bath for 5 minutes at room temperature 

respectively. 

 Antigen retrieval 

Target retrieval solution, concentrated x10 (Dako, USA) was used in this experiment. 

Slides were placed in an unsealed container filled with sufficient preheated antigen 

retrieval solution. This followed by microwaving the slides in a microwave oven 

(LabPulse™ Microwave Tissue Processor) for 10 minutes. After that, slides were 

washed in PBS.  

 Proteinase K treatment 

One drop of proteinase K (Dako, USA) (40 µl) was mixed with 2 mL 0.05 mol L-1 

Tris-HCL (pH 7.5 to 7.7). The tissues were covered with the proteinase K solution for 5 

minutes. Then, slides were washed in PBS.  
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 Blocking endogenous peroxidase 

This was done by adding two to three drops of peroxide blocking reagent on each 

slide so that the sections were covered completely for 15 minutes. Then they were 

washed with PBS bath and dried. 

 Exposure to the primary antibody 

Osteopontin, osteocalcin and kathepsin K monoclonal antibodies were placed on the 

sections. Slides were then incubated horizontally in a humid chamber at room 

temperature for 30 minutes. Excess reagent was thrown off and the slides were rinsed 

for 5 minutes in two consecutive jars of PBS and dry. After that, the sections were 

covered by chromogen for 5 minutes then washed with distal water and dried. Slides 

were placed in an unsealed container filled with sufficient hematoxylin solution for 5 

minutes. The slides were washed in running water for 5 minutes then in water distal 

water to clean. The slides were placed in 75 %, 85 %, 95 %, 100 % alcohol bath and 

xylene twice for 3 minutes respectively. Finally, the slides were mounted and 

immunohistochemical reaction verifying was done by light microscope and scanned by 

using digital slides scanner (3DHISTECH Ltd, Hungary). The results were assessed by 

using computer assisted image analysis (Java-based, image-processing software, 

ImageJ, National Institute of Mental Health, Bethesda, MD, USA). Verification of the 

immunohistochemical reaction was performed using a light microscope and scanned 

using a digital slide scanner (3DHISTECH Ltd., Budapest, Hungary). The results were 

assessed using computer-assisted image analysis (ImageJ; National Institutes of Health, 

Bethesda, MD, USA). The image was opened and the image threshold was adjusted 

until all stained areas were selected. A histogram was displayed to provide assistance. 

Staining was assessed by setting a threshold using the threshold tool. The threshold tool 

settings that successfully quantified the staining in a positive-stained specimen were 
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repeated in every image for comparison. The analysed–set measurement was selected, 

and the parameters to be measured were chosen (Jensen 2013). The mean and standard 

deviation were calculated for each sample. 

 Quality Control  

A negative control reagent was used with each specimen to identify any non-specific 

staining. If a non-specific staining could not be clearly differentiated from the specific 

staining, the labeling of the test specimen should be considered invalid. In this 

experiment rabbit immunoglobulin fraction (Normal) (Dako, USA) was used as 

negative control. 

 Serum biochemical parameters 

The blood samples were collected from all rabbits before surgery and before 

sacrificing. The blood samples were then permitted to clot at room temperature before 

centrifuging at 1000 g for 10 min. The serum was separated and analyzed for  kidney 

function tests such as creatinine, urea nitrogen, and liver function tests such as alkaline 

phosphatase (ALP) and alanine aminotransferase (ALT) using a chemistry  analyzer 

(HITACHI, 902, Japan) with standard diagnostic kits (Roche). 

 Statistical Analysis 

For each microplate of cell culture, the reading values calculated from the exposed 

cells were converted into percentages with the negative control values considered to be 

100%. Statistical analysis was performed using parametric One-Way ANOVA test was 

used for comparison between the mean values of different groups. The percentage of the 

bone formation markers was subjected to statistical analysis to analyze the difference in 

bone regeneration at 6 and 12 weeks post-surgery using independent-samples t-test. In 

the in vivo study as the data are normally distribution but sample size was small, the 
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non- parametric tests (Kruskal–Wallis test and Mann-whitney test) also run. The 

significance value was set at (p < 0.05). Values were presented as a mean (arithmetic 

mean) and standard deviation.  
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CHAPTER 4: RESULTS 

 In vitro biocompatibility study of different concentrations of 

osteoprotegerin and chitosan  

 The cell viability after treated with different molecular weights of chitosan 

and osteoprotegerin 

The cytotoxic effects of LMW, MMW, and HMW chitosan on the NHPL fibroblasts 

cells were ascertained by means of MTT assay. Table 4.1 summarizes and compares the 

percentage of viable NHPL fibroblasts following treatment with different MWs of 

chitosan (LMW, MMW, and HMW) over different time exposures and under control 

conditions using the MTT assay. Regardless of chitosan MW, the viability of the NHPL 

cells was ≥ 90%, following 24, 48 and 72 hours of exposure as compared to the 

untreated cells. 

Table 4.1: The percentage of NHPL fibroblast cells viability treated with different 
MWs of chitosan 

Time 
exposure 

Percentage of cell viability 

Low molecular weight 
of chitosan 
0.1 mg/mL 

Moderate molecular 
weight of chitosan 

0.1 mg/mL 

High molecular weight 
of chitosan 
0.1 mg/mL 

24 hours ≥ 100 ± 10 % ≥ 92 ± 7 % ≥ 90 ± 5 % 
48 hours ≥ 100 ± 14 % ≥ 100  ± 12 % ≥ 96 ± 8 % 
72 hours ≥ 100 ±  16 % ≥ 100 ±  9 % ≥ 100 ±  17 % 

The table shows effects of different MWs of chitosan on NHPL cell line viability in vitro at 24, 48 and 
72-hour treatments. The viability percentage values were obtained from the MTT assay. Data are reported 
as means ± SD for measurements in triplicate. 

 

The cytocytotoxic effects of OPG on the NHPL fibroblasts cells were ascertained by 

means of MTT assay. The viability assay result of OPG was shown in Figure 4.1 that 

summarizes the percentages of viability of NHPL fibroblast cells according to different 

OPG concentrations at different exposure times. In general, the viability of cells 

decreased gradually as exposure time increased. At 24 hours, the cell viability was not 

effected at all concentrations of OPG but at 48 hours, the cell viability was decreased at 
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higher concentration of OPG.  At 72 hours, the viability of cells decreased gradually as 

OPG concentration increased. At 30 µg mL-1, the viability was reduced to less than 80 

% after 48 hours and to less than 60 % after 72 hours. Results also showed that the 

viability of cells treated with 0.024 to 1.5 µg mL-1 OPG was reported as ≥ 90 % over 

exposure time.  

 

Figure 4.1: Percentage of NHPL fibroblast cells viability after treated with different 
osteoprotegerin concentrations (0-30μg/mL) at 24, 48 & 72 hours. 

 Proliferation assay of osteoprotegerin, low molecular weight, Medium 

molecular weight or high molecular weight chitosan combined with 

different concentrations of osteoprotegerin 

The effect of OPG on cell proliferation was studied in vitro. The cells treated with 

OPG showed optical densities at two concentration levels (0.024 µg mL-1 and 0.18 µg 

mL-1) that were higher than cells treated with 1.5 µg mL-1 OPG and the controls (zero 

concentration OPG). The growth rates of the treated cells compared to the untreated 

cells and the highest cell proliferation rate was displayed at the concentration of 0.024 

µg mL-1 after 72 hours of incubation (Figure 4.2). 
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When combined with 0.024 µg mL-1 OPG, the LMW chitosan showed a higher cell 

proliferation rate than LMW chitosan combined with 1.5 and 0.18 µg mL-1 

concentrations of OPG (Figure 4.2). 

The cells were treated with MMW chitosan (100 µg mL-1 combined with different 

concentration of OPG (1.5, 0.18, 0.024 µg mL-1), the proliferation of cells was 

evaluated at 24, 48, 72 hours. Chitosan combined with 0.024 µg mL-1 OPG showed a 

higher cell proliferation rate than chitosan combined with 1.5, 0.18 µg mL-1 OPG over 

three exposure time (Figure 4.2). 

The HMW chitosan combined with the same concentrations of OPG (0.024, 0.18 and 

1.5 µg mL-1) were used to evaluate the growth of the cells. The 1.5 µg mL-1 OPG-

chitosan combination induced a greater proliferation of cells than the other two 

combinations after 24 hours. However, there was no marked difference in the 

proliferation of cells at 0.024 µg mL-1 and 1.5 µg mL-1 concentration levels after 72 

hours of incubation, and they had increased more than the controls (Figure 4.2).  
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Figure 4.2: (i) Comparison of absorbance rates at low, moderate and high 
concentrations of osteoprotegerin. (A) Control (untreated cells), (B) 0.024 µg mL-1 
osteoprotegerin, (C) 0.15 µg mL-1 osteoprotegerin and (D) 1.5 µg mL-1 osteoprotegerin. 
(ii,iii,iv) Comparison between LMW ,MMW and HMW chitosan samples respectively 
in different concentrations of osteoprotegerin.  (A) Control (untreated cells), (B) 0.024 
µg mL-1 osteoprotegerin-chitosan combination, (C) 0.15 µg mL-1 osteoprotegerin-
chitosan combination and (D) 1.5 µg mL-1 osteoprotegerin-chitosan combination. 

 

                              

 

i ii 

iii iv 
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 Morphological changes of cells after treatment with osteoprotegerin-

chitosan combinations 

In general, regardless of the MW of chitosan, the treated cells appeared to have 

normal morphology, such as flattened surfaces, and they adhered to the surface of well 

with very minimal rounded cells (not attached cells) at the various time exposures. 

Figure 4.3 is a phase contrast image showing morphological appearance of NHPL 

fibroblast cells, following treatment with LMW, MMW and HMW chitosan in 

combination with 0.024 µg mL-1 concentration of OPG. We noticed that there was no 

difference between the morphology of cells treated with gels compared to the control 

group of untreated cells.  
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Figure 4.3: The morphological changes of NHPL fibroblast cells observed under an 
inverted microscope after 24, 48 and 72 hours (at 4x magnification). (A) Control 
(untreated cells), (B) Osteoprotegerin –low molecular weight chitosan combination, (C) 
osteoprotegerin -MMW chitosan combination and (D) OPG-HMW chitosan 
combination. 
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 Quantification of the cell viability after treatment with osteoprotegerin-

chitosan combinations using AOPI double-staining 

In order to determine the viable NHPL fibroblast cells were counted using a 

fluorescence microscope. In general, following exposure to different OPG-chitosan 

combinations at different time exposures, most of the cells were viable and showed 

fluorescent green with intact cell walls and minimal amounts of dead cells. The cell 

viability percentages after treated with OPG in combination with different MWs of 

chitosan are summarized in Table 4.2. The fluorescent images of the NHPL fibroblast 

cells, following treatment with LMW, MMW and HMW chitosan in combination with 

0.024 µg mL-1 OPG after 24, 48 and 72 hours is showing in Figure 4.4.  

Table 4.2: The NHPL fibroblast cell viability percentages treated with OPG combined 
with different MW chitosan 

Combinations 24 hours 48 hours 72 hours 

Control (untreated cells) 87 % ± 10 89% ± 13 92 % ± 14 

OPG in LMW chitosan 91% ± 16 85 % ± 15 89% ± 20 

OPG in MMW chitosan 92% ± 19 92 % ±18 90% ± 11 

OPG in HMW chitosan  88% ± 12 90 % ± 9 91% ± 7 

The viability percentages of different MW chitosan were combined with OPG on NHPL cell lines in vitro 
at 24, 48 and 72-hour treatments. The viability percentage values were obtained from the AOPI double-
staining assay. Data are reported as means ± SD for measurements in triplicate. 
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Figure 4.4: AOPI Viability: Dual fluorescence for viable and nonviable cells treated 
with osteoprotegerin-chitosan combinations and untreated cells. (A) Control (untreated 
cells), (B) Osteoprotegerin-LMW chitosan combination, (C) Osteoprotegerin-medium 
molecular weight chitosan combination and (D) Osteoprotegerin-high molecular weight 
chitosan combination. 
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 In vitro biocompatibility results 

 Alamar Blue (AB) fluorescent assay results 

The metabolic cell viability study showed the viability of NHPL fibroblast and 

NH osteoblast cells adhered on different types of gels. Results show that after 24 and 

48 hours of incubation time, both OPG-chitosan gel and chitosan formulations 

displayed higher cell viability than the control samples (Figure 4.5 and 4.6).  

However, after 72 hours incubation time, the cell viability percentages of both cells 

for 10 kDa chitosan gel was less than the control, but others were almost equal or 

higher than controls. Thus, they can be considered that all gels are not- toxic as the 

viability are almost more than 90 % over an extended period. There was no 

significant difference between viability percentages of NHPL fibroblast cells 

measured at 24, 48 and 72 hours for control, chitosan or OPG-chitosan gels (p > 

0.05). OPG-chitosan and chitosan gels (10 kDa) at 72 hours were significantly lower 

than OPG-chitosan gel (10, 25 or 50 kDa) at 24 and 48 hours (p > 0.05). The OPG-

chitosan (10 kDa) at 24 hours was significantly higher compared to at 72 hours (p> 

0.05). 

Similarly, there was no significant difference between viability percentage of NH 

osteoblast cells at 24, 48 and 72 hours for control, chitosan or OPG-chitosan gels (p 

> 0.05). At 24 hours, viability percentages of control was significantly lower than 

chitosan gel and OPG-chitosan gel (25 and 50 kDa) (p > 0.05).  Univ
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 Figure 4.5: Effect of different osteoprotegerin-chitosan gels on metabolic viability 
(AlamarBlue assay) of NHPL fibroblast-seeded onto the gels after 24, 48 and 72 hours 
(Columns are the average data, bars are the standard deviation). 

 

 

Figure 4-6: Effect of different osteoprotegerin-chitosan gels on metabolic viability (AB 
assay) of NH osteoblast cells seeded onto the gels after 24, 48 and 72 hours (Columns 
are the average data, bars are the standard deviation). 
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 Scanning electron microscope (SEM) 

The morphology of the gels was observed using SEM (Figure 4.7) exhibits the OPG-

chitosan gels (50, 25, 10 kDa), the gel surfaces possess an irregular surface which can 

play an important role in the adsorption process. The roughness of the particle surface 

itself causes the increase in the surface area.  

 Figure 4.8 shows SEM micrographs of NHPL fibroblast and NH osteoblast cells 

cultured on the specimen surfaces for 72 hours. We noted that the cells were well 

attached and spread out, displaying a flat configuration and normal morphology on the 

surface of three different gels. Moreover, neighbor cells connected with each other 

through cytoplasmic extensions and they spread out on their surface of gels in 72 hours 

and deleterious or cytotoxic responses were observed. The cells were well spread and 

had many extended cytoplasmic processes.  

 

Figure 4.7: SEM micrographs of OPG-chitosan gels with different MWs of chitosan 
(3000x). (a) OPG-chitosan gel (50kDa), (b) OPG-chitosan gel (25 kDa) and (c) OPG-
chitosan gel (10 kDa). 
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Figure 4.8: SEM micrographs of NHPL fibroblast and NH osteoblast cells cultured on 
gel surfaces for 72 hours. The arrows show the cells attached and growing on the gel 
surfaces. A) Osteoprotegerin-chitosan gel (10 kDa), (B) Osteoprotegerin-chitosan gel 
(25 kDa) and (C) Osteoprotegerin-chitosan gel (50 kDa). 

 

 Measurement of osteoprotegerin protein release from 

osteoprotegerin-chitosan gel before and after sterilization 

    In order to ensure the protein in the gel was not affected by gamma radiation, the 

concentration of the OPG protein was measured by OPG ELISA kit. It is 0.91 ± 0.09 

before gamma radiation while after radiation is 0.85 ± 0.04. The result of ELISA assay 

showed that there is no significant difference between the concentration of OPG before 

and after gamma radiation (P > 0.05).  
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 Physicochemical properties of osteoprotegerin-chitosan gel 

 Comparison of functional groups for different chitosan and 

osteoprotegerin-chitosan gels 

Table 4.3 and Figure 4.9 summarized the wavelength for functional groups of 3 

different MWs chitosan gels (10, 25 and 50 kDa) and 3 OPG-chitosan (10, 25 and 50 

kDa) gels. For the chitosan gels, all the peaks are clearly recognizable and ranged as 

follows: OH group from 3353 –3355 cm-1, CH group from 2907 and 2910 cm-1, amide I 

group from 1635 - 1636 cm-1, amide II group from 1574 - 1581 cm-1 and vibration of 

CO from 1072 - 1073 cm-1. The interactions between chitosan and proteins are 

represented by amide II bands as in OPG-chitosan gels, there was a shift of these bands 

i.e. from 1590 to 1610 cm-1 in NH amid II protein. 

Table 4.3: Wavenumbers of some type of bands occurring in IR spectra of (50, 25, 10 
kDa) chitosan and OPG-chitosan gels. 

 

Type of gels 

   Type of 
Band    

C-O 

 
C-O 
Stretch 

CH3 
  NH 
amide II 

C=O 
amide I 

CH OH 

 Wavenumbers (cm-1) 

50 kDa Chitosan 
 

1032 1073 1378 1581 1636 2909 3355 

25 kDa Chitosan 
 

1031 1074 1370 1574 1635 2910 3355 

10  kDa Chitosan 
 

1033 1072 1370 1581 1635 2907 3353 

50 kDa OPG-chitosan 
 

1033 1077 1376 1590 1635 2906 3355 

25 kDa OPG-chitosan 
 

1031 1077 1378 1610 1636 2904 3351 

10 kDa OPG-chitosan 
 

1031 1075 1378 1610 1635 2906 3355 
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Figure 4.9: FTIR absorption spectra of different MWs chitosan and osteoprotegerin-
chitosan gels by using attenuated total reflection technique. (A) Chitosan gel (50 KDa), 
(B) Chitosan gel (25 kDa), (C) Chitosan gel (10 kDa), (D) Osteoprotegerin-chitosan gel 
(50 kDa), (E) Osteoprotegerin-chitosan gel (25 kDa), (F) Osteoprotegerin-chitosan gel 
(10 kDa). 

 Thermogravimetric analysis 

Figure 4.10 is showing the thermogravimetric analysis of the 3 different MW 

chitosan gels (10, 25 and 50 kDa) and 3 OPG-chitosan (10, 25 and 50 kDa) gels. There 

was no marked difference in the peaks of all six gels. The first transition was in the 

range of 50 - 180 °C with a weight loss range from 61 to 76 %. This is thought to be due 
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to the moisture vaporization. The second weight loss begins in the range 200–400 °C 

and the corresponding weight loss is range from 9 to 18 %, is attributed to the 

decomposition of chitosan polymer chains.  The TGA spectrum demonstrated that 

around 80 % of the chitosan gets disintegrated within 800°C. The remaining residue (1 

to 2 %) mostly contains inorganic complex (containing C, N, and O). 

 

 

Figure 4.10: Thermogravimetric of the different MWs of chitosan and OPG-chitosan 
gels based on the sample weight loss transitions against temperature. 

 

 Differential Scanning Calorimetry Measurements (DSC) 

The DSC curves of all gels show a broad endothermic peak between 100 to 160 ᵒC. 

This peak is attributed to the loss of water associated with the hydrophilic groups of the 

polymer (Figure 4.11). 
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Figure 4.11: DSC thermograms curves of different gels show the endothermic peak 
between 90 to 150 ᵒC. (A) OPG-chitosan gel (50 kDa), (B) OPG-chitosan gel (25 kDa), 
(C) OPG-chitosan gel (10 kDa), (D) Chitosan gel (50 kDa), (E) Chitosan gel (25 kDa) 
and (F) Chitosan gel (10 kDa). 

 

 Swelling test and equilibrium water content (EWC)  

Figure 4.12 is showing the swelling behavior (water uptake) of gels (10, 25, 50 kDa). 

The 10 kDa of chitosan showed the highest water binding capacity, followed by 25 kDa 

chitosan and 50 kDa. It was concluded that an increase in MW results in a decrease in 

water uptake. 
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The mean percentages of swelling behavior (water uptake) for the OPG-

chitosan gels (10, 25, 50 kDa) were 18.3± 0.7, 11.8± 0.5 and 7.7± 0.7 respectively. 

The OPG-chitosan gel (10 kDa) showed the significantly highest water binding 

capacity (p<0.05), followed by the OPG-chitosan gel (25 kDa) (p<0.05) while the 

OPG-chitosan gel (50 kDa) has the significantly lowest water binding capacity 

(p<0.05).  

The mean percentages for equilibrium water content (EWC) for OPG-chitosan 

OPG-chitosan gels (10, 25, 50 kDa) (90.8%, 91.8%, 89% respectively) were greater 

than the percent water content values of the body i.e. about 60%. 

 

 

Figure 4.12: Percentages of water uptake of different MWs of OPG-chitosan gels. 

 In vitro biodegradability and solubility of OPG-chitosan gels 

The in vitro enzymatic degradation properties of the gel are summarized in Figure 

4.13 OPG-chitosan gels (10 and 25 kDa) showed almost complete degradation (≥ 89 % 

± 2.1) in 28 days. However, the OPG-chitosan gel (50 kDa) could prolong the complete 
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degradation more than 28 days. The 50 kDa gel showed a slower mass loss, only up to 

77 % ± 5 at 28 days of degradation.   

At 7 and 21 days, no significant difference in biodegradation percentages between 

OPG-chitosan gel (10 kDa) and OPG-chitosan gel (25 kDa) (p > 0.1) was observed. 

However, a significant difference in biodegradation percentages was observed between 

the OPG-chitosan gel (10 kDa) and OPG-chitosan gel (50 kDa) (p < 0.05). At 14 days, 

the highest significantly biodegradation percentages present in the OPG-chitosan gel (10 

kDa) (p < 0.006). OPG-chitosan gel (10 kDa) and OPG-chitosan gel (25 kDa) showed 

almost complete degradation (≥ 90 %) in 28 days. However, OPG-chitosan gel (50 kDa) 

could prolong the complete degradation more than 28 days. The OPG-chitosan gel (50 

kDa) showed a slower mass loss, only up to 67 % at 28 days of degradation.   

In order to separate between enzymatic degradation and dissolution, the samples 

were stored for 28 days under the same conditions without lysozyme. At all times, the 

significantly highest solubility percentage present in the OPG-chitosan gel (10 kDa) (p 

< 0.05) followed by OPG-chitosan gel (25 kDa) and OPG-chitosan gel (50 kDa). There 

is no significant difference between OPG-chitosan gel (25 kDa) and OPG-chitosan gel 

(50 kDa) (p > 0.05).   The solubility of OPG-chitosan gel (10 kDa) was 58 % ± 9 but for 

OPG-chitosan gel (25 kDa) and OPG-chitosan gel (50 kDa) were ˂ 35 % ± 4.5 up to 28 

days (Figure 4.14). 
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Figure 4.13: Percentage of biodegradation of different chitosan gels biodegradations 
after 7, 14, 21 and 28 days in PBS at 37ᵒC with 1.5mg ml-1 lysozyme. 

 

 

 

Figure 4.14: Percentage of solubility of different chitosan gels after 7, 14, 21 and 28 
days in PBS at 37ᵒC without lysozyme. 
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 In vitro cumulative OPG release assay 

The release profile of OPG from the OPG-chitosan gels is shown in (Figure 4.15). 

There was no significant difference in the release of protein in first two days. 

However, there was the significantly higher release of OPG from OPG-chitosan gel 

(25 and 10 kDa) than OPG-chitosan gel (50 kDa) in the following three days (P < 

0.05). In period extend from 6th to 14th day, there was a significant difference 

between different gels. The highest release rate is displayed by the OPG- chitosan gel 

(25 kDa), followed by OPG- chitosan gels (10 and 50 kDa). ). After 21 days, there 

was no significant difference between OPG- chitosan gel (10 kDa) and OPG- 

chitosan gel (25 kDa). At 28 days, there was a significant difference between OPG- 

chitosan gels (25 and 50 kDa) (p < 0.05) but no significant difference between OPG- 

chitosan gels (50 and 10 kDa). 

 

Figure 4.15: Cumulative OPG protein release from 10, 25 and 50 kDa OPG-chitosan 
gels for 28 days. 
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     In vivo results         

 Clinical findings 

At baseline, the critical size defect was created and its size was 15 mm × 15 mm 

(Figure 4.16).  

 

Figure 4.16: The critical size bone defect at baseline. The dotted line indicates the 
peripheral border of the bone defect. The width of the defect is 15 mm. 

At 6 weeks, Group III (OPG-chitosan gel) showed partial healed surgical defects 

filled up with dense and opaque structure (bone). On the other hand, Groups I (surgery 

only) and II (chitosan gel) showed the defects filled were complete with thin and 

transparent tissue soft tissues. At 12 weeks, Groups II and III showed the surgical 

defects were filled up with hard tissue compared to Group I. For Group I, the defects 

were partially healed and there were soft tissue gaps (Figure 4.17). 

 

 

 

 

Univ
ers

ity
 of

 M
ala

ya



83 

 

Figure 4.17: Gross appearance of specimens containing surgical defects at 6 and 12 
weeks. (A) Group I, (B) Group II (C) Group III. 
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 The results of extremeCT 

 3D model colour map comparison 

Figure 4.18 showed the construction of a 3D model of the surgical areas of different 

groups at 6 and 12 weeks post-surgery. By using the Materialise Mimics, a standardized 

area of 15 mm × 15 mm dimension of the surgical sites was cropped for all the groups. 

It was observed that the bone was growing from the periphery of the defects towards the 

center. All groups showed evidence of surgical of closure at 6 and 12 weeks post-

surgery. At 6 weeks post-surgery, the defect closure was more prominent in Group III 

compare to Groups II and I. At 12 weeks, Group III showed complete surgical defect 

closure. Meanwhile, Groups I and II showed partial defect closure, with more closure in 

Group II. 

Univ
ers

ity
 of

 M
ala

ya



85 

 

Figure 4.18: Construction of 3D model of defects. (A) group I, (B) group II (C) group 
III.  

 

 

 

 

A 

B 

C 

6 weeks 12 weeks 
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Figure 4.19 showed the 3D colour map for normal bone that was taken from the 

surgical site before surgery as a reference. The image exhibited the green color that 

means there is no difference between the both bone structures. 

 

Figure 4.19: Image shows a 3D colour map for normal bone. 

Figure 4.20 showed the comparison of the 3D models colour map for surgical sites at 

different time points. For intragroup comparison, Group I showed major differences in 

the healed tissues of surgical defects at 6 and 12 weeks when compared with the 

reference (normal bone). However, at 12 weeks, more bone formation was observed at 

the periphery of defect compared to at 6 weeks. Similar observation was seen in Group 

II, with more bone formation was observed at 12 weeks compared to at 6 weeks post-

surgery. Group III showed almost complete bone formation at 6 weeks, and complete 

bone formation (no difference) when compared to the reference at 12 weeks.  

For intergroup comparison, at 6 weeks, the tissues in Group III had the most 

similarity (almost complete bone formation) to the reference (normal bone) compared to 

Groups I and II. At 12 weeks, Group III was relatively unchanged (complete bone 

formation) compared to the normal bone, followed by Group II and the least bone 

formation was in Group I. 
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Figure 4.20: Comparison of 3D colour map of different groups at different time points 
(A) Group I (B) Group II (C) Group III. 

 

6 weeks 12 weeks 

A 

B 
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 Bone volume and bone volume density  

Table 4.4 summarized the means and standard deviations of bone volume (mm3) and 

mean percentages of bone volume density for all groups over different time points.   

Table 4.4: Comparison of means bone volume and bone volume density for Group I, II 
and III at 6 and 12 weeks. 

 Bone volume (mm3)  Bone volume density %  

 6 weeks 12 weeks P value 6 weeks 12 weeks b P value 

Group I 189±36 267±55 p ≥ 0.05 21±3.2 b61±6 p ≤ 0.05 
Group II 256±51 ab385±30 p ≤ 0.05 a45±5 ab77±7 p ≤ 0.05 
Group III a353±50 ab537±55 p ≤ 0.05 a71±1 ab88±2 p ≤ 0.05 
aP value p ≤ 0.05 p ≤ 0.05  p ≤ 0.05 p ≤ 0.05  

a indicates between groups significant difference over time based on One-Way ANOVA 
(p≤0.05). b indicates between groups significant difference over time based on 
independent-samples t-test (p ˂ 0.05). 

Intragroup comparison showed that Group III had the significantly higher bone 

volume at 12 weeks compared to at 6 weeks (p ˂ 0.05). Similarly, Group II had a 

significantly higher bone volume of 12 weeks compared to at 6 weeks (p ˂ 0.05). 

However, for Group I no significant difference in bone volume was observed when 

compared at 6 and 12 weeks (p > 0.05).  

Intergroup comparison showed that Group III had significantly higher bone volume 

compared to Group I and II at both 6 and 12 weeks (p ˂ 0.05).  There was no significant 

difference between the bone volume of Group II and Group I at 6 weeks (p > 0.05). 

While there was a significant difference in the bone volume of Group II compared to 

group I at 12 weeks (p ˂ 0.05). 

 

Intragroup comparison of bone volume densities of different groups showed that 

there were significant differences in bone volume density at 12 weeks compared to 6 

weeks in all groups.  
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Intergroup comparison of bone volume densities revealed that bone volume densities 

of group III at 6 and 12 weeks were significantly higher than group I and II (P ˂ 0.05). 

Bone volume density in group II was significantly higher than group I at 6 and 12 

weeks. 

As the sample size is small, the non-parametric tests also run for comparisons and 

they give the same result.  

 Comparison of tissue density periphery and centre of healing surgical 

defects  

Figure 4.23 showed the comparison of tissue density at the periphery and centre of 

defect between different groups at 6 weeks. White arrow represents soft tissue outside 

the defect, blue arrow represents normal bone and black arrow represents the tissue in 

the centre of the defect. Reference to standard the slice was an anatomical landmark.  
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Figure 4.21: At 6 weeks: The graphs and images showed the density of tissues from 
outside the defect that represented the soft tissue extended to the whole defect starting 
from left to right in the Groups I, II and III.  
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At 6 week, in Group I, the density of tissue in the center of the defect (black arrow) 

was similar to the density of soft tissue at the periphery of defect (white arrow). Thus, 

the defect was filled with soft tissue. In Group II, the density of tissue in the center of 

the defect in was slightly higher than the density of soft tissue outside. In Group III, the 

density of tissue in the center of the defect was markedly higher than the density of soft 

tissue but less than the density of normal bone at the border of defect (blue arrow). 

Figure 4.24 showed the comparison of tissue density at the periphery and center of 

the defect between different groups at 12 weeks. At 12 weeks, the centre of the defect 

was filled with soft tissue in Group I as the density of tissue in the defect is equal to the 

density of soft tissue outside the defect. In Group II, the density of tissue in the center of 

the defect was higher than the density of soft tissue but less than the density of bone. 

This tissue could be osteoid. While the density of tissue in the center defect of the 

Group III had almost the same density of bone on the border of the defect.  
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Figure 4.22: At 12 weeks: The graphs and images show the density of tissues from 
outside the defect that represented the soft tissue extended to the whole defect starting 
from left to right in the Groups I, II and III.  
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 Hematoxylin and eosin stain results 

The histological features of untreated and treated groups were observed, as shown by 

H and E staining. The normal bone was taken from a parietal bone on the same site of 

surgery to use as a reference. Figure 4.25 showed histological examination of the 

normal bone sections was showed normal architecture. The bone is lamellar and mature. 

The connective tissue within the normal bone was less prominent than that of the 

experimental defects. 

 

Figure 4.23: Photomicrograph of normal bone showing (A) the bone at the periphery 
and (B) center of bone H and E staining (Scale bar=200µm). (C) The bone section at 
high magnification (Scale bar=50µm), Osteocyte (o), Haversian canal (hc). 
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Figure 4.26 showed that at 6 weeks, the defects were filled with new bone and 

osteoid tissues in Group III, new bone and fatty marrow in Group II, less new bone 

formed in Group I.   

 

 

Figure 4.24: At 6 weeks: Photomicrographs of Groups I, II and III sites showed H and 
E staining of the bone sections. New bone (NB), Osteoid (OS), Fatty marrow (FM). 
(Scale bar: 50 µm). 

 

 

FM 
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At 6 weeks, the newly formed bone in the defects of experimental groups (Groups II 

and III) was higher compared to that formed in the defects of the control group (Group 

I).  The connective tissue within the bone bridge in the Groups II and III was less 

prominent than that in Group I. No grafts particles were seen in 6 weeks and they were 

completely resorbed. New bone fill in each of the defects was expressed as osteoid bone 

within the region of interest. The trabecular bone in the Group II appeared thick and 

dense while the trabecular bone in the Group III had become lamellar bone.  

Figure 4.27 showed the histological section in Group III that showed the newly 

formed bone had filled the defect completely. The newly formed bone resembled a 

bridge, which was arranged in a lamellar form in some areas with large osteons and 

Haversian canals containing highly cellular connective tissues within it especially at the 

central part.  

 

Figure 4.25: At 12 weeks: Photomicrograph of group III site showed the bone defect 
region closed  by  (A) mature  bone (LB) that  was  fused to the host bone defect margin 
with (B) little connective tissue (CT) in the middle of defect. H and E staining (Scale 
bar=200µm). 
 

 

 

LB 

CT 
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Figure 4.28 showed the histological section in Group II that revealed a discontinuous 

bone tissue layers centrally whereas it was continuous at the margins.  

 

Figure 4.26: At 12 weeks: Photomicrograph of Group II show (A)  the bone defect 
region filled with the continuous  osseous bridge (OB)  at the peripheral area of the 
defect and (B) discontinuous bone layers in the central part of the defect. H and E 
staining (Scale bar=200µm). 

 

Figure 4.29 showed in Group I, the defect was not completely filled with bone 

trabeculae. Numerous osteoclasts were observed and osteogenic connective tissue filled 

the central gap of the defect. 

 

 

OB 
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Figure 4.27: At 12 weeks: Photomicrograph of Group I show (A)  the bone defect 
region filled with thin  and  continuous  osseous bridge (OB)  at the peripheral area of 
the defect and (B) Fatty marrow (FM) in the central part of the defect. H and E staining 
(Scale bar=200µm). 

 

Figure 4.30 showed at high magnification, H and E staining of Group III showed 

more organized mature bone with osteon that has been formed with large harversian 

canals and lamellar bone. While in Group II showed discontinuous bone layers. 

However, Group I showed fatty marrow. 
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Figure 4.28: At 12 weeks: Photomicrograph of H and E staining. (A) Group III show 
osteon, large harversian canals and osteocyte (Scale bar=50µm). (B) Group II show 
discontinuous bone layers (Scale bar=200µm). (C) Group I show fatty marrow (Scale 
bar=50 µm). 

 

 Immunohistochemistry results  

 Osteoblast markers 

At 6 weeks, osteopontin (OPN) immunolabeling was observed in the osteoclasts, 

osteoblast, and fibroblasts. In nearly all specimens OPN immunoreactivity appeared in 

the matrix of compact bone, cancellous bone, and osteoid. Osteocalcin (OC) 
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immunoreactivity appeared in the matrix of compact bone, less often in cancellous 

bone, and osteoid (Figure 4.31). 
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Figure 4.29: Photomicrographs of immunostaining for osteocalcin and osteopontin 
in (A) Group I, (B) Group II (C) Group III at 6 weeks. The pictures are arranged by 
staining technique (columns) and the investigated treatment (rows). Areas that stained 
positive for osteocalcin and osteopontin are indicated by red arrowheads. NB, new 
bone; OS, osteoid; FM, fatty marrow.  
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Table 4.5 shows the means of OPN and OC expressions percentages in groups I, 

II and III at 6 weeks.  

Table 4.5: Comparison of means OPN and OC expressions % for Group I, II and III 
at 6 weeks 

 Group I Group II Group III 

OPN expression% 41 ± 3 57  ± 5 73  ± 3 

OC expression% 45 ± 2  64  ± 4 78  ± 4 

 

Based on the parametric test, One-Way ANOVA test, there was a significant 

difference in the mean percentage of OPN expression between Group III and Group I (p 

˂ 0.05). The highest expression of OPN was observed in the group III followed by 

Group II when compared to Group I (Figure 4.32). 

 

Figure 4.30: At 6 weeks: Statistical analysis of expression percentage of osteopontin as 
bone formation marker between Groups I, II and III. Data are presented from three 
independent experiments (n=3). Statistical differences between control and 
experimental groups were set at **p < 0.05. 

Statistical analysis of expression percentage of osteocalcin shows that there was a 

significant difference in the mean percentage of OC expression between Groups III, II, 
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and I (p ˂ 0.05). The highest OC expression was found in group III followed by Group 

II (Figure 4.33). 

 

Figure 4.31: At 6 weeks: Statistical analysis of expression percentage of osteocalcin as 
bone formation marker between Groups I, II and III. Data are presented from three 
independent experiments (n=3). Statistical differences between control and 
experimental groups were set at **p < 0.05. 

 

At 12 weeks, OPN expression was characterized by osteoid staining in all 

investigated groups. OPN immunolabeling was observed in osteoblasts. Stained areas in 

the bone matrix also occurred. OC was detected in a matrix of compact bone, but less 

expressed in osteoid and bone cells (Figure 4.34). 
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Figure 4.32: Photomicrographs of immunostaining for osteocalcin and osteopontin 
in (A) Group I, (B) Group II (C) Group III at 12 weeks. The pictures are arranged by 
staining technique (columns) and the investigated treatment (rows). Areas that stained 
positive for osteocalcin and osteopontin are indicated by red arrowheads. OS, osteoid; 
FM, fatty marrow.  
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Table 4.6 shows the percentage of OPN and OC expressions percentages in groups I, 

II and III at 12 weeks.  

Table 4.6: Comparison of means OPN and OC expressions % for Group I, II and III 
at 12 weeks. 

 Group I Group II Group III 

OPN expression% 38 ± 5 41 ± 8 50  ± 6 

OC expression% 24 ± 5 32  ± 2 60  ± 12 

 

Based on the parametric test, One-Way ANOVA test, there was no significant 

difference in the mean percentage of OPN expression between group II and I (p > 0.05). 

While there was a significant difference in the mean percentage of OPN expression 

between the group III compared to group I (p < 0.05) (Figure 4.35). 

 

 

Figure 4.33: At 12 weeks: Statistical analysis of OPN expression percentages between 
Group I, II and III. * Significant difference in Group III compared to the Group I. 
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Regarding OC expression, there was a significant difference in the mean percentage 

of OC expression when compared between Groups II and Group I (P ˂ 0.05). There was 

also a significant difference in the mean percentage of OC expression between the 

Group III and Group I (P ˂ 0.05). The highest OC expression was found in group III 

followed by Group II (Figure 4.36).  

 

Figure 4.34: Statistical analysis of OC expression percentage as bone formation marker 
between Groups I, II and III. * Significant difference of Groups III and II compared to 
Group I. 

In intragroup comparison, there is a significant difference in OPN expressions 

between 6 weeks and 12 weeks in all groups (p ˂ 0.05). The higher expression of OPN 

was at 6 weeks in all groups. Similarly, there is a significant difference in OC 

expressions between 6 weeks and 12 weeks in all groups and the higher expression was 

at 6 weeks. 

Comparing between the expression of both OPN and OC at 6 weeks and 12 weeks in 

all groups, there was no significant difference between the expression of OPN and OC 

in group III (p > 0.05). While in group II, there was a significant difference between the 

expression of OPG and OC at 6 weeks (p ˂ 0.05).The osteocalcin had higher 
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expression.  But in group I, there was a significant difference between the expression of 

OPN and OC at 12 weeks. The higher expression was in OPN marker.  

As the sample size is small, non-parametric tests were also carried out and similar 

results were obtained.  

 Osteoclast marker 

Cathepsin K is expressed and secreted by osteoclasts during active bone resorption. 

Cathepsin K may be a useful and specific biochemical marker of osteoclastic activity. 

More cathepsin K-positive areas were observed in the medullary region of the defect 

site than the cortical bone region at both 6 and 12 weeks. Cathepsin K-positive 

multinuclear cells were also detected within the newly-formed bone. In addition, fewer 

osteoclasts were detected at 12 weeks compared to the 6-week samples in all groups 

(Figure 4.37). 
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Figure 4.35: Cathepsin K immunostaining of osteoclast was performed at 6 and 12 
weeks after surgery in Groups I, II and III. Cathepsin K-positive multinuclear cells (red 
arrowhead). 
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 Serum biochemical parameters 

Serum biochemistry data of rabbits treated in Groups II and III and group I 

(untreated rabbits) at the baseline and after 6 and 12 weeks of treatment are summarized 

in Tables 4.6 and 4.7. There were no significant changes in the levels of creatinine and 

urea nitrogen. In addition, no significant differences in serum electrolytes such as 

calcium, potassium, chloride were noted. The effects of OPG and/or chitosan on liver 

function parameters such as albumin, alanine aminotransferase, G-glutamyl transferase, 

alkaline phosphate and total bilirubin in serum were also examined. Animals treated in 

Group II and III and Group I (untreated animal) did not exhibit differences in these 

hepatic markers. Their effects on triglyceride, high-density lipoprotein cholesterol HDL, 

and total cholesterol levels are shown Table 4.8 and 4.9. Similarly, the treated rabbits 

showed no significant changes in triglyceride, HDL cholesterol and total cholesterol 

levels in different groups after treatments. 
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Table 4.7: Serum biochemical data for rabbits treated with OPG-chitosan and chitosan gels and untreated rabbits (control) at 
the base   time and after 6 weeks of treatment. 

Parameter Pretreatment Posttreatment Normal 
range 

 Group 
III 

Group  
II 

Group 
I 

Group 
III 

Group  
II 

Group 
I 

 

Sodium mmol/L 142± 0 142±1 141±1 143 ± 0 141±1 141±0.7 139-146 

Potassium mmol/L 4 ±0.1 5±0.4 5±0.7 3.8 ±0.1 3.95±0.1 5±0.6 3-5 

Chloride mmol/L 103 ±0.7 102±0 101.5±0.2 100±4.2 101±1 99.5±4 104-116 

Urea nitrogen 
mmol/L 8±0.42 7±1.5 8±0.2 6±1.5 7±0.07 9±0.07 6.35-16 

Creatinine µmol/L 77 ± 6 78±2 77±5 102±15 77±7 85±4 60-140 

Albumin (g/L)  41±0.0 38±1 41±1 39±4 40±4 40±1 20- 40  

Total Bilirubin 
(µmol/L) < 2 < 2 < 2 < 2 < 2 < 2 2-5 

Alkaline Phosphate 
(U/L) 102 ±6 111±8 110±4.9  50 ± 10 81±3  69 ± 3 17-192 
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Table 4.8: Continued: Serum biochemical data for rabbits treated with OPG-chitosan and chitosan gels and untreated rabbits (control) 
at the base time and after 6 weeks of treatment. 

Parameter Pre-treatment Posttreatment Normal 
range 

 Group 
III 

Group  
II 

Group 
I 

Group 
III 

Group  
II 

Group 
I  

Alanine 
Aminotransferase (U/L) 30.5±3 94.5±2 36±15 35±0 53±12.7 52.5±3.1 38-86 

G-Glutamyl Transferase 
(U/L) 5.5±0.7 5.5±0.9 2.5±0.7 6±1.5 6.5±1.4 5±1.4 6-22 

Triglyceride  (mmol/L) 0.5±0.1 0.7±0.1 0.65±0.2 0.5±0.1 0.7±0.15 0.75±0 - 

Total Cholesterol 
(mmol/L) 1±0.2 0.9±0.1 1.1±0 1.3±0.3 0.85±0.2 1.2±0.1 - 

HDL Cholesterol 
(mmol/L) 0.8±0.2 0.61±0.1 0.8±0.2 0.2±0.1 0.62±0.1 0.8±0.1 - 

LDL Cholesterol 
(mmol/L) 0.9±0.2  0.2 ±0.1 0.1 ±0.3 0.2±0.5 0.1 ±0.4 - 

       Data are expressed as means ± SD of 3 rabbits for each group. 
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Table 4.9: Serum biochemical data for rabbits treated with OPG-chitosan and chitosan gels and untreated rabbits (control) at the 
base time and after 12 weeks of treatment.  

Parameter Pre-treatment Posttreatment Normal 
range 

 Group 
III 

Group  
II 

Group 
I 

Group 
III 

Group  
II 

Group 
I 

 

Sodium mmol/L 142± 2 142± 1 143 2 142± 2.6 143±1 143± 2 139.3-145.7 

Potassium mmol/L 4±1 4±0.3 4±0.4 4±0.6 4±0.4 4±0.5 3-5 

Chloride mmol/L 100±0.5 101±0.6 98±3.5 102±0.2 101±2 104±4 105-116 

Urea nitrogen 
mmol/L 8±1 8±1 9±0.4 8±1 7±1 8±1 6-16 

Creatinine µmol/L 85.7±10 87±1 89±2 89±10 83±2 87± 1 60-140 

Albumin (g/L)  43.3±3 40.7±1 42±1 41±2.9 40±3 39±3 20 - 41  

Total Bilirubin 
(µmol/L) < 2 < 2 < 2 < 2 < 2 < 2 2-5 

Alkaline Phosphate 
(U/L) 68.5±12 44±3 69.5±8 58±1 44±9 48±8 17-192 
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Table 4.10: Continued: Serum biochemical data for rabbits treated with OPG-chitosan and chitosan gels and untreated rabbits (control) 
at the base time and after 12 weeks of treatment.   

Parameter Pre-treatment Posttreatment Normal 
range 

 Group 
III 

Group  
II 

Group 
I 

Group 
III 

Group  
II 

Group 
I 

 

Alanine 
Aminotransferase 
(U/L) 

58±6.9 60±9.7 48.7±10 53.7±15.8 67±12 54±7 38-86 

G-Glutamyl 
Transferase (U/L) 6±1.2 7±1.5 3±1.4 4±0.6 7±1.7 5±1.2 6.00-22.00 

Triglyceride  
(mmol/L) 0.7±0.5 0.6±0.2 0.4±0.01 1.2±0.2 0.6±0.2 0.5±0.2 - 

Total Cholesterol 
(mmol/L) 1±0.2 1±0.2 1±0.2 1±0.2 1±0.2 1±0.2 - 

HDL Cholesterol 
(mmol/L) 0.7±0.1 0.5±0.03 0.7±0.1 0.9±0.04 0.6±0.1 0.6±0.1 - 

LDL Cholesterol 
(mmol/L) 0.2±0.1 0.2±0.08 0.1±0.1 0.1±0.1 0.2±0.1 0.26±0.1 - 

    Data are expressed as means ± SD of 3 rabbits for each group. Univ
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CHAPTER 5: DISCUSSION 

There is no study yet that formulates OPG with chitosan as its matrix material so in 

this study, we formulated a new gel comprising OPG for bone tissue regeneration where 

OPG is released over a prolonged period of time to inhibit the bone resorption. The 

present study evaluated the biocompatibility and osteogenic potential of newly formed 

OPG-chitosan gel in vitro and in vivo. To date, this is the first study to apply OPG 

protein locally via chitosan gel. 

 Discussion on materials and methods 

 Optimization of OPG-chitosan gels formulation  

Before novel material can be applied in clinical practice, tests must be undertaken to 

ensure that this material is non-toxic to the human tissue. In vitro biocompatibility test 

has to be conducted to ensure the material is safe for in vivo studies (animal/human). 

The materials that were selected in this study undergone the biocompatibility test that 

included the cytotoxicity and proliferation tests. For local delivery of OPG, chitosan 

was selected as it has properties that make it an ideal material for biomedical 

applications such as anticholesterolemic and antimicrobial activity, biocompatibility, 

biodegradability, fungistaticity, hemostatic potential, non-carcinogenicity, nontoxic, 

accentuated affinity to proteins, mucoadehesive material, as well as promotion of cell 

adhesion, proliferation, and differentiation (Coimbra et al., 2011b). In this 

biocompatibility tests, OPG, chitosan or combinations were tested on NHPL fibroblast 

cell line as it is one of the important cells involved in the healing process.  The NHPL 

fibroblast cell is one the main cells that contribute to the periodontal bone regeneration 

as it has osteoblast-like properties such as alkaline phosphatase activity, vitamin D-

dependent production of osteocalcin and initiation of mineral-like nodules in the 

presence of a supportive medium (Basdra & Komposch, 1997; Jönsson et al., 2011; 
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Scanlon et al., 2011). The water-soluble chitosan was selected to formulate the OPG-

chitosan gel as it does not  require an acidic vehicle to render it soluble while 

hydrophobic chitosan required acidic environment (at pH > 5.0), which might be 

harmful to tissue (Pang, et al., 2005). The using of chitosan binderin gel formulation 

gaves a rise to controlled drug delivery systems exhibiting sustained drug release 

(Nunthanid et al., 2004). 

AB assay is a water-soluble dye that has been previously used for quantifying in 

vitro viability of various cells (Rampersad, 2012; Bonnier et al., 2015). AB is stable and 

more importantly non-toxic to the cells, continuous monitoring of cultures over time is 

possible (Mirmohammadsadeghi et al., 2012). Hence, in this study, cell viability and 

proliferation was evaluated by comparing the color change in response to the chemical 

reduction of growth medium immersed in a test sample versus non-exposure in the 

control group. A reduction of AB assay by cells indicates the presence of metabolically 

active cells (Kries et al., 2010; Divieto & Sassi, 2015). This reduction of the AB is 

theoretically proportional to the growth rate and viability of cells. 

For FTIR spectroscopy, attenuated total reflectance (ATR) is an IR sampling 

technique that provides excellent quality data in conjunction with the best possible 

reproducibility of any IR sampling. The major advantages of FTIR using ATR 

technique adopted in this study as compared to the transmission technique because it 

has high quality spectrum for qualitative analysis, minimal sample preparation 

(nondestructive and time efficient), ability to analyze liquids, solids, gels or coating, 

spectra are not affected by sample thickness as the radiation penetrates only a few 

micrometers, provides highly reproducible results and can be used for a wide variety of 

sample types (Grdadolnik, 2002). 
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For physicochemical properties, thermal properties of the gel were evaluated by 

using TGA and DSC. These tests were conducted to ensure the thermal stability of the 

OPG-chitosan gel. The swelling test and equilibrium water content were analyzed 

because the water binding capacity of the grafting material plays an important role in 

tissue regeneration and the swelling ratio strongly depends on the hydrophilic nature 

(Yan, et al., 2010). A bioactive polymer 3D scaffold absorbing an adequate amount of 

water shows properties comparable to living tissue such as physiological stability, 

permeability to biomolecules and low interfacial tension. In order to ensure the OPG-

chitosan gel has stable structure that stay for time enough for bone regeneration, the 

degradation rate of gel and protein release manner was evaluated. We selected the 

concentration of lysozyme correspond to the concentration in human serum (Porstmann 

et al., 1989; Freier, et al., 2005). It is well known that, in human serum, chitosan is 

mainly depolymerized enzymatically by lysozyme, and not by other enzymes or other 

depolymerization mechanisms (Vårum et al., 1997). 

 In vivo evaluation of OPG-chitosan gel 

In order to have a clear understanding of the efficacy, pathophysiological 

interactions, and potential toxicities of novel therapies, we have to study the formulated 

material in vivo. This is especially important with “first-in-man” studies of novel 

therapies (Korsmeyer, 1999). We selected rabbit as animal model because it is one of 

the most commonly used animals for medical research and covers approximately 35 % 

of musculoskeletal research studies (Neyt et al., 1998). It is also one of the International 

Standards established regarding the species suitable for testing implantation of materials 

in bone for reconstruction, fracture or osteotomy, bone in-growth and bone defect repair 

and for evaluating the potential application of the material such as the process of 

material degradation and replacement by host tissue. Our study approved the potential 

of using the OPG-chitosan gel in aiding of bone healing in the rabbit calvaria 
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(International Standard ISO 10993-6, 1994). It has been shown that the animal calvaria 

is an accurate and reproducible mode for testing bone graft materials as it has many 

similarities to the maxillofacial region as acceptor site (Isaksson, 1991). It has a good 

size for the easier surgical procedure and specimen handling and it is a plate which 

permits creations of a uniform circular defect that allows appropriate radiographic and 

histological analysis. Also, the cranial defect does not require fixation as it is supported 

by dura and the overlying skin (An & Freidman, 1998). Regarding sample size, three 

rabbit in each group is suitable for this study according to sample size formula for 

animal studies published in 2013 (Charan & Biswas, 2013). 

In the present study, the defects could be created safely between the frontal and 

interparietal skull bone without touching the coronal or lambdoid suture in order to 

avoid as much fibrous suture tissue within the defect as possible. In order to create a 

defect with the same thickness of bone on either side of the sagittal suture at the parietal 

bone anatomical conditions were not given. Resulting, a circular skull defect of 15 mm 

diameter was chosen and placed centrally within the parietal bone (Rentsch et al., 2014). 

In the present study, extremeCT, a type of peripheral computed tomography, was 

used to evaluate the microstructure of trabecular and cortical bone of the rabbit. An 

automated method for microCT analysis has several advantages over manual analysis. 

Only an automated approach can be purely objective and handle every dataset in exactly 

the same manner. Additionally, an automated analysis method is much faster than any 

manual procedure (Baiker et al., 2012).In  addition,  extremeCT  is  considered  a  

useful  and reliable  method  for  evaluating  bone  healing (Maréchal et al., 2005; Acar 

et al., 2016)  and they reported  that  micro-CT  is  as  effective  as  histomorphometry, 

yielding  concordant  results.  Indeed,  extremeCT  and  histological results  yielded  

similar  results  in  our  analysis  of  new  bone formation. 
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Another important point for the right interpretation of the obtained results is to 

understand the role of the substances associated with the process of bone growth and 

healing. The use of bone markers is very important for identifying the deposition of 

calcium during the growth of the new bone tissue (Gehrke, 2013). Three markers were 

used in this study that were OPN, OC and Cathepsin K. Secretion of OPN continues 

throughout the maturation of the new bone and the binding of extracellular OPN may 

activate several signalling cascades leading to increased proliferation, cell motility, and 

survival signals (Sodek et al., 2000), all of which may be necessary to sustain the 

proliferation throughout osteogenesis (Perrien et al., 2002). OC specifically interacts 

with hydroxyapatite and is supposed to affect the growth or maturation of calcium 

phosphate mineral phases and it is related to the regulation of mineralization or bone 

turnover (Gruber & Ingram, 2003; Bondarenko, et al., 2014; Kim et al., 2015). 

Cathepsin K immunohistochemistry was performed to detect active osteoclasts which is 

essential for bone resorption (Troen, 2004). In order to confirm in vivo biocompatibility 

of OPG-chitosan gel, the analysis of serum biochemical parameters was run which 

provides important information about visceral organ damage in rabbits, particularly for 

the liver and the kidneys. 

 Discussion of results  

 Optimization of OPG-chitosan gels formulation 

In this study, the biocompatibility of OPG and chitosan raw materials was tested on 

NHPL fibroblasts as they are the important cells involved in the healing process.  The 

results showed regardless of MWs, chitosan have no marked inhibition on the viability 

of the NHPL fibroblast cells as shown in Table 5.1. This finding supported the fact that 

chitosan has the ability to induce proliferation of NHPL fibroblast cells. Pang et al. 

(2005) reported that chitosan enhanced the type I collagen synthesis and facilitated the 

proliferation and differentiation of NHPL fibroblast cells into osteogenic cells. This 
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could be explained by the fact that chitosan acts a substrate for cell attachment and 

allow proliferation by mimicking the glycosaminoglycan of the extracellular matrix 

(Zamora et al., 2011).  

With regards to OPG, Figure 5.1 displayed the viability of NHPL fibroblast cells was 

significantly high at 0.024 and up to 3 µg mL-1 concentration of OPG. However, the 

viability of NHPL fibroblast cells reduce at higher concentration (>3 µg mL-1). This is 

the first study to report on the cytotoxicity evaluation of OPG in the NHPL fibroblast 

cells. The results demonstrated that at low concentration of OPG (0.024 mg mL-1) has 

the greatest ability to induce proliferation of NHPL fibroblast cells compared to other 

concentrations. This is in agreement with previous study that has reported minimal 

concentrations of OPG are required to significantly inhibit TRAIL-induced apoptosis in 

osteoclast and human breast and overian cancer cell lines (Holen et al., 2002; Lane et 

al., 2012). Lane et al. (2012) revealed that recombinant OPG protected human prostate 

cancer cell lines from TRAIL-induced apoptosis in a dose (25 ng mL-1) indicating that 

OPG acts as a survival factor for cells. Fu et al., (2013) reported that OPG has inhibitory 

effect on osteoclast in dose less than 100 ng mL-1. The higher concentration of OPG 

reduced the viability of cells because an increase the intensity of stimulus could produce 

oxidative stress resulting in cell death.  

Regarding the OPG combined with chitosan (Figure 5.2), the proliferation of the 

cells was greater when OPG (0.024 mg mL-1) was combined with chitosan (low and 

moderate molecular weights) compared to separate treatments either with chitosan or 

OPG. The reason why the OPG-chitosan combination is better than chitosan alone, this 

is can be explained by OPG which can act as a decoy receptor for TNF-related 

apoptosis-inducing ligand because it is efficiently bound with TRAIL. TRAIL signaling 

leads to cell death by activation of caspase-8 leads to caspase cascade that culminates in 
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cell death (Crowder & El-Deiry, 2012; Baud’huin, et al., 2013). Previous studies 

reported the exogenous application of recombinant OPG has indeed been shown to be 

capable of inhibiting TRAIL-induced apoptosis and subsequently downregulate the 

caspase 8 expression and inhibit cell death (Shipman & Croucher, 2003; Miyashita et 

al., 2004; Lemke et al., 2014).  From our result, it can be speculated that OPG may act 

synergistically with chitosan to increase the proliferation NHPL fibroblast cells  

The results of AOPI assay were also shown in Figure 4.3 and 4.4. The results 

approved the biocompatibility of OPG combined with chitosan (Table 5.3). The LMW 

chitosan combined with OPG based on our study had the greatest ability to induce cells 

proliferation compared to the moderate and high MWs of chitosan. This is in 

accordance with Chen et al. (2002) and Nor Asiah et al. (2013) who have reported that 

low MW chitosan significantly promoted the growth of normal fibroblasts. Other 

studies also reported that fibroblasts treated with low MW chitosan stimulated 

fibroblasts proliferation compared to chitosan at higher MWs  (Wang et al., 2007; 

Jensen, 2013). The LMW chitosan has more structural characteristics similar to those of 

the glycosaminoglycans that facilitate the migration. This study also verified that the 

rate of NHPL fibroblast cells proliferation increased with time exposure to the OPG-

chitosan combination and did not cause toxicity effects on NHPL fibroblast cell growth. 

This is also in agreement with a study reported by Nor Asiah et al., (2013). Similarly, 

the chitosan-based biomaterials are being tested in the treatment of bone defect 

(Ezoddini-Ardakani, et al., 2011a; Florczyk, et al., 2013; Jung, et al., 2014).  

From previous results, we formulated OPG-chitosan gel and evaluated the effect of 

OPG-chitosan gel with different MWs of water-soluble chitosan on osteoblasts and 

NHPL fibroblasts. The results of the cytotoxicity tests suggested that all different types 

of chitosan and OPG-chitosan gels did not affect cell viability, indicating that they are 
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sufficiently biocompatible (Figure 4.5 and 4.6). The OPG-chitosan gels with NH 

osteoblasts and NHPL fibroblasts were subjected to SEM scanning. SEM images 

identified the distribution of cells on the gel surface and showed that cytoplasmic 

attachments of fibroblast cells and filopodia extending from the osteoblast cells across 

the surface (Figure 4.7). This finding supported the result of the cytotoxicity, where by 

the scaffold was found to have a favorable surface for cell attachment. 

There are two common strategies used for chemical modification of the chitosan that 

leads to bioactive chitosan derivatives for tissue engineering applications. The first 

approach involves chemical modification to alter chitosan physiochemical properties 

through the introduction of the certain structural moieties to the polymer chain.  For 

example, chitosan can be converted to the water-soluble form by introducing acidic 

functionalities via modification with lactobionic acid. In the second approach, chemical 

modification is conducted by covalently binding of specific biomolecules such as 

proteins to chitosan via reaction of carboxyl groups on the peptide and amine groups in 

chitosan forming imide bonds (Ho et al., 2005; Kumbar et al., 2014) that was similar to 

our study.  

The physicochemical properties of OPG-chitosan gel were determined. The 

interactions between chitosan and proteins were confirmed by using FTIR. The 

interactions between chitosan and proteins are represented by amide I band, amide II 

and by NH and CO deformations (Pranoto et al., 2005; Silva et al., 2007). The FTIR 

spectra for the gels (Figure 4.9 and Table 4.3) were performed in order to achieve a 

complete comparison of the interaction between chitosan matrix and the bioactive 

compounds. Results showed that the shift of the bands corresponding to the interactions 

between chitosan and proteins. This is in agreement with previous studies that reported 

incorporation of bioactive compounds with chitosan is associated with amide I band the, 
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which affected the hydrophilicity of the samples (Silva, et al., 2007; Cai et al., 2010; 

Bourbon et al., 2011).  

Thermal properties of the gel were evaluated by using TGA and DSC. It appeared 

that gels could withstand temperatures up to 200°C before it starts decomposing. Thus 

the finding suggested that all different types of chitosan and OPG-chitosan gels used in 

this study could be safely used in the clinical setting as its decomposition temperature is 

way above the normal body temperature (37 °C) (Figure 4.10). The first stage started at 

50 ºC with a weight loss of chitosan due to the loss of water. As the amine group 

present in chitosan increase, the water content increase. Therefore, in the first stage 

chitosan losses most of its weight and as the thermal analysis moves ahead it lost most 

of its weight. After 400 ºC the remaining weight of the chitosan goes down 

substantially. This analysis confirmed structural changes which occur during 

depolymerisation of chitosan (Dhawade & Jagtap, 2012).Therefore, the thermal analysis 

of the gels showed thermal stability and the decomposition of the polymer appears in 

the temperature range between 200 and 400 °C. Other studies also reported that the 

thermal degradation of chitosan begins at about 250 °C (Sakurai et al., 2000; EL-Haflan 

et al., 2010). DSC analysis of chitosan and OPG-chitosan gels showed an endothermic 

transition centered between 100 to160 as in Figure 4.11: this peak was due to an order-

disorder transition of ionic clusters due to the loss of water as describe in Scipioni et al. 

(2014). In fact, larger amount of water adsorbed into the composite membrane are 

expected to increase the free volume facilitating the chain mobility and the larger 

energy required to overcome the bonding interaction within highly hydrated hydrophilic 

domains. The broad endothermic peaks observed are referred to quite complex 

phenomena and could be deconvoluted in at least two overlapped Lorentzian functions 

and could be related to structural reorganization due to the water loss (Sgambetterra et 

al., 2016). 
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Figure 4.12 showed an increase in MW resulted in a decrease in water uptake. This 

was due to the permeability increased with the increasing swelling ratio, so chitosan 

with a higher MW which had a less porous structure has lower water-uptake ability 

while LMW chitosan had higher permeability and higher water uptake ability (Huei & 

Hwa, 1996). The swelling ratio of the chitosan and OPG-chitosan gels strongly 

depended on the hydrophilic nature and microstructure of the gels. Since water-soluble 

chitosan was hydrophilic materials, the ability to retain the gel structure seemed to be 

the main explanation for the differences observed in the swelling ratio between the 

different MWs of chitosan (Yan, et al., 2010). Also, one of the important properties of 

the biomaterial was simulated physiological fluids. Thus, the chitosan and OPG-

chitosan gels were exhibited similarity of the fluid contents with those of living tissues 

as EWC of gels are more than 60 % and the percent water content values of the body 

about 60 %. A hydrogel with high water content was generally more advantageous for 

medical applications because of its permeability and biocompatibility (Katime & 

Mendizábal, 2010). The best swelling ability could facilitate not only cell attachment 

but also penetration of cells inside gels. These blends were considered to have a high 

surface area and, thus, the cells could attach and grow in a three-dimensional fashion 

(Jensen, 2013).  

The previous investigations revealed that the initial degradation rate of a chitosan 

sample was dependent on its molecular weight (Zhang & Neau, 2001; Li et al., 2007). 

Based on this study, the results showed that chitosan with a lower MW are a more 

susceptible substrate to degrade (Figure 4.13). In order to distinguish between 

enzymatic degradation and simple dissolution, we compared the mass loss of samples 

after 28 days that had been stored in PBS with lysozyme to those that had been stored in 

PBS without lysozyme so the results of solubility indicated enzymatic degradation 

(Figure 4.14). The lowest MW chitosan displayed the highest mass loss which almost 
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dissolved after 28 days of enzyme addition. This could be due to low crystallinity and 

relatively weak intermolecular forces. Lower MW chitosan proved to be more 

susceptible to lysozyme than the higher MW counterparts. The degradation and 

solubility of water-soluble chitosan (LMW) were more than other MWs chitosan, the 

presence of binder (HMW chitosan) could prolong the biodegradation of scaffolds 

(Jensen, 2013). The results proved to be a vital characteristic of gels as the degradation 

rate of a graft must be optimal to maintain a stable structure long enough to obtain cell 

layers on graft. 

The in vitro release profiles of OPG protein demonstrated that the release of OPG 

from OPG-chitosan gels was sustained for 28 days (Figure 4.15). The results of our 

present study are in consistent with previous studies, for example, the heparin-based 

chitosan delivery systems prevented the high initial burst, and they also demonstrated a 

sustained or extended release pattern of growth factors (Ishibe et al., 2009; Kim et al., 

2011; Yun et al., 2013). 

 In vivo evaluation of OPG-chitosan gel 

The osteogenic potential of OPG-chitosan gel was evaluated in rabbit. The clinical 

result showed the healing of the surgical defects treated with OPG-chitosan gel was 

uneventful. No signs of inflammation or infection were encountered (Figures 4.16 and 

4.17). This is one of the hallmarks of biocompatibility for the newly OPG-chitosan gel. 

Radiographically, the healing of the part-comparison analysis (Figure 4.18, 4.19 and 

4.20) 3D model constructed by extremeCT confirmed the results of the clinical 

evaluation and showed that OPG-chitosan gel defect is almost completely closed after 

12 weeks. The healing of defects treated with OPG-chitosan gel and chitosan gel is 

better than the healing in the control group. The results also showed that the OPG-

chitosan and chitosan gels have the highest bone volume and density compared to other 
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groups at different time points (Table 4.4 and Figure 4.21 to Figure 4.25). The 

ExtemeCT is useful and used previously to evaluate bone regeneration. Baek et al. 

(2016) used microCT to evaluate chitin based membrane and from results, they 

concluded that the membrane had significant effect on the new bone formation and has 

the potential to be applied for guided bone regeneration. The same finding was observed 

in study by He et al. study (2015). 

Histologically, hematoxylin and eosin stain results of the defects in this study 

revealed that chitosan gel induced a limited amount of new bone formation. In contrast, 

the application of OPG-chitosan gel showed better effects in inducing the bone 

formation at 6 weeks and the defect was almost completely healed after 12 weeks. In the 

control group, the amount of bone formation is less compared to chitosan gel and OPG-

chitosan gel groups at 6 and 12 weeks (Figure 4.26 to figure 4.30). These results 

revealed that the chitosan enhances the bone formation but it is not enough to regenerate 

the defect completely. This finding supported that OPG protein is an active component 

that contributes to better bone regeneration. One other important observation was a 

large number of osteons found in bone tissue at 6 and 12 weeks in the OPG-chitosan 

groups. These results are in agreement with previous studies that the amount of new 

bone formation in the chitosan alone are more than the control groups but less when 

compared with the chitosan combined with other active components (Oktay et al., 2010; 

Yasmeen et al., 2014; Bush et al., 2016). 

The compatibility and osteoconductivity of the OPG-chitosan gel could be seen by 

the presence of progressive bone neoformation and bone remodeling throughout the 

experimental site. Moreover, cortical organization, seen as the presence trabecular 

projections with the maturation of lamellar bone, showed thickness at the margin of the 

defect that was compatible with the original bone structure of the region. Other 
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important observations were the presence of osteocytes and many numbers of osteons in 

new bone tissue in the implanted area. These observations are in agreement with an 

earlier study (Allegrini et al., 2006).  

In a bony defect, the most intense cellular reaction occurs during the first 6 weeks 

and in another word, the defect is first bridged by a trabecular framework consisting of 

primitive woven bone. In the following, there is a reduction in the numbers of cells in 

these areas, as well as increased in calcium deposition and this is in agreement with 

Gehrke (2013) who reported the same findings. Other studies reported that bone 

remodeling was very active after eight weeks of healing and was presented with diverse 

degrees of bone maturation and also an irregular new bone formation in the marrow 

cavity (Jansen et al., 1991).  

The osteoinductive effect of treatment was strongly reinforced in vivo by the 

increased expression of osteopontin and collagen type I in lesioned bone treated with 

the bioconstruct (Arrigoni et al., 2013). Immunohistochemistry results (Figure 4.31 to 

4.36 and Table 4.5 and 4.6) exhibited there was a significantly stronger expression of 

OPN in OPG-chitosan gel compared to control. The high expression of bone formation 

marker in OPG-chitosan gel group compared to other groups confirmed the osteogenic 

potential of gel Regarding OC, OC expression is presented as a late marker of 

osteogenesis and consistent with mature bone (Gruber & Ingram, 2003; Freire et al., 

2015). OC showed staining of the newly formed bone matrix revealing characteristics of 

the mature bone. It is localized beside osteoblasts, osteoid and the mineralized bone also 

in the osteocyte lacunes and the cement lines. OC is specific also for both osteoblasts 

and osteocytes (Wittenburg et al., 2009). Tera et al. (2014) observed OC staining of the 

newly formed bone in experiments on guided bone regeneration in rats; Controversial 

results were obtained by Luvizuto, et al. (2000) after analyzing alveolar bone repair in 
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ovariectomized rats. In that study, the results showed that OC staining was relatively 

weaker in the regenerating bone compared to the mature bone. In this study, there were 

no similar dynamics of OC expression in all groups. For all, an increase in the OC 

expression was connected with an increased level of new bone formation. The increase 

of the OC expression in OPG-chitosan group overlapped with an increase of bone 

formation. Conversely, the chitosan gel and control groups demonstrated a less 

expression of OC. Obviously, the expression level of OC is directly related to the 

activity of bone formation, which also approved statistically. 

The results obtained from this study confirm the important role of OC and OPN in 

bone healing that is an agreement with Bondarenko et al. study (2014). The evaluation 

of biocompatibility and osteoconductivity of OPG-chitosan gel showed the superiority 

of the latter in term of biocompatibility (no adverse reactions were observed), 

osteoconductivity and continuation of osteogenesis process throughout the entire period 

of bone healing. Complete wound closure of critical size bone defect filled with OPG-

chitosan gel as compared to chitosan gel and the control further supported the favorable 

biological properties displayed by this biomaterial in a clinical situation.  

The expressions of OPN and OC in all groups were higher at 6 weeks compared to 

12 weeks except OC expression in OPG-chitosan gel group, there was no significant 

difference. This is agreement with other studies that found OPN is expressed throughout 

matrix maturation and OC seems to have a role in the early stages of bone formation 

and it shows positive expression and at area of bone formation at 6 weeks (Al-Hijazi et 

al.; Al-Ghani et al., 2011; Kim, et al., 2015).  

Cathepsin K is expressed by osteoclasts and a small number of osteoclast precursors 

but is absent in osteoblasts and osteocytes making its expression in bone-specific for the 

resorption phase of bone metabolism (Drake et al., 1996).  Osteoblasts control the 
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formation and activity of osteoclasts and, therefore, the resorption of bone through 

coupling mechanisms such as RANK, RANKL, and OPG (Pederson et al., 2008; Teti, 

2013; Jeon et al., 2016). From the results (Figure 4.37), the number of osteoclast in the 

OPG-chitosan gel was less than other groups. This may be due to the action of OPG that 

block the activation and maturation of osteoclast.  

The in vivo results of this study were in agreement in pervious with many studies that 

chitosan has been shown to improve hemostasis and to enhance wound healing in 

animal models demonstrated enhanced bone growth using chitosan in critical size 

defects in rabbit  and sheep models (Pang et al., 2005). Previous studies also showed a 

significant increase of bone formation in the osseous healing  area where the OPG or 

chitosan-based biomaterials was applied (Ezoddini-Ardakani, et al., 2011a; Florczyk, et 

al., 2013; Lamoureux, et al., 2007; Jung, et al., 2014; Jung et al., 2000a; Yao, et al., 

2011).  

Serum levels of the liver, kidney functional tests yielded no signs of harmful 

systemic effect of treatment (Table 4.7 to 4.10). There were no significant differences 

between the serum biochemical level before and after treatment in all groups. Therefore, 

OPG-chitosan gel was considered as biocompatible material and it will be save to use in 

bone regeneration.    
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CHAPTER 6: CONCLUSION  

 Conclusion  

A unique candidate material with reliable properties for use as an OPG-chitosan gel 

in bone repair and reconstruction has been produced. In our study, OPG-chitosan gel 

was formulated from natural materials for bone tissue regeneration comprising OPG 

wherein OPG was released from the gel over a prolonged period of time.  The OPG-

chitosan gel enhance the NHPL fibroblast and osteoblast cells growth. The gel surface 

was appropriate for the bone cells to adhere, proliferate and form an extracellular matrix 

on its surface.  It has specific degradation by lysozyme and was able to degrade with 

time in vivo and it also has the ability for sustained release property. Owing to this fact 

it is preferably at a controlled rate, and eventually creating space for the new bone tissue 

to grow. The OPG-chitosan gel is biocompatible, biodegradable, and capable of 

supporting new bone growth in vivo. The osteoconductivity of the OPG-chitosan gel 

have been proven in this study and it showed the bone healing and formation in the 

OPG-chitosan gel filled critical size cranial defects of New Zeland white rabbits without 

toxicity effects. In conclusion, that the OPG-chitosan gel has many characteristics 

suitable for bone repair and regeneration and thus may be beneficial to tissue 

engineering applications. 
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 Limitation 

1. There is no standard control (commercial cytotoxic drug).  

2. Mechanical properties of gels were not evaluated as facilities for gel were not 

available.  

3. The scanning of the rabbits’ calvaria during the bone healing period was not 

done as facilities for extremeCT scan were limited.  

4. Rabbit was the only animal available as the animal model instead of larger 

animals such as monkey, due to the high cost incurred for the purchase and 

maintenance, and limited facilities to house these bigger animals. 

5. As the rabbits’ mouth accessibility was small, it was only possible to perform 

the experiment extra-orally, hence limiting study intra-orally i.e. the alveolar 

process. 
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 Recommendation of the present study 

A detail study on the gel formulation is needed to incorporate the use of modification 

polymer and nanotechnology. In addition, it would be interesting to study the effect of 

OPG-chitosan gel on cell genetic mutation and its potential use as a carrier for stem cell 

in a large animal model. 
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APPENDIX 

APPENDIX A : ETHICAL APPROVAL OF IN VIVO STUDY 
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APPENDIX C: REAGENTS PREPARATION AND PROTOCOLS 

 Human Osteoprotegerin (OPG) ELISA Kit 

Detection range: 0.312 ng ml-1-20 ng/ml. 

Materials provided 

Assay plate (12 x 8 coated Microwells), Standard (Freeze dried), Biotin-antibody 

(100 x concentrate), HRP-avidin (100 x concentrate), Biotin-antibody Diluent, 

HRP-avidin Diluent, Sample Diluent, Wash Buffer (25 x concentrate), TMB 

Substrate, Stop Solution, Adhesive Strip (For 96 wells).  

Reagent preparation 

1- Biotin-antibody (1x) - Centrifuge the vial before opening. Biotin-antibody 

requires a 100-fold dilution. A suggested 100-fold dilution is 10 μl of Biotin-

antibody + 990 μl of Biotin-antibody Diluent. 

2.  HRP-avidin (1x) - Centrifuge the vial before opening. HRP-avidin requires a 

100-fold dilution. A suggested 100-fold dilution is 10 μl of HRP-avidin + 990 μl 

of HRP-avidin Diluent. 

3.  Wash Buffer(1x)-  If crystals have formed in the concentrate, warm up to 

room temperature and mix gently until the crystals have completely dissolved. 

Dilute 20 ml of Wash Buffer Concentrate (25 x) into deionized or distilled water 

to prepare 500 ml of Wash Buffer (1 x). 
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4.  Standard: Centrifuge the standard vial at 6000-10000rpm for 30s. Reconstitute 

the Standard with 1.0 ml of Sample Diluent. Do not substitute other diluents. 

This reconstitution produces a stock solution of 20 ng/ml. Mix the standard to 

ensure complete reconstitution and allow the standard to sit for a minimum of 15 

minutes with gentle agitation prior to making dilutions. Pipette 250  μl  of  

Sample Diluent  into each tube (S0-S6). Use the stock solution to produce a 2-

fold dilution series (below). Mix each tube thoroughly before the next transfer. 

The undiluted Standard serves as the high standard (20 ng/ml). Sample Diluent 

serves as the zero standard (0 ng/ml). 

Tube S7 S6 S5      S4   S3   S2 S1 S0 

ng ml-1   20   10   5   2.5   1.25   0.625   0.312   0 

 

Assay procedure 

Bring all reagents and samples to room temperature before use. Centrifuge the 

sample again after thawing before the assay. It is recommended that all samples and 

standards be assayed in duplicate.  

1.  Prepare all reagents, working standards, and samples as directed in the previous 

sections. 

2.  Refer to the Assay Layout Sheet to determine the number of wells to be used and 

put any remaining wells and the desiccant back into the pouch and seal the ziploc, store 

unused wells at 4°C. 
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3.  Add 100μl of standard and sample per well. Cover with the adhesive strip 

provided. Incubate for 2 hours at 37°C. A plate layout is provided to record standards 

and samples assayed. 

4.  Remove the liquid of each well, don’t wash.  

5.  Add 100μl of Biotin-antibody (1x) to each well. Cover with a new adhesive strip. 

Incubate for 1 hour at 37°C. (Biotin-antibody (1x) may appear cloudy. Warm up to 

room temperature and mix gently until solution appears uniform.) 

6.  Aspirate each well and wash, repeating the process two times for a total of three 

washes. Wash by filling each well with Wash Buffer (200μl) using a squirt bottle, multi-

channel pipette, manifold dispenser, or autowasher, and let it stand for 2 minutes, 

complete removal of liquid at each step is essential to good performance. After the last 

wash, remove any remaining wash Buffer by aspirating ordecanting. Invert the plate and 

blot it against clean paper towels. 

7.  Add 100μl of HRP-avidin (1x) to each well. Cover the microtiter plate with a new 

adhesive strip. Incubate for 1 hour at 37°C. 

8.  Repeat the aspiration/wash process for five times as in step 6. 

9.  Add 90μl of TMB Substrate to each well. Incubate for 15-30 minutes at 37°C. 

Protect from light. 

10.  Add 50μl of Stop Solution to each well, gently tap the plate to ensure thorough 

mixing.  

11.  Determine the optical density of each well within 5 minutes, using a microplate 

reader set to 450 nm. If wavelength correction is available, set to 540 nm or 570 nm. 
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Subtract readings at 540 nm or 570 nm from the readings at 450 nm. This subtraction 

will correct for optical imperfections in the plate. Readings made directly at 450 nm  

without correction may be higher and less accurate. 

 

 

 

 

 

Univ
ers

ity
 of

 M
ala

ya



 

162 

 NanoOrange® Protein Quantitation Kit 
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 Substrate Working Solution (CHROM)  

The DAB-containing Substrate Working Solution (CHROM) is prepared by mixing 

thoroughly 20 µL Dako REAL™ DAB+ Chromogen (Bottle C) and 1 mL Dako 

REAL™ Substrate Buffer (Bottle B). Prepare only the volume required for the number 

of slides that shall be stained. Use CHROM within 5 days (store in darkness at 2–8 °C). 

For preparation of reagents not provided with the kit, please see the package insert 

included with the individual reagent. 
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