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ABSTRACT 

 

 

ROLE OF POLY (PROPYLENE FUMARATE) (PPF) BASED SCAFFOLDS IN 

BONE REGENERATION 

 

In tissue engineering applications, biomaterials have significant roles to support cells and 

promote cell growth, proliferation, and differentiation. The initial response of the cells to 

the scaffold directly affects the cell adhesion, growth, proliferation and differentiation. 

Therefore, biomaterials should be biocompatible, biodegradable, and have good 

mechanical properties. In recent years, natural polyesters and fumaric acid based polyesters 

have attracted a lot of interest in bone tissue engineering (BTE) applications because of 

their superior biocompatibility, biodegradability, and mechanical property. One of the 

extensively investigated polyester is poly (propylene fumarate) (PPF), an unsaturated 

linear polyester, which can be modified or crosslinked through its carbon-carbon double 

bonds and used in different composites in tissue engineering applications.  

The purpose of this study was to investigate the role of PPF based novel scaffolds in bone 

regeneration. For this purpose, synthesized PPF polymers were cured in the presence of 

two phosphonic acid based monomers; vinyl phosphonic acid (VPA) and vinyl phosphonic 

acid diethyl ester (VPES) at different concentrations with two methods: cure at body 

temperature (BT) in the presence of a suitable initiator and catalyst and UV cure at body 

temperature. Also, PPF/VPES based scaffolds were cured at different concentrations of 

beta-tricalcium phosphate (β-TCP, 0 per cent, 5 per cent, 10 per cent, 15 per cent, 20 per 

cent) at BT in order to support osteogenesis. Following analyses were carried out to 

indicate the osteoblast activity in the presence of this novel biomaterial. The morphology 

of the cell seeded scaffolds was analyzed by scanning electron microscopy (SEM). 

Biocompatibility, osteoblast cell attachment, proliferation, mineralization, alkaline 

phosphatase, and osteocalcin activities were evaluated. All experiments demonstrated that 

UV-cured and BT-cured PPF based scaffolds and its composites with β-TCP were 

biocompatible and promoted osteoblast cell attachment, proliferation, growth, and 

differentiation. Therefore, significant potential of the usage of crosslinked PPF/VPA and 

PPF/VPES based scaffolds in BTE applications was shown in this study.  
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ÖZET 

 

 

POLİ (PROPİLEN FUMARAT) (PPF) BAZLI DOKU İSKELELERİNİN KEMİK 

REJENERASYONUNDAKİ ROLÜ 

 

Doku mühendisliği uygulamalarında biyomateryaller, hücrelerin büyümesi, çoğalması ve 

farklılaşmasında önemli rol oynar. Hücrelerin biyomateryaller ile ilk etkileşimi, hücre 

tutunmasını, büyümesini, çoğalmasını ve farklılaşmasını doğrudan etkiler. Bu nedenle, 

biyomateryaller biyolojik olarak uyumlu, biyobozunur, fiziksel ve kimyasal olarak 

biyolojik dokuyu taklit edebilen nitelikte olmalıdır. Son yıllarda, doğal polyesterler ve 

fumarik asit bazlı polyesterler, biyouyumluluk, biyobozunurluk ve mekanik özelliklerinin 

diğer polimerlere göre daha iyi olmasından dolayı kemik doku mühendisliği çalışmalarında 

yoğun ilgi çekmektedir. Kapsamlı olarak incelenen doymamış polyesterlerden biri olan 

polipropilen fumarat (PPF), karbon-karbon çift bağlarından dolayı çapraz bağlanabilir, 

kolayca modifiye edilebilir ve farklı kompozitler ile kemik doku mühendisliği 

çalışmalarında kullanabilir. 

Bu çalışmada, PPF bazlı doku iskelelerinin kemik rejenerasyonundaki rolü araştırılmıştır. 

Bu amaçla, sentezlenen PPF polimerleri iki fosfonik asit monomer; vinil fosfonik asit 

(VPA) ve vinil fosfonik asit di-etil esteri (VPES) varlığında farklı konsantrasyonlarda iki 

farklı metot kullanılarak kür edilmiştir: uygun radikal başlatıcı ve kataliz varlığında vücut 

sıcaklığında kür ve mor ötesi (UV) ışık altında oda sıcaklığında kür. Ayrıca, PPF/VPES 

bazlı iskeleler kemik doku oluşumunu desteklemek için farklı β-TCP konsantrasyonlarında 

(0, 5, 10, 15, 20) vücut sıcaklığında kür edilmiştir. Hazırlanan doku iskelelerinin 

üzerindeki hücrelerin morfolojik özellikleri taramalı elektron mikroskobu ile 

görüntülenmiştir. Daha sonra, osteoblast hücrelerinin hazırlanan doku iskeleleri ile 

biyouyumluluğu, mineralizasyon, alkalin fosfotaz ve osteokalsin aktiviteleri incelenmiştir. 

Tüm deneyler, UV ışık altında ve vücut sıcaklığında kürlenmiş PPF bazlı iskelelerin ve 

kompozitlerinin biyouyumlu olduğunu ve osteoblast hücrelerinin tutunmasını, çoğalmasını, 

büyümesini ve farklılaşmasını desteklediğini göstermektedir. Dolayısıyla, bu çalışmada, 

kemik doku mühendisliği uygulamalarında kullanılmak üzere üretilen çapraz bağlı 

PPF/VPA ve PPF/VPES bazlı doku iskelelerinin potansiyel kullanımı gösterilmiştir.   
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1. INTRODUCTION 

 

Bone is a complex living tissue which undergoes constant turnover throughout life. Even 

though, bone tissue has an ability to heal itself, the repair of traumatic injury, critical sized 

defects, infection, or diseases can be more difficult. Generally, these bone defects are 

repaired by using bone grafting. However, bone grafts (i.e. cements, metal rods, plates and 

screws) have high complication rate due to risk of immunogenic reactions, infections, and 

transmission of diseases. 

BTE field holds a central role to solve the problem of bone healing. This field combines 

cells for regenerating the bone tissue, growth factors for cell functioning, and biomaterials 

for temporary scaffolds. Within the field of BTE, it is important to understand 

fundamentals of bone biology, bone engineering strategies, and design of BTE construct.  

One of the key factor for BTE strategies is to choose an appropriate biomaterial which 

should be biocompatible, biodegradable for allowing native tissue integration, physically 

and chemically biomimetic, and also have an ability of carrying bioactive molecules which 

accelerates extracellular matrix (ECM) production, tissue integration or drugs for 

preventing undesired biological response. Although, different biomaterials including 

metals, natural polymers, synthetic polymers, and ceramics have been used for their 

potential as being a scaffold, polymers have become the principal biomaterial because of 

their tunable physiochemical features, biocompatibility, and controllable degradability. 

Since, bone is obviously important part of the body especially along with bone diseases 

such as osteoporosis, osteomalacia, bone cancers, orthopedic surgeries, and traumatic 

injury, bone regeneration has a crucial role in healing of these diseases. Therefore, the 

designing the biomaterial which can fulfill all the desired requirements for bone 

regeneration is the first crucial step in BTE applications.  

  



2 

 

 

2. LITERATURE REVIEW  

 

2.1. BONE ANATOMY AND PHYSIOLOGY  

Bone is a rigid, complex, and highly specialized tissue that takes part in a variety of critical 

functions in human physiology. Mechanical function covers mainly protection and support 

of critical organs and movement of muscles and tendons with interacting them. It is also a 

metabolic reservoir of minerals (i.e., calcium, phosphorus) and multiple progenitor cells to 

maintain homeostosis and regulate blood pH [1, 2]. 

Generally, bone is classified in two types in terms of macroscopic level: cortical bone and 

cancellous or trabecular bone (Figure 2.1.). Cortical bone and trabecular bone constitutes 

the 80 per cent and 20 per cent of bone respectively [3]. Compact bone has a 5-10 per cent 

of porosity and seems like a solid mass whereas trabecular bone has a porosity of 50-95 per 

cent [4]. The main constitutes of the cortical bone are osteons that are the cells 

strengthening and directing the length of the long bones. Osteons form from frail layers of 

the lamellae which preserve the internal core of the compact bone. This mineralized bone 

type has a 10-40 GPa of elastic modulus and 90-140 MPa of yield strength [5]. Therefore, 

it is responsible from maintaining mechanical and protective requirements of the skeleton. 

On the other hand, cancellous bone is less dense but highly porous. It does not include 

blood vessels in trabeculae. The red bone marrow fills the spaces between trabeculae and 

supplies nutrients and oxygen to the osteocytes. 

On a microscopic level, bone structure includes wide range of cell types and bone matrix 

that consists of inorganic and organic components. In terms of organic components, 95 per 

cent of bone matrix is composed of collagen (mostly type I collagen) and the rest of 5 per 

cent is proteoglycans aggregates (i.e. proteoglycans, hyaluronic acid) and non-collagenous 

proteins such as osteocalcin (OC), osteopontin (OPN), and biglycan [6, 7]. However, the 

main component of bone matrix is mineral especially calcium phosphate (Ca3(PO4)2) and 

hydroxyapatite (Ca10(PO4)6(OH)2). Combination of these minerals and collagen fibers in 

the ECM enhances mechanical properties (i.e. hardness, compressive and tensile strength) 

to bone [8].  
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In addition, bone cells comprises of 2 per cent of bone mass and interaction of these 

different cell types provides dynamic tissue properties to bone [9]. Bone cell types are 

divided into 2 main groups which are cells from osteoblast lineage (i.e. osteoprogenitor 

cell, osteoblast, and osteocyte) and monocyte-macrophage-osteoclast lineage [10]. 

 

 

Figure 2.1. Schematic drawing of bone morphology [11] 

2.1.1. Osteoblasts 

Osteoblasts are epithelial-like immature bone cells with cuboidal shape. They tend to form 

a monolayer on the bone surface. This cell type derives from mesenchymal stem cells 

(MSCs) or bone marrow stromal cells (BMSc). First, they proliferate and differentiate into 

preosteoblasts, and then become mature osteoblasts. These highly polarized osteoblasts 

secrete type I collagen, alkaline phosphatase, non-collagenous proteins (i.e. OC, OSP, and 

BSP, bone sialoprotein), and other inorganic compounds of the ECM during osteogenesis. 

Also, vitamin D3 plays a role in osteocalcin expression, bone mineralization, and 

preservation of calcium and phosphate in bone (Figure 2.2). Therefore, generally they can 

be found on newly formed and unmineralized tissue. Also, these secreted proteins have a 

responsibility to regulate bone cell activity, mineral storage, and turnover [3]. Furthermore, 

osteoprotegerin, receptor activator of nuclear factor κB ligand, and macrophage-colony 

stimulating factor have responsibility to organize the differentiation of osteoclasts (Figure 

2.2). Osteoblasts not only deposit osteoid but also initiate and regulate the subsequent 



4 

 

 

mineralization of osteoid and after sufficient deposition, they can decrease their 

metabolism and differentiate into osteocytes. 

 

 

Figure 2.2. The major products and properties of osteoblast [10]  

2.1.2. Osteocytes 

Osteocytes that are the most abundant cell type in the bone have a stellate shape residing in 

lacunae between layers of the mineralized bone matrix. They have a role in maintenance 

and remodeling of bone matrix and mineral homeostasis. Their filopodial processes 

provide an interaction with each other and also with the bone surface [12]. 

2.1.3. Bone Lining Cells 

Bone lining cells (BCLs) present on the surface of the bones. They are quiescent 

osteoblasts with a spindle shape. There are some debates about functionality of BCLs. 



5 

 

 

Some researchers have considered that BCLs have an important role in hematopoiesis and 

marrow stromal system whereas others claim that BCLs support mineral homeostasis [12, 

13]. 

2.1.4. Osteoclasts 

Osteoclasts which is the highly polarized bone cells, comprises of the monocyte-

macrophage progenitor cell lineage in the bone marrow. Monocytes are the precursor cells 

of osteoclasts and when they reach to bone via circulating blood, they fuse into multi-

nucleated cells to generate osteoclasts. Therefore, osteoclasts are large (approximately 100-

200 µm) and multi-nucleated cells with a responsibility of bone resorption. Also, their 

shapes are varying from flat to round according to the phase of the bone resorption cycle 

[14].  

Osteoclasts have a ruffled border and clear zone plasma membrane areas. Clear zone, also 

called as a sealing zone, encloses the ruffled border area where osteoclasts secrete HCl and 

collagenase for bone resorption. As a consequence of this acid secretion, hydroxyapatite 

crystals dissolve and mineralized ECM is formed. On the other hand, collagenases and 

other enzymes destroy the collagen matrix to protect hydroxyapatite crystals [15, 16, 17]. 

Calcitonin, vitamin D3, and regulatory molecules are the main factors to regulate osteoclast 

activity.  

2.2. BONE MODELING AND REMODELING 

Bone modeling is a dynamic process of bone shape and reshaped alteration through the 

independent interactions of osteoblasts and osteoclasts. This process is responsible for 

skeletal development, growth, and so shaping of bones and their movement. The turnover 

rate of the skeleton is approximately 100 per cent in the first year of life, it reduces 10 per 

cent per year until early teens, and then it decreases dramatically in time [18, 19]. 

While bone modeling is an independent process, bone remodeling covers dependent and 

coordinated interactions of osteoblasts and osteoclasts and this coordinated interactions 

continue throughout the human’s life. Approximately 1 million of bone remodeling units 
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(BRUs) can actively take part in bone turnover process [20]. In adult skeleton, BRU is 

composed of osteoblasts, osteoclasts, nerve supply, vascular capillary, and connective 

tissue. The purpose of this process is to maintain calcium homeostasis, acid- base balance, 

replace the old and damaged bones with new bone [21].  

Bone remodeling has four phases mainly including the osteoblast and osteoclast activity. 

Activation phase is called as osteoclasts recruitment. Second phase is the resorption phase 

that includes bone resorption by osteoclasts. This phase is followed by reversal phase. 

Briefly, this phase contains apoptosis of osteoclasts and recruitment of osteoblasts. 

Formation phase is the final phase in which bone matrix is formed by osteoblasts [20]. In 

detail, bone remodeling is initiated by the activation of preosteoclastic cells in bone 

marrow. Previously described bone lining cells (inactive) release interleukin-1 (IL-1), 

parathyroid hormone, and cytokines and this leads to migration of preosteoclastic cells to 

bone surface. Then, preosteoclastic cells turn into osteoclasts and develop a ruffle border. 

Mature osteoclasts fill the spaces of bone matrix surface by secreting H+ ions and 

cathepsin. In resorption phase, osteoclasts resorb the Ca2+ on the surface of cancellous and 

cortical bone. Parathyroid hormone not only stimulates osteoclasts to resorb bone but also 

stimulates the osteoblasts to produce IL-6 [22, 23]. In addition, IL-1 activates the 

preosteoclastic cells and then these cells produce channels for the growth of blood 

capillaries. By the help of osteoblasts, blood flows to the bone from these channels [23, 

24]. In the last phase of the bone remodeling, type I collagen and bone matrix proteins are 

secreted by osteoblasts. Polymerized collagen generates triple stranded fibers for osteoid 

formation. Thicker osteoid initiates the mineralization process (precipitation of Ca2+ and 

PO4
3- ions) and it provides the formation of hydroxyapatite (HA) crystals. Finally, 

osteoblasts which are trapped into bone matrix by HA mature into osteocytes [25]. 

Although there are no produced bone specific markers during the bone modeling and 

remodeling process, bone includes a number of specific proteins at different 

concentrations. These specific bone markers are ALP, OC, OPN, osteonectin (OSN), 

collagen type I, BSP, and bone morphogenic proteins (BMP). 
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2.2.1. Alkaline Phosphatase  

ALP which is a cell surface protein, is the widely preferred marker for bone formation. It 

can bind to the plasma membrane through phosphatidylinositol phospholipid complexes. 

It’s expression in blood is highly correlated with bone formation. However, it is also 

expressed by liver, kidney, placenta, intestine, and other tissues [26]. The exact role of 

ALP has not been understood yet but some studies suggested that ALP has an important 

role in skeletal mineralization. It hydrolyzes a phosphate ester and this situation leads to 

increase local concentration of inorganic phosphate which then provides formation of HA. 

Others suggested that ALP can facilitate formation of calcium phosphate precipitation by 

of acting as a transporter for inorganic phosphate to bind calcium [27, 28].  

2.2.2. Osteocalcin 

Osteocalcin is non-collagenous bone protein which can also be named as bone γ-carboxy 

glutamic acid protein (bone gla protein). It is also an osteoblast specific secreted protein 

and a mid-marker of bone formation. OC includes the vitamin K dependent Ca2+ binding 

amino acid. As a result, it has a very high affinity to Ca2+ ions. Generally, osteoblasts, 

odontoblasts, and hypertrophic chondrocytes synthesize this protein and they are deposited 

in the ECM. Serum osteocalcin level is associated with the rate of bone formation and it 

has a greater sensitivity than ALP in the detection of osteoblast activity [29]. 

2.2.3. Osteopontin 

OPN is a phosphorylated glycoprotein that is synthesized by various cells such as 

osteoblasts, preosteoblasts, and osteocytes. It has a critical role in cell activation, 

mineralization of bone, inhibition of calcification, coordination of immune cell function, 

tumor cell phenotype, and. In bone mineralization, it promotes the attachment and spread 

of osteoblasts through the ECM and anchors osteoclasts to inhibit the formation of HA 

[30]. In addition, studies indicated that OPN is found in larger amounts at the borders of 

growth plates (in growing bone) and injured site (between healing and native bone). It is 

also detected between the implant and native bone [31]. 
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2.2.4. Bone sialoprotein 

BSP is a phosphorylated and glycosylated protein. It is not only found in mature 

osteoblasts and osteocytes but also found in chondrocytes, cartilage, and osteoclasts. It is 

responsible for mediating cell attachment to ECM [32]. Also, it has a high affinity to Ca2+ 

ions. 

2.2.5. Osteonectin 

This glycoprotein is also known as secreted protein acidic (SPARC) and rich in cysteine. 

Osteoblasts, vascular smooth muscle cells, endothelial cells, and chondrocytes are some of 

the cell types that express OSN [33]. It was demonstrated that OSN mediates binding of 

growth factors to cells and controls cellular progression [34, 35]. Collagen Type I 

constitutes 95 per cent of the ECM so it is the most abundant protein found in bone. It also 

exists in tendons, ligaments, and skin. This protein is involved in the mechanical properties 

of bone because of its triple helix structure [36].  

2.3. BONE HEALING 

The main aspects of bone healing combine skeletal development and growth. This process 

constitutes from four stages that are inflammation, formation of soft callus, formation of 

hard callus, and remodeling (Figure 2.3). Local soft tissue integrity is disrupted in bone 

defects which causes bleeding within the defect site and the development of a hematoma. 

The beginning of inflammation process is not specific for tissues. Accordingly, 

inflammation is described by an up-regulation of inflammatory mediators [37]. Platelets, 

macrophages, and inflammatory cells play a role in the site of injury to strive against 

infection. They can secrete cytokines and growth factors which coordinate the cellular 

response. Also, these cells promote clotting and then, new capillaries are formed into this 

clot by endothelial cells [38]. After ossification cartilaginous template is formed providing 

a semi-rigid support to the fracture. Chondrocytes and fibroblasts have a specific function 

for the synthesis of the cartilaginous matrix that is a temporary bridge between the 

damaged fragments. Furthermore, growth factors regulate fibroblast proliferation, 
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mineralization of cartilaginous matrix, and vascularization. Hard callus formation is 

regulated by osteoblasts that are differentiated from osteoprogenitor cells. Osteoblasts 

produce mineralized bone matrix resulting in degradation of unstable soft tissue. On the 

other hand, revascularization is supported by osteoblasts. The last step of bone healing is 

bone remodeling involving replacement of hard tissue with new cortical or trabecular bone. 

As it was mentioned in previous part, osteoclasts resorb the surface of the bone with 

secreting acid and proteinases and osteoblasts form new bone and secrete cytokines to 

affect osteoclast behavior in this process [32]. 

 

 

Figure 2.3. The illustration of four stages of bone healing [37]  

2.4. BONE TISSUE ENGINEERING 

As it has been mentioned before, bone is a dynamic tissue which is constantly remodeling 

itself [39]. In the case of non-unions, critical sized defects or traumatic injuries, its self-

repair mechanism is limited. In these situations bone grafting are used to support and 

enhance the biological repair. Today, the most commonly used bone grafting is autologous 

bone grafting and the second one is the allogenic bone grafting [39, 40]. Autografts, 

allografts, and synthetic biomaterials constitute 58 per cent, 34 per cent, and 8 per cent of 

the world market for bone grafting, respectively [41, 42]. However, the risk of infection, 

chronic pain, and disability can be observed in autologous bone grafting [43, 44]. 

Similarly, allogenic bone grafting can lead to immunogenic reactions, transmission of 
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diseases, and infection [45]. Therefore, tissue engineering (TE) is a considerable option to 

treat critical sized defects. TE was initially described as an interdisciplinary field that 

combines different principles such as engineering, medicine, biochemistry, and biology. 

Therefore, TE applications develop permanent or temporary functional substitutes for 

restoring, maintaining, and improving tissue function [46]. In addition, the development of 

these functional substitutes or tissues are achieved by using biomaterials, growth factors, 

and cells that are the three critical strategies of TE (Figure 2.4).  

BTE is an important branch of TE that covers the multiple strategies containing 

development of scaffolds, cell transplantation, gene therapy, stem cell therapy, and growth 

factor delivery that are alternative to bone grafting procedures. Even though these 

strategies are generally used in combination, two of them are considered as the commonly 

preferred approaches: i) MSCs are isolated, improved ex vivo, transferred onto a developed 

biomaterial permitting to produce ECM on the biomaterial in controlled specific culture 

conditions, and implanted into the defected site, ii) An acellular scaffold is implanted just 

after injury/bone removal [8].  

Osteogenic progenitor cells, an osteoconductive biomaterials, and osteoinductive growth 

factors are the important constitutes for BTE [47]. Osteoconductive biomaterial provides 

the required atmosphere for osteogenic progenitor cells to generate new tissue and 

osteoinductive growth factors and they promote bone tissue regeneration and provide 

guidance for the desired differentiation pathways [48]. 
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Figure 2.4. The key stages of tissue engineering [49] 

2.4.1. Cell Sources as a Key Factor  

As it was mentioned in previous parts, bone includes a various cell types such as 

osteoblasts, preosteoblasts, osteocytes, osteoclasts, chondroblasts, and marrow cells. 

However, there are limited cell sources to be used in BTE applications. These cell sources 

are autologous, allogenic, and xenogenic [50]. Considering their isolation and expansion 

efficiency, bone formation capacity, and immunologic response autologous cells are the 

most commonly used osteogenic constructs [51]. 

2.4.1.1. Embryonic Stem Cells 

Embryonic stem cells are pluripotent stem cells which are able to differentiate into any 

type of cell. They can be cultured from fetal tissue but its human blastocyst’s origin can be 

resulted in ethical issues [52]. It was indicated that derived osteoblast lineage cells are 

capable of forming mineralized tissue both in vitro and in vivo. Although, growth factors 

are generally used to direct the differentiation of a specific cell type, differentiated cells 

can be heterogeneous. 
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2.4.1.2. Mesencyhmal Stem Cells 

MSCs that are non-hematopoietic stem cells (HSCs) are derived from bone marrow. They 

are divided in symmetric and asymmetric cell division. In asymmetric stem cell divisions, 

one daughter cell possesses a stem cell characters, and the other one is differentiated. In 

symmetric cell division, each stem cells divides into two identical daughter cells. 

Therefore, they can maintain their stem cell characteristics when one stem cell divides into 

two [53]. They have an ability to differentiate into all cell types of the tissues or organs 

(i.e. osteoblasts, chondrocytes, adipocytes, myoblast) where they were originally 

harvested. Apart from this, they can support hematopoiesis and improve the engraftment of 

HSCs. Although MSCs are significant cell source for BTE, there are some challenges that 

are related to differentiation potential. They can tend to lose the frequency and 

differentiation potential according to their age. Therefore, they have different rate of 

proliferation and growth depending on their source and number of the culture passages [54, 

55]. 

2.4.1.3. Bone Marrow Stromal Cells 

BMSCs are the stem/progenitor cells of skeletal tissues. Similar to MSCs, BMSCs can be 

cell types varying from fibroblast-like spindle shaped cells to large flat cells under suitable 

conditions. BMSCs are rapidly adherent and clonogenic, so they are easily cultured and 

expanded in large numbers [56]. 

2.4.1.4. Multipotent Adipose-Derived Stromal Cells 

Adipose derived stromal cells (ASCs) are another alternative cell type. ASCs have 

comparable morphology, differentiation capacity, and phenotype with MSCs so they can 

be used for skeletal regenerative medicine [57]. ASCs are easily obtained with excised 

surgical specimens or lipoaspirates [58]. 
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2.4.1.5. Non-osteogenic Cells (Vascular Cells) 

Bone is a highly vascularized tissue to supply nutrients, oxygen and also removes waste 

products. Accordingly, for BTE applications, angiogenesis is one of the important things 

for maintenance of tissue-engineered constructs. The cellular and molecular interaction 

between bone cells and blood vessels should be enhanced for survival and integration of 

TE construct with native tissue. Endothelial cells are classified into tip cells and stalk cells 

according to their sites on the growing vascular sprout. Their responsibility is to provide 

framework for new vascular network. Furthermore, endothelial cells have no side effects 

when they are transplanted autologously. Therefore, they are most commonly used cell 

types which enhance angiogenesis and bone formation. Brandi et al. indicated the 

importance of vascularization in osteogenesis and fracture repair using in vitro and in vivo 

models [59]. Also, Wegner et al. has developed a system where osteoblasts were 

incorporated into endothelial cell spheroids for inducing endothelial cell differentiation and 

in vitro angiogenesis [60]. 

2.4.2. Growth Factors as a Key Factor  

Growth factors are secreted proteins to induce proliferation and growth of cells. They can 

stimulate or inhibit cell adhesion, proliferation, migration, and differentiation by mediating 

the protein synthesis, other kinds of growth factors, and receptors [61]. Therefore, growth 

factors have a crucial effect on tissue formation and they are the essential constitutes for 

BTE applications [62]. Osteoinductive growth factors promote the differentiation of 

precursor cell types into osteoblasts [60]. BMPs are one of the major growth factors found 

in bone. They are secreted by MSCs, osteoblasts, and chondroblasts. BMPs are dimeric 

molecules with a single sulfide bond and a member of transforming growth factor beta 

(TGF-β) superfamily. They are responsible from bone remodeling, fracture healing, 

angiogenesis, synthesis of ECM, MSC proliferation, and differentiation [63]. In clinical 

applications, BMP-2 and BMP-7 are commonly used members of BMP family [64]. 

Delivery of BMPs is achieved by using some strategies such as direct administration, 

scaffold-based delivery, and gene therapy [65]. 



14 

 

 

TFG-β, insulin-like growth factor (IGF), platelet derived growth factor (PDGF), and 

fibroblast growth factor (FGF) are the other growth factors that have a central function in 

fracture healing [41]. The sources and functions of the most commonly used growth factors 

for BTE is summarized in Table 2.1. 

In addition to growth factors, a number of osteoinductive chemical compounds can 

promote the differentiation of precursor cell types into osteogenic lineage. In contrast to 

growth factors, these chemicals are less labile and have longer half-life. Also, they can be 

produced in the laboratory and used in vitro cell culture studies for several days [65, 66]. 

Table 2.1. The most commonly used growth factors in BTE [67] 

 

Growth factor Source Function 

TGF-β Platelets, ECM, cartilage matrix Stimulation and proliferation of MSCs 

BMP Osteoprogenitor cells, osteoblasts, 

ECM 

Promoting differentiation of MSCs into 

chondrocytes and osteoblasts, and also 

differentiation of osteoprogenitors 

into osteoblasts, influencing 

skeletal pattern formation 

FGF Macrophages, MSCs, chondrocytes, 

osteoblasts 

Mitogenic for MSCs, chondrocytes and 

osteoblasts and induction of angiogenesis 

IGF I-II Bone matrix, osteoblasts, 

chondrocytes 

Promoting proliferation and 

differentiation of osteoprogenitor cells 

PDGF Platelets, osteoblasts Mitogenic for MSCs and osteoblasts; 

macrophage chemotaxis 

 

Dexamethasone, calcitriol (1,25-dihydroxyvitamin D3), TAK-778, statins, and 

prostaglandin E are the most commonly used osteoinductive chemicals in BTE. 

Dexamethasone is generally used with L-ascorbic acid and β-glycerophosphate. 

Stabilization of the collagen triple helix is achieved by hydroxyproline whose formation 

highly depends on usage of L-ascorbic as a cofactor for the hydroxylation of proline. β-

glycerophosphate is used as an inorganic phosphate sources and it has a role in matrix 

mineralization process. Calcitriol inhibits adipogenic differentiation and stimulates 

osteogenic differentiation and mineralization of stem cells which are obtained from bone 

marrow. TAK-778 is used as an inducer of osteogenesis and statins have a function in 

osteogenic differentiation. Lastly, prostaglandin E induces the proliferation and 

differentiation of bone marrow derived stem cells [65]. 
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2.4.3. Scaffolds as a Key Factor  

As it was mentioned, bone is divided into two parts as cortical and cancellous bone. 

Cortical bone has a very dense structure with 5-10 per cent of porosity. It can bear a 

compressive stress in the range of 0.2-2942 MPa. Also, it has an elastic moduli up to 

17GPa. On the other hand, the porosity of cancellous bone is 50-90 per cent. Its 

compressive stress is in the range of 2-15 MPa and elastic moduli is 44 MPa [68, 69]. 

Furthermore, bone ECM provides physical support and guidance for cell attachments, 

migration, and differentiation. Also, it is a reservoir of growth factors and cytokines [70]. 

Therefore, one of the key components in TE applications is a biomaterial that is used to 

make a scaffold for mimicking bone’s structure and functions. Ten major properties were 

described for the development of scaffold. The suitable scaffold should be biocompatible, 

biodegradable, highly porous. Degradation time of the scaffold should correspond with the 

healing or regeneration of the tissue. It should also promote the formation of ECM, 

contribute a conductive surface for initial cell attachment and allow the proper nutrient-

waste diffusion. Additionally, designed scaffold system should have good mechanical 

properties [71].  

Biocompatibility is the primary criteria for the development of suitable scaffold. It is 

defined as an ability to perform desired function without any undesired response in specific 

cell or tissue [72]. Therefore, the scaffold and its byproducts must not elicit immunological 

responses while performing its function.  

The biodegradability and bioresorbability are also important features of the scaffold. The 

scaffold should degrade and be resorbed over time and the degradation rate of the ideal 

scaffold should be controllable. If degradation rate is too slow, it can inhibit new tissue 

function, and if it is too rapid, it cannot allow cells to form and remodel native matrix to 

replace the scaffold. Accordingly, scaffold should support initial cell growth, proliferation, 

differentiation, and migration and degrade with equivalent rate for the new ECM 

production. The degradation rate of the synthetic scaffolds strictly based on molecular 

weight, morphology, porosity, and crosslinking density of the biomaterial. Although, 

naturally derived biomaterials have generally enzymatic biodegradation, many synthetic 

biomaterials cannot degrade under physiological conditions and release acidic compounds 

[46].  
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Furthermore, the scaffold should be osteoconductive which is the ability of stimulating 

bone forming cells for the regeneration of bone tissue [51].  

Porosity, pore size and interconnectivity of the porous network of the scaffold are the other 

considerations. Highly porous network supports tissue growth and vascularization. The 

minimum pore size of the scaffold should vary between 100 µm to 800 µm [73]. Lastly, 

the mechanical properties have a crucial impact on cell attachment and proliferation. The 

elasticity, toughness, and strength of the scaffold should match with the native tissue’s 

properties. The chemical structure, crosslinking density, swelling capacity, and processing 

methods are the major features affecting the strength of the scaffold (i.e. cross-linked 

structures have higher mechanical strength). On the other hand, scaffold elasticity can 

affect the cell behavior. It was indicated that MSCs growing on different scaffolds with 

different elasticity differentiated into distinct lineages [74].  

There are numbers of biomaterials that have been used for TE applications. Metals, 

ceramics, and polymers (natural polymers and synthetic polymers) are the main groups of 

the biomaterial types. 

2.4.3.1. Metals as a Scaffold 

Metals that are very suitable to form scaffold since they are biocompatible, strong, 

processable, and inexpensive were used firstly in 1890s for bone repair. Since that time 

metals and metal alloys have been used for stabilization during the bone healing [75]. 

However, their modulus is generally higher than that of bone and this situation prevents 

biodegradation, growth of native tissue and may trigger the stress shielding. This situation 

is commonly observed in hip replacements [76]. Titanium, stainless steel and cobalt-

chromium are the most widely used materials. Stainless steel is used as surgical tools and 

implanted devices. 316L austenitic stainless steel is the most widely used stainless steel 

type which includes iron, chromium, nickel, magnesium, and molybdenum [77]. However, 

under some circumstances, extended exposure of nickel can be the reason of allergic 

reactions. Therefore, nickel-free stainless steels are more biocompatible biomaterials [78]. 

Moreover, titanium and its alloys have low elastic modulus and lower sheer stresses which 

makes them more desirable for BTE applications [79]. Titanium does not only have good 

mechanic properties for new bone formation, they are also inert and resistant to corrosion. 
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Recent researchers have focused on functionally graded material by using titanium and 

ceramic compositions. Titanium surface can be coated with HA, chemicals, and matrix 

proteins to improve osseointegration, cell growth, and healing time [76, 77]. 

2.4.3.2. Ceramics as a Scaffold 

Ceramics are generally used for fracture repair in the form of solid pieces, porous scaffold, 

powders, granules, and injectable formulations. Although ceramics have good 

biocompatibility they have an insufficient mechanical properties. Therefore, they are 

generally used with polymers as composites. They are categorized into three main groups 

in terms of chemical reactivity [82]. Resorbable ceramics are the first synthetic materials 

and their chemical composition, shape, and crystal structure affect the rate of resorption 

which occurs after osteogenesis. Calcium-phosphate is the most widely used ceramics 

which are known to adhere to bone and encourages bone tissue formation. Hydroxyapatite 

(HA), Ca10(PO4)6(OH)2, tricalcium phosphate (TCP), Ca3(PO4)2, biphasic calcium 

phosphates and multiphasic bio-glasses are the most common types of calcium-phosphate 

materials. TCP and HA are the most commonly studied calcium phosphates. TCP 

constitutes monocalcium phosphate monohydrate, alpha tricalcium phosphate, and calcium 

carbonate and it can be either injected or directly applied to the bone defect [75]. HA is 

used for bone defects that require long term treatments since its degradation time is long. 

While HA has an ability to adhere directly to bone due to its composition and structure 

similarity with the native bone mineral, it has an insufficient mechanical strength and is 

used with degradable polymers [79, 80, 81]. Also, HA can be used with metal alloys for 

enhanced bone integration and adhesion [79]. Bioactive ceramics can form physical bond 

to bone and they have lower content of SiO2 but have higher content of NaO2 and CaO. 

Glass surfaces of these materials become very reactive when they are exposed to an 

aqueous medium. This situation leads to formation of hydroxyl carbonate apatite crystals 

(HCA) on the surface [82, 83]. HCA layer formation is important since it enhances the 

mechanical and compressive strength. Bioinert ceramics have the best mechanical strength 

and biocompatibility since these materials do not react with the native bone tissue. They 

consist of generally metal oxides. Alumina (Al2O3), zirconia (ZrO2), and titania (TiO2) are 

the best examples of metal oxides. Bioinert ceramics are commonly used for large bone 

defects because of their great compressive strength [84, 85, 86]. 
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2.4.3.3. Polymer as a Scaffold 

Polymeric scaffolds were firstly used in early 1980s and they are the most suitable 

biomaterials used in TE applications. Considering their biocompatibility, degradability, 

processability, and general versatility, polymers are attractive biomaterials in BTE. Their 

biocompatibility highly depends on their degradative byproducts, surface chemistry, and 

the method of the polymer’s erosion. Polymers are categorized into 2 main groups 

according to their sources: natural and synthetic polymers [87]. 

Natural polymers are biocompatible since they can resemble the substances naturally 

occurring in the body and are degraded by naturally occurring enzymes after implantation. 

The main advantage of these polymers is that they include biofunctional molecules which 

can assist cell attachment, proliferation, and differentiation. On the other hand, their 

degradation rate cannot be controlled and they have weak mechanical strength. However, 

mechanical strength can be enhanced by cross-linking. Also, there are other disadvantages 

such as batch to batch alterations, scale-up difficulties, and immunological reactions. 

Natural polymers are divided into 2 main groups: polysaccharides and polypeptides. 

Agarose, alginate, HA, chitosan are the most widely used polysaccharides whereas 

collagen, gelatin, and silk are the most widely preferred polypeptides in BTE applications 

[88]. 

Synthetic polymers are easily manufactured in large quantities and their physical properties 

(i.e. molecular weight, molecular structure) are easily controlled compared to natural 

polymers [89]. Structure of the synthetic polymers can be modified with the help of 

copolymerization and physical mixing. Moreover, they can undergo hydrolytic degradation 

so degradation rate does not varied significantly between host tissues. On the other hand, 

they cannot attach the cells without some significant biomolecules. Therefore, their surface 

is modified with the biomolecules to induce cell attachment, proliferation, migration, and 

differentiation. Synthetic polymers have an important disadvantage that they can form 

undesired products (i.e., acids) during degradation. Increasing acidity in the native tissue 

can affect the homeostasis and create immunological responses such as inflammation and 

fibrous encapsulation [90]. The most common synthetic polymers are polyesters and the 

others are polyanhydrides, polycarbonates, and polyphosphazenes [91]. 
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2.4.3.4. Poly (propylene fumarate)  

PPF consists of repeating unit including one unsaturated C-C double bond and two ester 

groups [88]. It is linear polyester which degrades by simple hydrolysis of ester bonds into 

nontoxic compounds. These nontoxic compounds are fumaric acid and propylene glycol. 

Its degradation duration depends on polymer characteristics. Generally, molecular weight, 

cross-linker type, and cross-linking density are the most affecting polymer characteristics 

[92]. The unsaturated double bond allows chemical, photo, or thermal-initiated cross-

linking of PPF. Furthermore, this double bond provides cross-linking via free radical 

polymerization by itself or with a variety of crosslinking agents such as methyl 

methacrylate (MMA), N-vinyl pyrrolidinone (NVP), and biodegradable macromers of 

PPF-diacrylate or poly(ethyleneglycol)-diacrylate. The chemical structure of the PPF is 

presented in Figure 2.5. 

 

 

Figure 2.5. Chemical structure of PPF [93]  

 

Also, radical polymerization can be achieved with photoinitiation in the presence of 

photoinitiators like bisacylphosphine oxide (BAPO) [94]. As a result, cured PPF can 

enhance compressive and tensile strength and is generally used as biomedical applications 

(i.e. orthopaedic implants, scaffolds, controlled bioactive factor delivery systems, and cell 

transplantation vehicles) because of its good mechanical strength, biocompatibility, 

osteoconductivity, injectability, and handling characteristics [88, 89, 95]. Molecular weight 

of the PPF varies between 500 Da to 4,000 Da and polydispersities are less than 1.4 [96]. 

The molecular characteristics and polydispersity of PPF influence mechanical properties 

and degradation kinetics of crosslinked PPF networks [97]. For example, if molecular 

weight of the PPF increases, the viscosity also increases and it can affect the handling 



20 

 

 

characteristics of the desired polymer. Therefore, PPF-based synthetic polymers can be 

produced by taking into a wide range of parameters into consideration for the applications.  

There are a number of synthetic routes for PPF. Trimer intermediate is produced in most of 

the routes and it is polymerized with step-growth polymerization. A bone putty including 

PPF was patented firstly in 1988. In this patent, PPF was synthesized by using a p-toluene 

sulfonic acid-catalyzed transesterification of diethyl fumarate and propylene glycol [98]. 

After that in 1989, PPF was synthesized by a condensation reaction of fumaric acid with 

propylene glycol by Gerhart and Hayes [98]. Moreover, again 1989, two trimers (bis-

propylene glycol fumarate and 1,2-propylene glycol dibutenoate) were prepared and 

polymerized to form PPF. As it can clearly be seen that PPF can be synthesized in different 

routes. PPF synthesis methods are divided into two groups with respect to the number of 

steps of the synthesis: one-step method and multistep method. However, in more recent 

methods, PPF has been synthesized in two-step process. The first step includes reaction of 

diethyl fumarate and propylene glycol in an inert atmosphere and the second step includes 

transesterification of the bis(hydroxypropyl) fumarate intermediate to produce PPF.  

While PPF has hydrophobic surface properties that negatively impacts on cell attachment, 

copolymerization with hydrophilic polymers (i.e. polyethylene glycol-PEG) or 

modification with peptides are commonly used methods for increasing PPF hydrophilicity 

[99]. It was revealed that copolymerized PPF with PEG supported endothelial cell 

attachment and proliferation [100]. PPF can be combined with ceramic particles (i.e. 

calcium phosphate, calcium carbonate) for the purpose of cancellous bone replacement 

applications [101]. Also, copolymers of PPF with polycaprolactone have been used as an 

injectable scaffolds for the healing of bone defects [102]. Unsaturated PPF and cross-

linked PPF microparticles are used for the development of bone cements in the purpose of 

craniofacial bone repair applications [103]. Besides, thermoreversible block copolymers of 

PPF and methoxypoly(ethylene glycol) are used as a drug delivery systems [104]. Porous 

PPF scaffolds are used in different applications such as magnetic resonance imaging-

directed implantation, drug-dispensing materials and/or drug carriers for tumor treatment. 

On the other hand, composites of cross-linked PPF have great mechanical properties. For 

instance, PPF- beta-tricalcium phosphate (β-TCP) composites have approximately 1,200 

MPa modulus strength and 300 MPa yield strength similarly with the trabecular bone 

[105]. Mechanical properties of the PPF are also improved by using cross-linking agents 
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such as propylene fumarate diacrylate and poly(ethylene glycol)-dimethacrylate. Fisher et 

al. indicated the in vivo osteoconductivity of the PPF scaffolds by using rabbit incisor 

extraction socket model [106]. However, PPF alone did not show osteoinductivity, it had to 

be modified by using osteoinductive factors.  

TGF-β1-coated PPF was used to improve osteoinductivity of PPF scaffold [107]. In 

addition, cell attachment, proliferation, and growth of mouse preosteoblast cells were 

enhanced when hydroxyapatite (HA) nanoparticles were added to PPF scaffold [108]. PPF 

can also be incorporated with other polymers. For instance, polyethylene glycol is used to 

enhance endothelial cell attachment and proliferation [93]. All of these studies 

demonstrated that PPF based scaffolds have a crucial potential to promote bone 

regeneration. 

2.4.3.5. Polyvinyl phosphonic acid (PVPA) and derivatives  

Phosphonated polymers have been used in many different applications such as 

antimicrobial coatings, dental materials, thermoresponsive materials, and proton-exchange 

membranes. These negatively-charged polymers can bind to variety of inorganic surfaces 

and metal ions with hydrogen bonding. PVPA is a water soluble polymer and includes a 

very high concentration of phosphonic acid units which bind to the polymer backbone 

[109]. PVPA indicates a strong polyelectrolyte effect providing the preparation of potential 

bone tissue scaffolds. PVPA can able to mimic phosphorylated non-collagenous proteins 

(i.e. bone sialoprotein) which have a function in mineralization of a bone matrix. A number 

of studies indicated that PVPA can act as templating mechanism to mediate matrix 

mineralization [79, 101, 110]. Therefore, this osteoconductive and osteoinductive polymer 

has been used as a scaffold to enhance bone regeneration.  

In the development of PVPA based scaffolds, the number of phosphonic groups and 

different monomers can have different effects on resulting polymer such as hydrophilicity, 

swelling capacity, biocompatibility, and mechanical properties. Greish and Brown have 

developed a novel biopolymer which contains  HA and calcium poly(vinylphosphonate) 

salt. This biomaterial indicated good mechanical properties due to the functionality of 

phosphonic groups [111, 112]. In another in vitro cell culture study, osteogenic cell 

adhesion, differentiation, and mineralization were enhanced with PVPA-modified surfaces 
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[113]. Furthermore, different concentrations of PVPA were grafted onto acrylamide 

surfaces of prepared biomaterial. It was indicated that pre-osteoblast cells have attached 

and proliferated successfully on the surfaces of this biomaterial [113]. Therefore, the 

results of all of these studies emphasize the potential usage of PVPA and its derivatives in 

BTE applications. 

2.5. AIM OF THE STUDY  

Bone tissue is a unique part of the human physiology that has many functions such as 

support of many organs and tissues, mechanical protection, movement, storage of minerals 

and multiple progenitor cells, production of blood cells, and regulation of blood pH. It has 

a capacity to regenerate after injury, trauma, or disease through the processes of bone 

healing. However, bone tissue healing is limited in the critical size defects and has to be 

supported with tissue engineering constructs. The use of synthetic polymers has become 

widespread in the field of tissue engineering. However, the most widely used synthetic 

polymers (i.e. PLGA, PCL, PGA) are generally fragile and have not functional diversity in 

the backbone. Therefore, these properties lead to limit their usage in BTE applications. In 

recent years, PPF have attracted a lot of interest in BTE applications because of their 

superior biocompatibility, biodegradability, and mechanical property. The need for novel 

PPF based scaffolds and reproducible design techniques have the greatest importance in 

this field. Therefore, in our study, PPF and vinyl phosphonic acid (VPA) or vinyl 

phosphonic acid diethyl ester (VPES) based biodegradable and biocompatible polymer 

systems were developed to be used as scaffolds for BTE applications. It was expected that 

the use of VPA and VPES in the cross-linking of PPF increases the biocompatibility and 

the introduction of the phosphonic acid, ester structures, and β-TCP to the network also 

supports bone tissue formation by increasing the osteoblast activity and decreasing the 

osteoclast activity. Therefore, the main purpose of this study was to determine the role of 

PPF/VPA and PPF/VPES based novel scaffolds in bone regeneration and the secondary 

aims were as follows:  

 Investigate the effect of UV cured PPF/VPA and PPF/VPES scaffolds (in the 

presence of different BAPO concentrations) on human osteoblast (HOb) cell 

biocompatibility, cell attachment, mineralization, ALP activity, and OC activity. 
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 Investigate the effects of BT cured PPF/VPES and PPF/VPES-β-TCP based 

scaffolds and the effects of different β-TCP concentrations on HOb cell 

biocompatibility, cell attachment, mineralization, ALP activity, and OC activity. 
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3. MATERIALS AND METHODS 

 

3.1. MATERIALS 

TrypLE™ express dissociation reagent 1X w/o phenol red sterile, penStrep penicillin 

streptomycin sterile, heat inactivated fetal bovine serum sterile (EU approved origin), 

Dulbecco's modified eagle medium 1g/L D-glucose, with pyruvate, w/o L-glutamine w/o 

phenol red (sterile) were purchased from Gibco® by life technologies™. Silver nitrate 

solution (5 per cent), sodium thiosulfate solution (5 per cent), nuclear fast red solution 

were purchased from Diagnostic BioSystems. Dexamethasone (97  per cent), ß-

glycerophosphate disodium salt hydrate BioUltra, suitable for cell culture (≥99 per cent), 

and L-ascorbic acid 2-phosphate sesquimagnesium salt hydrate (≥95 per cent) were 

purchased from SIGMA life science and Dulbecco's phosphate buffered saline (w/o 

calcium, w/o magnesium, 10X, sterile) was purchased from SAFC Biosciences™. Cell 

culture flasks (T25, T75, T150) and 24-48-96 well plates were purchased from TPP® 

Techno Plastic Products AG, Switzerland.  Furthermore, serological pipettes (5 ml, 10 ml, 

25 ml), falcon tubes (15 ml, 50 ml), and micropipettes were purchased from Jet Biofil®, 

China, IsoLab, Germany, Eppendorf Research, Germany, respectively. 

3.2. METHODS 

3.2.1. Preparation of PPF Based Scaffolds 

Both low and high molecular weight PPF polymers were synthesized and prepared by PhD 

student, Görkem Cemali and following methods were used. Synthesized low molecular 

weight PPF (Mn=1190 g/mol, Mw=1678 g/mol) was cured in the presence of two 

phosphonic acid based co-monomers, VPA and VPES, at 70/30 ratio in the presence of 2 

per cent and 3 per cent BAPO as a photoinitiator. Prepared PPF/VPA (70/30) and 

PPF/VPES (70/30) were exposed UV light (λ=260 nm) for 2 hours. Then, samples were 

cut into equal pieces, sterilized under UV light, and used as a scaffold for in vitro cell 

culture studies. 
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On the other hand, synthesized high molecular weight PPF (Mn=2558 g/mol, Mw=4768 

g/mol) was cured with VPES co-monomer and β-TCP was added to homogenized 

PPF/VPES mixture (70/30) at different ratios (5 per cent, 10 per cent, 15 per cent, and 20 

per cent) in the presence of 3 per cent BP and 0.3 per cent N,N’-dimethyltoluene (DMT). 

Homogenized mixture was placed in preheated vacuum oven at 37 ºC for 2 hours. Prepared 

PPF/VPES-β-TCP samples were cut into equal pieces, sterilized under UV light, and used 

as a scaffold for in vitro cell culture studies. PPF/VPES-β-TCP based composites were 

prepared by MSc student, Avram Aruh. 

3.2.2. Osteoblast Cell Culture 

Human osteoblast cells (HObs) (The European Collection of Cell Cultures, UK) (Cell line 

no. 406-05a) were cultured in Dulbecco’s modified Eagles medium (DMEM) 

supplemented with 10 per cent FBS, antibiotics (1 per cent of penicillin, streptomisin, and 

amphotericin) and 50 µM ascorbic acid. HOb cells were cultured under standard conditions 

at 37°C with 90 per cent humidity and 5 per cent CO2 in incubator (Thermo Scientific, 

USA). Culture medium was replenished every 2 days. When the desired number of cells 

was reached, these cells were removed from cell culture flasks using TrypLE Express 

Dissociation Reagent (1X) w/o phenol red and centrifuged at 2,000 rpm for 5 minutes. The 

HOb cells were counted with hemocytometer and used in further experiments. 

3.2.3. In vitro Cell-Biomaterial Interaction Studies 

Sterilized samples were placed in cell culture plates and HOb cells were seeded onto each 

scaffold at a density of 5×103 cells/well. Cells were cultured with osteogenic medium 

consisting of DMEM supplemented with 10 per cent FBS, antibiotics (1 per cent of 

penicillin, streptomisin, and amphotericin), 50 µM ascorbic acid, 100 nM dexamethasone, 

50 μM ascorbic acid and 10 mM β-glycerophosphate under standard conditions at 37°C 

with 90 per cent humidity and 5 per cent CO2 for different incubation times.  
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3.2.3.1. Scanning Electron Microscopy (SEM) 

Cell containing scaffolds were incubated for 7, 14, 21, and 28 days in osteogenic media. 

Culture medium was replenished every three days. After each time points, samples were 

washed with cacodylate buffer, fixed with 2.5 per cent of glutaraldehyde solution for 1 

hour at room temperature and washed with cacodylate buffer again. Dry samples were 

coated with 10 nm gold and examined by SEM. 

3.2.3.2. Cell proliferation-MTS assay 

Cell seeded scaffolds were incubated under the standard conditions at 37 °C with 90 per 

cent humidity and 5 per cent CO2 for up to 7, 14, and 21 days and supplied with fresh 

osteogenic medium every 3 days. At the end of time intervals, CellTiter 96® AQueous One 

Solution Cell Proliferation Assay (Promega) was carried out according to manufacturer’s 

instructors. Cell medium was aspirated from each well and each sample was incubated in 

500 µl of prepared MTS solution for 2.5 hours (Incubation period was determined 

according to calibration curve). After that, 100 µl aliquots of the incubation solution were 

transferred into a 96-well plate (Orange Scientific, Belgium) and absorbance was measured 

at 490 nm on a ELISA plate reader (Bio-Tek ELx800 Absorbance microplate reader, 

USA). The number of cells for each sample were calculated according to calibration curve 

of the HOb cells. Calibration curve was obtained with carrying out MTS assay on known 

cell numbers (1×103, 2×103, 3×103, 5×103, 7×103, 8×103, 10×103, 20×103 cells). 

3.2.3.3. von Kossa Staining 

After 3 days of incubation, cell seeded scaffolds were divided into two groups and while 

the first group was cultured in osteogenic medium, the other one was cultured in standard 

cell culture medium (DMEM w/o phenol red). Both groups were incubated under standard 

conditions at 37 °C with 90 per cent humidity and 5 per cent CO2 for up to 7, 14, 21, and 

28 days and supplied with fresh osteogenic medium or cell culture medium (DMEM w/o 

phenol red) every 3 days. At the end of the specific time intervals, culture medium was 

aspirated from all samples and 5 per cent of silver nitrate solution was added. Samples 
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were incubated for 60 minutes under the UV light. Thereafter, samples were washed three 

times with dH2O and 5 per cent of sodium thiosulfate solution was added on samples. 

After 3 minutes incubation time, samples were washed with tap water. Nuclear fast red 

solution was added on samples and incubated for 5 minutes. Samples were washed with 

absolute ethanol for three times and dehydrated samples were evaluated. This experiment 

was conducted in duplicate. 

3.2.3.4. Alkaline Phosphatase  

Cell containing scaffolds were cultured with osteogenic medium under standard conditions 

at 37°C with 90 per cent humidity and 5 per cent of CO2 for up to 4, 7, 14, 21, and 28 days. 

At the time of specific time intervals, culture medium was aspirated from all samples and 

200 µl of physiological saline was added into each well for washing. Cell lysis was 

achieved by using 50 µl of extraction solution. Then, 50 µl of substrate solution (p-nitro-

phenyl phosphate solution) was added into each well and incubated at 37 °C for 1 hour. 

After incubation period, 50 µl of stop solution (0.9 N NaOH) was added into each cell. The 

absorbance was measured at 405 nm after color formation. ALP activities of attached cells 

were measured according to TRACP and ALP assay kit (TaKaRa). ALP assay were 

conducted in duplicate.  

3.2.3.5. Osteocalcin Assay 

Medium of the cell containing scaffolds was replenished every three days. At the end of 7, 

14, 21, and 28 days of incubation, 25 µl of media was collected from the samples and 

transferred to into 8-well strips. These strips were divided into 3 groups: standard, control, 

and sample. Also, 25 µl of standard and control, and then 100 µl of Anti-OST-HRP 

conjugate were added into appropriate wells. Plates were covered and incubated for 2 

hours at room temperature. After incubation period, solutions were aspirated from all wells 

and they were washed with wash solution for 3 times. Following the washing step, 100 µl 

of chromogen solution was added into each well and plates were incubated for 30 minutes 

at room temperature in the dark. After adding 100 µl of stop solution, color was changed 

from blue to yellow. The absorbance was measured at 405 nm on a ELISA plate reader 
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(Bio-Tek ELx800 Absorbance microplate reader, USA). Osteocalcin was quantified using 

human osteocalcin (hOST) ELISA kit (Invitrogen, UK).  

3.2.4. Statistical Analysis 

The values were expressed as mean ± standard deviation (mean ± SD). To determine the 

statistical significance of the results Student’s t-test was performed. Significance was 

assigned at p values less than 0.05. 
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4. RESULTS 

 

In the first part of scaffold preparation, UV-cured PPF/VPES and PPF/VPA samples that 

were synthesized with different photoinitiator (BAPO) concentrations were investigated. 

First, PPF/VPA with 2 per cent and 3 per cent BAPO were prepared. PPF/VPA with 1 per 

cent BAPO was also tried but there was no cure with this BAPO concentration. In the same 

way, PPF/VPES with 1 per cent and 2 per cent BAPO were prepared. Since these BAPO 

concentrations were enough for cure, 3 per cent BAPO concentration was not being tried. 

Figure 4.1 indicates the UV-cured PPF/VPES samples with 1 per cent and 2 per cent 

BAPO. It was observed that these samples were successfully cured with two different 

BAPO concentrations and hardened under UV light. Figure 4.2 indicates the UV-cured 

PPF/VPA samples with 2 per cent and 3 per cent BAPO. It was observed that PPF/VPA 

(70/30) sample including 3 per cent BAPO were better cured than sample including 2 per 

cent BAPO which was partially cured. Additionally, UV-cured polymers containing VPES 

were better cured than VPA containing polymers. 

 

 

Figure 4. 1. UV-cured PPF/VPES (70/30) polymers in the presence of a) 1 per cent BAPO 

b) 2 per cent BAPO 
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Figure 4.2. UV-cured PPF/VPA (70/30) polymers in the presence of a) 2 per cent BAPO b) 

3 per cent BAPO 

 

In the second part of scaffold preparation, BT-cured PPF/VPES samples were prepared and 

characterized. In here, preparation of BT-cured PPF/VPA (70/30) scaffold was also tried 

but the scaffolds could not get cured successfully. Therefore, only PPF/VPES (70/30) 

samples were used for this part (Figure 4.3.a).  

In the third part scaffold preparation, BT-cured PPF/VPES samples including different 

ratios of β-TCP were prepared and characterized. Figure 4.3.b-e represents BT-cured 

PPF/VPES (70/30) samples including different ratios of β-TCP. It was observed that all 

samples cured successfully. Also, the usage of N,N’-DMT as a catalyst gave a brown color 

to the samples.  

 

 

Figure 4.3. BT-cured PPF/VPES polymers a) without β-TCP b) 5 per cent β-TCP c) 10 per 

cent β-TCP d) 15 per cent β-TCP e) 20 per cent β-TCP in the presence of 3 per cent BP 

and 0.3 per cent N,N’-DMT 

 

All these scaffolds were characterized using contact angle goniometer, dynamic 

mechanical analyzer, thermogravimetric analyzer, scanning electron microscopy, and 
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Fourier-transform infrared spectroscopy by Görkem Cemali and Avram Aruh. Also, 

biodegradation studies were conducted. 

4.1. IN-VITRO CELL-BIOMATERIAL INTERACTION 

4.1.1. Scanning Electron Microscopy (SEM) Analysis 

SEM images of cell-seeded scaffold surfaces on day 7, 14, 21, and 28 are given in Figure 

4.4-4.7.  

The morphology, attachment, spreading, and proliferation characteristics of HOb cells on 

UV-cured (Figure 4.4 and 4.5) and BT-cured scaffolds (Figure 4.6 and 4.7) were visualized 

using SEM analysis. It was observed that HOb cells were able to attach and spread on all 

sample types. SEM images indicate that HOb cells had the normal osteoblastic 

morphology. Also, the results show that the cells adhered and proliferated in rough 

surfaces and cellular interactions were provided for all sample types.  

It was visualized that HOb cells penetrated inside the UV-cured PPF/VPA scaffold 

samples (Figure 4.4). In both type of UV-cured PPF/VPA samples, HOb cells spread and 

proliferated onto the scaffold side by side. While the number of adhered and proliferated 

HOb cells increased throughout 28 days of incubation for both UV-cured PPF/VPA 

samples (Figure 4.4 a-d, e-h), extensive cell spreading was observed in UV-cured 

PPF/VPA sample including 3 per cent BAPO.  

Similarly in UV-cured PPF/VPES samples, the adhered and proliferated HOb cells 

increased with increasing incubation time. These differences were clearly visualized when 

the results of 7 days of incubation (Figure 4.5.a, e) and 28 days of incubation (Figure 4.5.d, 

h) compared to each other. The osteoblastic morphology of the HOb cells was obviously 

seen in Figure 4.5.c. Cell sheets were observed on the surfaces of the all UV-cured 

PPF/VPES samples and the most of the HOb cells formed bridging orthogonal filopodia 

and ECM (Figure 4.5). Extensive cell attachment and cell spreading were observed in UV-

cured PPF/VPES (70/30) samples including 1 per cent BAPO (Figure 4.5. a-d). 

Additionally, it was observed that HOb cells spread onto the scaffolds side by side 

including 1 per cent BAPO (Figure 4.5.a).   
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Figure 4.4. SEM images of UV-cured PPF/VPA (70/30) samples in the presence of (a-d) 2 

per cent BAPO, (e-h) 3 per cent BAPO after (a, e) 7, (b, f) 14, (c, g) 21, and (d, h) 28 days 

of incubation. Magnification: 2,000 X. Arrows show HOb cells. 

  



33 

 

 

 

 

Figure 4.5. SEM images of UV-cured PPF/VPES (70/30) samples in the presence of (a-d) 

1 per cent BAPO, (e-h) 2 per cent BAPO after (a, e) 7, (b, f) 14, (c, g) 21, and (d, h) 28 

days of incubation. Magnification: 2,000 X. Arrows show HOb cells. 
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Extensive cell attachment and cell spreading was observed and the greater number of cells 

adhered and proliferated on all types of BT-cured scaffolds (Figure 4.6 and 4.7). The 

osteoblastic morphology was visualized on all types of BT-cured scaffolds. As it was seen 

in Figure 4.6 and 4.7, HOb cells preferred the rough surfaces for attachment and 

proliferation. Similarly in UV-cured samples, the adhered and proliferated HOb cells on 

BT-cured PPF/VPES samples increased with increasing incubation time. These differences 

were clearly observed when the results of 7 days of incubation (Figure 4.6.a) and 28 days 

of incubation (Figure 4.6.d) compared to each other. Also, HOb cells spread and 

proliferated onto the BT-cured PPF/VPES scaffold side by side after 21 days of incubation 

(Figure 4.6.d). 

Moreover, HOb cells spread and proliferated well on composites of BT-cured PPF/VPES 

samples (Figure 4.7). Extensive cell sheets were visualized on the surfaces of all BT-cured 

composites. The surface of the cell seeded scaffolds were covered by newly formed ECM. 

Newly formed ECM formation was obviously visualized in composites including 10 per 

cent β-TCP after 14 days of incubation (Figure 4.7.f). Similarly in other samples, HOb 

cells adherence, spreading, and proliferation increased throughout 28 days of incubation 

(Figure 4.7.a-d, e-h, i-l, m-p).  
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Figure 4.6. SEM images of BT-cured PPF/VPES (70/30) samples in the presence of 3 per 

cent BP and 0.3 per cent N,N’-DMT on a) day 7 b) day 14 c) day 21 d) day 28. 

Magnification: 2,000 X. Arrows show HOb cells. 
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4.1.2. Cell proliferation-MTS assay 

Proliferation and attachment of HOb cells on crosslinked PPF samples were investigated 

using MTS assay on days 7, 14, 21, and 28 (Figures 4.8 and 4.9).  

The number of viable HOb cells increased significantly between day 7 and 28 in only cell 

containing group (control group) (p<0.01). A significant increase was also observed in the 

cell number of control group between day 7 and 14, day 21 and 28 (p<0.01) (Figure 4.8). 

Viable HOb cell number in PPF/VPA samples were higher than the ones in both 

PPF/VPES and only HOb cell groups in all time points (Figure 4.8). Although, the viable 

cell number increased with increasing incubation time, a significant increase was only 

observed between day 7 and day 28 for PPF/VPA sample with 3 per cent BAPO (p<0.01).  

The viable HOb cell number decreased between day 7 and day 14, but this decrease was 

not significant for PPF/VPA samples with 2 per cent BAPO. After 14 days of incubation, 

the number of viable HOb cells increased significantly (p<0.01). Also, there was a 

significant increase between day 21 and day 28 for PPF/VPA samples with 2 per cent 

BAPO (p<0.01).  

When we compare the effect of BAPO concentration on HOb cell proliferation for VPA 

samples, a significant difference was observed only on day 14 between samples cured in 

the presence of 2 per cent BAPO and 3 per cent BAPO (p<0.05). Both, PPF/VPA samples 

with two different BAPO concentrations supported cell proliferation with a similar pattern. 

In both samples, cell proliferation increased throughout 28 days of incubation. Initial cell 

attachment was the same on both samples.  

In other respects, BAPO concentration had a significant effect on PPF/VPES samples on 

day 21 and 28 (p<0.01). With respect to initial cell attachment, there was no difference 

between two PPF/VPES samples with two different BAPO concentrations. UV-cured 

PPF/VPES (70/30) sample including 2 per cent BAPO supported cell proliferation more 

than the one including 1 per cent BAPO. A significant difference was observed in the cell 

number of VPES samples with 2 per cent BAPO on each time points except the one 

between day 7 and 14 (p<0.01). However, there was a significant decrease in 1  per cent 
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BAPO including samples between day 7 and 28 (p<0.05), day 14 and 21 (p<0.01), day 21 

and 28 (p<0.05).  

When we compare the cell proliferation on VPES and VPA scaffolds, it can be seen that 

PPF/VPA scaffolds supported cell proliferation better than the PPF/VPES scaffolds.  

 

 

Figure 4.8. Proliferation of HOb cells on UV-cured PPF/VPA (70/30) and PPF/VPES 

(70/30) samples with different BAPO concentrations. Initial cell seeding density was 5×103 

cells/sample. * and ** indicate a significant difference with a p<0.05 and p<0.01, 

respectively. 

 

In this part, cell proliferation and initial cell attachment were also investigated on BT-cured 

PPF/VPES scaffolds with and without β-TCP. 

When HOb cells cultured alone, cells proliferated more compared to the cells seeded on 

BT-cured samples (Figure 4.9). After 21 days of incubation, cell proliferation decreased in 

only cell containing group (control group). Similarly, this decrease was also recorded for 

all BT-cured samples. A significant increase was observed in the cell number of all BT-

cured samples between day 7 and day 21 (p<0.01). There was a significant difference 

between all incubation time points in terms of cell number for samples with 0 per cent, 10 
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per cent and 20 per cent β-TCP except the one between day 7 and day 14. All BT-cured 

PPF/VPES samples indicated a peak on day 21 in terms of cell proliferation and the 

highest viable HOb cell number was recorded on PPF/VPES sample with 20 per cent β-

TCP. Also, on day 28 the highest viable cell number was recorded for the samples with 5 

per cent β-TCP. However, it was observed that different β-TCP ratios at each time points 

did not have a significant effect on cell proliferation. All BT-cured samples supported the 

proliferation throughout 28 days of incubation. Therefore, no difference was observed 

when we compared BT-cured PPF/VPES samples and it’s composites with respect to 

initial cell attachment and proliferation. All BT-cured samples had a similar proliferation 

pattern throughout 28 days of incubation. 

 

 

Figure 4.9. Proliferation of HOb cells on BT-cured PPF/VPES (70/30) samples and its 

composites with different β-TCP ratios. Initial cell seeding density was 5×103 cells/sample. 

* and ** indicate a significant difference with a p<0.05 and p<0.01, respectively. 
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4.1.3. von Kossa Staining 

Mineralization on the samples was determined by von Kossa staining throughout 28 days 

of incubation (Figure 4.10 and Figure 4.11). A positive staining of mineralized regions was 

observed in all UV-cured PPF/VPA (70/30) samples after 7 days of incubation (Figure 

4.10.a, b). After 14 days of incubation, these samples indicated largely mineralized regions 

with dark color. There was no significant difference between UV-cured PPF/VPA (70/30) 

samples containing 2 per cent and 3 per cent BAPO and both of them supported 

osteogenesis in the same way. A positive staining was observed after 14 days of incubation 

for UV-cured PPF/VPES (70/30) samples containing 1 per cent BAPO (Figure 4.10.c, d). 

Only, the UV-cured PPF/VPES (70/30) sample containing 2 per cent BAPO showed no 

sign of mineralization throughout the 21 days of incubations. There was a light pink and 

red colors on days 7, 14, and 21 and these colors indicate the staining of nucleus, and 

cytoplasm of HOb cells, respectively. Therefore, sample containing 1 per cent BAPO was 

more likely to support osteogenesis. In addition, when we compared UV-cured samples in 

terms of co-monomer types, VPA containing samples had markedly larger mineralized 

regions and so more likely to support osteogenesis than VPES containing samples.  

The qualitative observations of the von Kossa results were verified with using the ColorPic 

software (Iconico Inc). The hue, saturation, and value of the red, green, and blue colors 

were described by this program. Hue is the dominant wavelength of light which comprises 

from blue, red, and green color. Hue is measured in degrees from 0◦ to 359◦. Saturation 

determines the purity of the color. Lastly, value refers the lightness or darkness of the 

color. If the value of a color is low, it means that the color is dark and therefore is more 

mineralization. According to this information, UV-cured PPF/VPA sample with 2 per cent 

BAPO had the darkest color on day 28 (value=36). Mineralization of the HOb cells on UV-

cured samples was ranked as d<c<b<a (Table 4.1). 
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Figure 4.10. von Kossa staining of UV-cured PPF/VPA (70/30) polymers in the presence 

of a) 2 per cent BAPO b) 3 per cent BAPO and PPF/VPES (70/30) polymers in the 

presence of c) 1 per cent BAPO d) 2 per cent BAPO 
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Table 4.1. von Kossa staining results of UV-cured PPF/VPA and PPF/VPES samples 

according to ColorPic software 

 

Sample 

type 
Time Color Hue Saturation Value Red Green Blue 

PPF/VPA 

(70/30) 2% 

BAPO 

Day 7  6 118 82 48 48 44 

Day 14  357 103 57 57 34 35 

Day 21  354 67 38 38 28 29 

Day 28  338 57 36 36 28 31 

         

PPF/VPA 

(70/30) 3% 

BAPO 

Day 7  149 134 116 116 64 55 

Day 14  341 103 47 47 28 34 

Day 21  311 74 38 38 27 36 

Day 28  328 74 45 45 32 39 

         

PPF/VPES 

(70/30) 1% 

BAPO 

Day 7  10 126 196 196 115 99 

Day 14  7 173 136 136 54 44 

Day 21  7 171 121 121 49 40 

Day 28  1 146 94 94 41 40 

         

PPF/VPES 

(70/30) 2% 

BAPO 

Day 7  10 112 198 198 126 111 

Day 14  5 168 172 172 69 59 

Day 21  3 152 198 198 86 80 

Day 28  5 172 110 110 43 36 

 

von Kossa staining of BT-cured PPF/VPES samples with and without ß-TCP was also 

carried out. Figure 4.11 clearly indicates the increasing mineralization of BT cured 

PPF/VPES-β-TCP samples from day 7 to day 28. A positive staining was also observed in 

sample without β-TCP. Considering the results obtained with increasing ß-TCP ratios, 

black color intensity increased with increasing ß-TCP ratios up to 10 per cent. However, 

there was not significant difference between samples including 10 per cent, 15 per cent, 

and 20 per cent ß-TCP in terms of black color intensity. Additionally, mineralized regions 

of BT-cured samples included more intense dark color when compared to UV-cured 

samples. Accordingly, it can be said that BT-cured samples have more calcium phosphate 

deposits, and more likely to support ECM formation of HOb cells.  
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In other respects, according to ColorPic software the darkest color was recorded for 

PPF/VPES with 0 per cent and 15 per cent ß-TCP throughout 28 days of incubation (Table 

4.2). Also, mineralization on PPF/VPES with 0 and 10 per cent ß-TCP was close to the one 

with 15 per cent ß-TCP. BT-cured samples had the darkest color compared to UV-cured 

samples. Therefore, BT-cured samples supported mineralization better than UV-cured 

samples. 

 

 

Figure 4.11. von Kossa staining of BT-cured PPF/VPES polymers a) without β-TCP b) 5 

per cent β-TCP c) 10  per cent β-TCP d) 15 per cent β-TCP e) 20 per cent β-TCP in the 

presence of 3 per cent BP and 0.3 per cent N,N’-DMT 
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Table 4.2. von Kossa staining results of BT-cured PPF/VPES samples and composites 

according to ColorPic software 

 

Sample 

type 
Time Color Hue Saturation Value Red Green Blue 

PPF/VPES 

(70/30)  

Day 7  16 209 165 165 65 30 

Day 14  8 153 65 65 31 26 

Day 21  348 106 36 36 21 24 

Day 28  340 53 29 29 23 25 

         

PPF/VPES 

(70/30) 5% 

β-TCP 

Day 7  10 180 106 106 43 31 

Day 14  16 123 56 56 36 29 

Day 21  340 56 41 41 32 35 

Day 28  355 156 36 36 14 16 

         

PPF/VPES 

(70/30) 

10% β-TCP 

Day 7  8 139 86 86 45 39 

Day 14  8 89 43 43 30 28 

Day 21  350 76 40 40 28 30 

Day 28  16 85 33 33 25 22 

         

PPF/VPES 

(70/30) 

15% β-TCP 

Day 7  18 181 97 97 49 28 

Day 14  354 128 62 62 31 34 

Day 21  354 73 35 35 25 26 

Day 28  18 88 29 29 22 19 

         

PPF/VPES 

(70/30) 

20% β-TCP 

Day 7  5 133 48 48 25 23 

Day 14  4 91 45 45 30 29 

Day 21  353 60 38 38 29 30 

Day 28  27 64 36 36 31 27 

 

4.1.4. Alkaline Phosphatase Assay 

Alkaline phosphatase expression of the cells on samples throughout 28 days of incubation 

was determined. 

The calibration curve of ALP activity was determined using p-nitrophenylphosphate as the 

substrate. ALP activity of the cells on samples were calculated according to this calibration 

curve (Appendix A). It was observed that incubation of HObs under osteogenic condition 

within 28 days resulted in a significant increase in ALP activity for all samples (Figures 

4.12 and 4.13). Also, ALP activity increased and decreased cyclically in the HOb cells.  
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ALP activity of HOb cells decreased significantly between day 7 and day 21 but after 21 

days of incubation it increased significantly for UV-cured PPF/VPES sample with 1 per 

cent BAPO (p<0.01) (Figure 4.12). However, it was observed that ALP activity increased 

significantly between day 7 and day 14 (p<0.05). UV-cured PPF/VPES sample including 1 

per cent BAPO expressed more ALP on day 4 (p<0.05) and day 28 (p<0.01) compared to 

the one with 2 per cent BAPO. Therefore, VPES sample with 1 per cent BAPO promoted 

osteogenesis better than the one with 2  per cent BAPO.  

Increased ALP activity was observed between day 7 and 14 for VPA sample containing 2  

per cent BAPO (p<0.01). Also, ALP activity was observed to peak on day 4 for PPF/VPA 

sample including 3 per cent BAPO. ALP activity of HOb cells decreased between day 4 

and day 14 (p<0.01); day 7 and day 14 (p<0.05). After 28 days of incubation, the highest 

ALP activity was observed for PPF/VPA sample with 3 per cent BAPO. There was no 

significant difference between two VPA samples except ALP activity on day 21. These 

samples almost equally supported osteogenesis.  

When we compare the ALP activity on VPES and VPA scaffolds, it can be seen that 

PPF/VPA scaffolds supported osteogenesis better than the PPF/VPES scaffolds.  

 

 

Figure 4.12. ALP activity of HOb cells on UV-cured PPF/VPA (70/30) and PPF/VPES 

(70/30) samples with different BAPO concentrations. * and ** indicate a significant 

difference with a p<0.05 and p<0.01, respectively. 
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Figure 4.13 indicates the ALP activity of HOb cells on BT-cured PPF/VPES (70/30) 

samples with different β-TCP ratios on day 4, 7, 14, 21, and 28. All samples indicated high 

ALP activity on day 4. The highest ALP activity was observed on BT-cured PPF/VPES 

with 0 per cent β-TCP and 5 per cent β-TCP at this day. Although, ALP activity declined 

significantly during 7 days of incubation (p<0.01), a significant increase was observed 

between days 14 and 21 (p<0.01) for all BT-cured samples. After 21 days of incubation, 

ALP activity increased significantly for the samples with 10 per cent, 15 per cent, and 20 

per cent β-TCP. Although, the samples including 10 per cent and 15 per cent β-TCP ratios 

indicated a high level of ALP expression on day 28, there was a significant difference 

between sample with 15 per cent β-TCP and other BT-cured samples in terms of ALP 

activity on day 28 (p<0.01). Therefore, adhered HOb cells tended to differentiate and 

express more ALP on samples including 5 per cent and 15 per cent β-TCP compared to 

other VPES samples.  

 

 

Figure 4.13. ALP activity of HOb cells on BT-cured PPF/VPES (70/30) samples and its 

composites with different β-TCP ratios. * indicate a significant difference with a p<0.01. 
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4.1.5. Osteocalcin Assay 

Osteocalcin activity of cells on samples was determined throughout 28 days of incubation. 

The calibration curve of osteocalcin assay can be seen in Appendix B. Since it is the late 

marker, OC activity was very low in HOb cells on day 7 for all UV-cured PPF samples 

(Figure 4.14). It was observed that OC activity increased with increasing incubation time 

for all UV-cured PPF samples.  

OC activity of HOb cells on UV-cured PPF/VPA sample including 2 per cent BAPO 

increased throughout 28 days of incubation, but this increase was significant only between 

day 21 and day 28 (p<0.05). A significant increase was observed only for PPF/VPA 

(70/30) including 3 per cent BAPO on day 14 (p<0.01). This increase continued between 

days 14 and 28 (p<0.01).  

For UV-cure PPF/VPES samples, OC activity increased significantly on day 21 and day 

28. There was no significant difference between UV-cured VPES samples. In other 

respects, there was a significant difference between UV-cured PPF/VPA sample with 3 per 

cent BAPO and other UV-cured samples on day 14 and 28 in terms of OC activity. Also, 

the highest OC expression was measured for the sample including 3 per cent BAPO on day 

28 and this sample was the most suitable sample among all UV-cured samples with respect 

to cell differentiation.  
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Figure 4.14. OC activity of HOb cells on UV-cured PPF/VPA (70/30) and PPF/VPES 

(70/30) samples with different BAPO concentrations. * and ** indicate a significant 

difference with a p<0.05 and p<0.01, respectively. 

 

Figure 4.15 showed the OC activity of HOb cells on BT-cured PPF/VPES (70/30) samples 

with different β-TCP ratios on day 7, 14, 21, and 28. All samples indicated higher OC 

activity after 14 days of incubation and this increase was significant. Also, a significant 

increase was observed between days 21 and 28 for all BT-cured samples. When we 

compare the BT-cured samples, 0 per cent and 10 per cent β-TCP including samples 

indicated a high level of OC expression on day 21 and 28 and this difference was 

significant (p<0.01). Therefore, these samples were the most suitable sample among all 

BT-cured samples with respect to cell differentiation. 
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Figure 4.15. OC activity of HOb cells on BT-cured PPF/VPES (70/30) samples and its 

composites with different β-TCP ratios. * and ** indicate a significant difference with a 

p<0.05 and p<0.01, respectively. 
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5. DISCUSSION  

 

Advanced BTE applications should provide well designed scaffold systems with suitable 

osteoinductivity and osteoconductivity for favorable cell attachment, proliferation, growth, 

and differentiation. Also, it should provide a porous structure for cell recruitment, nutrient 

and waste transport. In most of the BTE studies, PPF has been commonly preferred 

polymers because of its safety, biocompatibility, and good mechanical properties [98]. In 

addition, PPF has many advantages when compared to other synthetic polymers such as its 

cross-linking property, using as an injectable scaffold, and allowing for direct application 

into a defect site [114]. It was also shown that cross-linked PPF scaffolds are able to 

support bone formation in many studies [98, 106, 107]. All of these studies demonstrated 

that PPF based scaffolds have crucial potential to promote bone regeneration. In the current 

study, we aimed to examine the role of PPF/VPA and PPF/VPES based novel scaffolds in 

in vitro bone regeneration. For this purpose, we firstly determined the potentials of UV 

cured PPF/VPA and PPF/VPES scaffolds in the presence of two different BAPO 

concentrations for TE. Secondly, the effects of BT cured PPF/VPES and PPF/VPES-β-

TCP based scaffolds, and different β-TCP concentrations on HOb cells biocompatibility, 

initial cell attachment, mineralization, ALP activity, and OC activity were investigated.  

In this study, HOb cell line was used to test the biocompatibility of the scaffolds since they 

are used as an excellent model system in most of the BTE studies [115, 116, 117]. In vitro 

and in vivo HOb cell differentiation can be determined in three stages which are cell 

proliferation, ECM maturation, and ECM mineralization. For in vitro studies, ECM 

maturation and mineralization are generally improved by culturing cells in osteogenic 

medium after 3 days of incubation [118, 119]. At the first stage which is a cell proliferation 

stage, ECM proteins can be detected. In matrix maturation stage, HOb cells express OC, 

BSP, OPN. Also, at the end of this stage, mineralization is completed and it can be 

observed using suitable staining (i.e. von Kossa staining) procedures. Therefore, HOb cells 

was preferred in this study to indicate the role of bone formation capacity of PPF based 

scaffolds. Moreover, rapid proliferation rate and differentiation capacity made HOb cells 

preferable in this study.  

The first part of this study included the preparation of PPF based scaffolds in different co-

monomer contents (VPA-VPES) and cure types (UV-cure and BT-cure). In this part, UV-
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cured samples including different BAPO concentrations were cured successfully. On the 

other hand, there was a problem during BT curing of samples in which BP was used as a 

crosslinker. PPF/VPA polymers could not be cured at BT. Timmer et al. revealed that 

BAPO (photo-initiator) is more effective initiator substance than BP (chemical initiator) 

since crosslinking with BAPO provides higher conversion of double bonds with respect to 

BP [120]. Accordingly, it may be the reason of unsuccessful cure of PPF/VPA polymers in 

BT in which BP was used as a crosslinker. In spite of unsuccessful cure of VPA, 

PPF/VPES polymers were able to get cured at BT. It could be due to the higher reactivity 

of VPES with respect to VPA.  

Since the usage of BT-cured scaffolds provide many advantages such as easy handling, 

time saving procedure, etc. especially during in vivo implantation, we tried to improve their 

physical properties by making a composite of PPF/VPES and β-TCP. Similarly in other 

studies, PPF was combined with β-TCP to encourage bone ingrowth and create a porous 

scaffold which possesses sufficient mechanical features [121, 122] . It was revealed that 

these composite scaffolds maintain the desired mechanical features over several weeks 

both in vitro and in vivo studies.  

The morphology of HOb cells that were seeded on UV-cured and BT-cured PPF based 

scaffolds were examined by using SEM. This examination allows to observe HOb cell 

attachment, spreading, and proliferation on the different types of PPF scaffold surfaces. In 

this study, HOb cells attached and spread out to the edge of rough scaffold surfaces except 

UV-cured PPF/VPA. In that type of scaffold, cells attached and penetrated inside the 

scaffold. This penetration was related with swelling and softening of these samples in 

osteogenic media since UV-cured PPF/VPA samples were more hydrophilic than 

PPF/VPES samples. All cells on the scaffolds formed bridging orthogonal filopodia and 

ECM throughout a 28 days of incubation. It was too important since ECM formation not 

only provides structural support for the cell attachment, growth, proliferation, and 

differentiation but also provides biological cues to regulate cell activities [123]. Similarly, 

Farshid et al. observed the effects of ECM matrix formation of MC3T3 pre-osteoblasts on 

the surface of PPF based nanocomposites that was crosslinked with N-vinyl pyrrolidone 

[124]. 

Cell proliferation assay was the most important step in in vitro examination of PPF based 

samples. In order to observe cell proliferation and attachment, MTS cell viability assay 
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was used. MTS solution (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy phenyl)-2-(4-

sulfophenyl)-2H-tetrazolium) includes tetrazolium reagents that is used with intermediate 

electron acceptor reagents such as phenazine methyl sulfate and phenazine ethyl sulfate. 

This MTS solution is reduced by metabolically active cells into a soluble formazan 

product. The absorbance value of this product reflects the number of viable cells in culture 

[125]. MTS cell proliferation assay demonstrated that both UV-cured and BT-cured PPF 

based scaffolds had not cytotoxic effects on HOb cells and supported cell attachment and 

proliferation. Gemeinhart et al. demonstrated that VPA based scaffolds in BTE studies 

supported osteoblast cell attachment, growth, and proliferation [126]. Therefore, it was an 

expected result of observing high number of viable cells on UV-cured PPF/VPA samples 

compared to PPF/VPES samples and only cell containing group. Moreover, according to 

characterization studies, VPA samples were more hydrophilic than VPES samples. 

Therefore, initial cell attachment on PPF/VPA was better than that of PPF/VPES scaffolds. 

Additionally, all BT-cured samples had similar initial cell attachment and proliferation 

pattern. All samples indicted a peak on day 21 and after that day HOb cell number 

decreased. This decline could be the differentiation of HOb cells. This study also indicated 

that different β-TCP ratios had no effect on HOb cell proliferation. Similarly, Petrovic et 

al. showed that none of the β-TCP composites with different ratios supported cell 

proliferation of osteoblasts when compared to control group [127]. Moreover, β-TCP 

addition not only increases mechanical properties of the scaffolds (i.e. tensile strength, 

elastic modulus) but also increases the hydrophilicity due to higher contents of phosphate 

groups [124, 125, 128]. Accordingly, PPF/VPES- β-TCP composites had higher viable 

HOb cell number compared to PPF/VPES scaffolds without β-TCP at the end of 28 days of 

incubation.  

Mineralization is the late-marker of osteogenesis and commonly visualized by Von Kossa 

staining. This staining contains the precipitation reaction where silver ions react with 

phosphate forming black regions [129]. Therefore, calcium phosphate deposits 

(calcification) can be seen easily with naked eye when the cell culture layer is stained with 

Von Kossa. While black region is the indicator of calcified ECM, red region indicates the 

nucleus, and light pink region indicates the cytoplasm [130]. It was revealed that fourteen 

days of incubation is a sufficient time to observe positive staining since mineralization is 

the late-marker of new bone tissue formation [131]. Similarly, according to von Kossa 
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staining results of this study, after 14 days of incubation all samples indicated positive 

staining except the UV-cured PPF/VPES sample containing 2 per cent BAPO. This could 

be due to the proliferation of cells on UV-cured PPF/VPES instead of differentiation. MTS 

results also showed that after 14 days of incubation, there was a cell proliferation on UV-

cured PPF/VPES scaffolds with 2 per cent BAPO. Correlated with the MTS results, there 

was no significant difference between two UV-cured PPF/VPA samples and these samples 

supported mineralization better than PPF/VPES samples. Additionally, Qi et al. indicated 

that ß-TCP had an positive effect on mineralization of mice osteoblasts [132]. Also, results 

of Color Pic. software analysis in which lower values indicate higher mineralization 

showed that BT-cured samples were less than UV-cured samples. Therefore, we can say 

that BT-cured samples supported mineralization and osteogenesis better than UV-cured 

samples. Besides, the darkest color was recorded for BT-cured PPF/VPES sample 

including 0 per cent and 15 per cent ß-TCP but the values of the samples were very close 

to each other.  

ALP activity is widely used early marker for osteogenesis, because it is associated with the 

proportion of osteogenically differentiated cells. ALP is an ubiquitous enzyme which 

reduces phosphate-including compounds and produces free phosphates for regulating the 

mineralization process. ALP activity was determined with using the substrate of ALP 

enzyme which is p-nitrophenylphosphate. It is converted into yellow colored product, p-

nitrophenol [133]. The absorbance value at 405 nm of this product reflects the amount of 

produced ALP enzyme by HOb cells. Since ALP activity is cyclic which means its activity 

increasing and decreasing periodically in the cell, variable ALP activity of the HOb cells 

was an expected result throughout 28 days of incubation. All samples indicated the early 

stages of osteogenesis and showed higher ALP activity on day 4. Therefore, this high level 

of ALP activity reflected the newly proliferated and differentiated HOb cells on day 4. 

Moreover, Li et al. revealed that intercellular communication has an important effect on 

expression of differentiation markers in osteoblasts. Higher cell density leads to higher 

cellular interactions and so higher differentiation rate [134]. In accordance with this 

information, ALP assay results and MTS assay results supported each other. Correlated 

with the MTS assay, there was no significant difference between two UV-cured PPF/VPA 

samples and UV-cured PPF/VPA samples supported osteogenesis better than UV-cured 

PPF/VPES samples. In another study, the function of marrow stromal cells on PPF/ß-TCP 
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composites was investigated. The results of ALP assay of this study indicated a higher 

ALP expression on day 21 and 28 . Similarly in this study, all BT-cured composites 

showed higher ALP activity on day 28. However, BT-cured PPF/VPES composites with 0 

per cent and 5 per cent ß-TCP promoted osteoblast differentiation better than other BT-

cured samples and these samples were selected as suitable scaffolds according to ALP 

assay results. 

OC is a non-collagen bone Gla-protein which is the most commonly used late marker for 

osteogenesis. It is secreted after the other osteoblastic markers such as ALP and type I 

collagen. OC binds to HA via three carboxylated Gla residues. Its concentration increases 

with time when there is an increased activity of bone formation [26]. Therefore, similarly 

in ALP, it indicates the proportion of osteogenically differentiated cells. Since OC is the 

late marker, it was expected that all UV-cured and BT-cured samples showed low OC 

expression throughout 14 days of incubation. As it was mentioned before, when 

proliferation rate of the osteoblasts decreases, cells began to express osteoblastic markers 

[135]. Therefore, we can conclude that increasing OC activity after 14 days of incubation 

indicated the differentiation of HOb cells. Similarly, Peter et al. showed significant 

increase of OC activity after 14 days of incubation on PPF/ß-TCP composites [116]. The 

results of this study indicated that UV-cured PPF/VPA sample including 3 per cent BAPO 

supported OC activity better than other UV-cured samples. Moreover, BT-cured 

PPF/VPES sample without ß-TCP and composites with 10 per cent ß-TCP indicated higher 

OC expression on day 28. Therefore, adhered HOb cells tended to differentiate and express 

more OC on these samples. 

In accordance with these researches and results of this study, we can conclude that both 

UV-cured and BT-cured PPF based scaffold systems were biocompatible. Also they 

provided an osteoconductive surface, and supported HOb cells attachment, proliferation, 

and differentiation. Additionally, we can conclude that UV-cured PPF/VPA samples 

supported osteogenesis better than PPF/VPES samples. Among BT-cured samples, 

PPF/VPES samples with 0 and 10 per cent ß-TCP were selected as a suitable scaffold 

according to all assay results. This study also revealed that PPF/VPA and PPF/VPES 

scaffold systems have promising features for BTE applications. 
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6. CONCLUSION 

 

The main purpose of this study was to determine the role of PPF/VPA and PPF/VPES 

based novel scaffolds in bone regeneration. For that purpose, at the first part of scaffold 

preparation, PPF was cured in the presence of two phosphonic acid co-monomers, VPA 

and VPES, at 70/30 ratio in the presence of 2 per cent and 3 per cent BAPO. At the second 

part of the scaffold preparation, PPF was cured with VPES co-monomer at 37C. At the 

last part, composites of this PPF/VPES polymer system were prepared with using different 

ratios of β-TCP. It was observed that all of these scaffolds were cured successfully. For in 

vitro studies HOb cells were used to determine the biocompatibility of these UV-cured and 

BT-cured scaffold systems. SEM results demonstrated that HOb cells were able to attach 

and spread on all sample types while maintaining their osteoblastic morphology. Cell 

proliferation assay indicated that initial cell attachment was similar between each type of 

UV-cured samples but PPF/VPA samples supported cell proliferation better than 

PPF/VPES samples. Also, MTS assay revealed that different β-TCP ratios had no 

significant effect on cell proliferation. Von Kossa staining results demonstrated that UV-

cured PPF/VPA samples promoted mineralization better than PPF/VPES samples. Also, all 

BT-cured samples with and without ß-TCP indicated largely mineralized regions. 

Furthermore, ALP assay results revealed that PPF/VPA scaffolds supported osteogenesis 

better than the PPF/VPES scaffolds and the highest ALP activity was recorded for samples 

with 0 per cent and 5 per cent β-TCP among BT-cured PPF/VPES samples. Finally, UV-

cured PPF/VPA sample with 3 per cent BAPO indicated highest OC activity with respect 

to other UV-cured samples. Also, BT-cured PPF/VPES without and with 10 per cent ß-

TCP promoted osteogenesis better than other BT-cured samples. 

To conclude, UV-cured PPF/VPA and PPF/VPES and BT-cured PPF/VPES and 

PPF/VPES-β-TCP composites were biocompatible and promote HOb cell attachment, 

proliferation, growth, and differentiation. Among these scaffolds, UV-cured PPF/VPA 

samples with 3 per cent BAPO, BT-cured PPF/VPES without and with 10 per cent β-TCP 

samples have a great potency for BTE applications. Also, BT-cured PPF/VPES-β-TCP 

composites can be preferred in injectable form as a scaffold for cartilage tissue 

regeneration. 
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7. FUTURE PROSPECTS  
 

The results of this study gave crucial insights about the potential applications of UV-cured 

and BT-cured PPF based scaffolds for bone formation. However, UV-cured and BT-cured 

PPF based scaffolds should be examined further. For instance, both UV-cured scaffold 

types can be combined with ß-TCP to improve the physical properties of scaffolds. 

Moreover, in vitro and in vivo studies can be performed to investigate the potential of these 

composites for BTE applications. 

Real time PCR analysis should be done to identify up-regulated and down-regulated genes 

in bone formation such as collagen type I, ALP, OC, OSP, and etc. In vitro studies are not 

sufficient to reflect the actual effect of the scaffolds and actual response of the body. 

Therefore, in vivo studies should be performed to test the functionality of the designed 

polymer systems in terms of bone regeneration and inflammatory response. 

Different amino acid chains can also be added at the end of PPF polymer chain to enhance 

the initial cell attachment onto these scaffolds. Additionally, these scaffolds have a good 

potential to be used as a drug delivery systems. The release kinetics of BMP can be studied 

with these polymer systems to induce osteogenic differentiation. 
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APPENDIX A:  ALKALINE PHOSPHATASE CALIBRATION CURVE 

 

 

The standard curve of the ALP activity was determined using p-nitrophenylphosphate as 

the substrate. ALP activity of the HOb cells on UV-cured and BT-cured samples were 

calculated according to this standard curve (Figure A.1). 

 

 

Figure A.1. Calibration curve of ALP assay 
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APPENDIX B:  OSTEOCALCIN CALIBRATION CURVE 

 

 

The standard curve of the OC activity was determined using standards of human 

osteocalcin ELISA kit. OC activity of the HOb cells on UV-cured and BT-cured samples 

were calculated according to this standard curve (Figure B.1)  

 

 

Figure B.1. Calibration curve of OC assay 




