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ABSTRACT 
 

 

SEQUENTIAL GROWTH FACTOR DELIVERY FROM  
POLYMERIC SCAFFOLDS FOR BONE TISSUE 

ENGINEERING 
 
 
 
 

Yılgör, Pınar 

           Ph.D., Department of Biotechnology 

           Supervisor      : Prof. Dr. Nesrin Hasırcı 

           Co-Supervisor: Prof. Dr. Vasıf Hasırcı 

 
 

September 2009, 152 pages 

 
 
 
 
 

 Tissue engineering is a promising alternative strategy to produce 

artificial bone substitutes; however, the control of the cell organization and cell 

behavior to create fully functional 3-D constructs has not yet been achieved. To 

overcome these, activities have been concentrated on the development of multi-

functional tissue engineering scaffolds capable of delivering the required bioactive 

agents to initiate and control cellular activities. The aim of this study was to prepare 

tissue engineered constructs composed of polymeric scaffolds seeded with 

mesenchymal stem cells (MSCs) carrying a nanoparticulate growth factor delivery 

system that would sequentially deliver the growth factors in order to mimic the 

natural bone healing process. To achieve this, BMP-2 and BMP-7, the osteogenic 

growth factors, were encapsulated in different polymeric nanocapsules (poly(lactic 

acid-co-glycolic acid) (PLGA) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) 
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(PHBV)) with different properties (degradation rates, crystallinity) and, therefore, 

different release rates to achieve the early release of BMP-2 followed by the release 

of BMP-7, as it is in nature. Initially, these nanoparticulate delivery systems were 

characterized and then the effect of single, simultaneous and sequential delivery of 

BMP-2 and BMP-7 from these delivery systems was studied in vitro using rat bone 

marrow MSCs. The effect of using these two growth factors in a sequential manner 

by mimicking their natural bioavailability timing was shown with maximized 

osteogenic activity results. BMP-2 loaded PLGA nanocapsules were 

subcutaneously implanted into Wistar rats and according to initial results, their 

biocompatibility as well as the positive effect of BMP-2 release on the formation of 

osteoclast-like cells was shown. To complete the construction of the bioactive 

scaffold, this nanoparticulate sequential delivery system was incorporated into two 

different types of polymeric systems; natural (chitosan) and synthetic (poly(ε-

caprolactone) (PCL)). 3-D fibrous scaffolds were produced using these materials by 

wet spinning and 3-D plotting. Incorporation of nanocapsules into 3-D chitosan 

scaffolds was studied by two different methods: incorporation within and onto 

chitosan fibers. Incorporation into 3-D PCL scaffolds was achieved by coating the 

nanocapsules onto the fibers of the scaffolds in an alginate layer. With both scaffold 

systems, incorporation of nanocapsule populations capable of delivering BMP-2 

and BMP-7 in single, simultaneous and sequential fashion was achieved. As with 

free nanocapsules, the positive effect of sequential delivery on the osteogenic 

differentiation of MSCs was shown with both scaffold systems, creating multi-

functional scaffolds capable of inducing bone healing.    

 

 

Keywords: Bone Tissue Engineering, Mesenchymal Stem Cells, Nanoparticles, 3-

D Plotting, Wet Spinning, Biodegradable Polymers. 
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ÖZ 
 

 

KEMİK DOKU MÜHENDİSLİĞİ AMAÇLI SIRALI 
BÜYÜME FAKTÖRÜ SALAN POLİMERİK DOKU 

İSKELELERİ 
 
 
 
 

Yılgör, Pınar 

 Doktora, Biyoteknoloji Bölümü 

  Tez Yöneticisi           : Prof. Dr. Nesrin Hasırcı 

 Ortak Tez Yöneticisi : Prof. Dr. Vasıf Hasırcı 

 
 

Eylül 2009, 152 sayfa 

 
 
 
 
 

 Doku mühendisliği yapay kemik dokusu oluşturulması için alternatif 

umut verici bir yöntemdir, ancak tamamen fonksiyonel üç boyutlu yapıların 

oluşturulması için gerekli hücre organizasyonu ve aktivitelerinin kontrolü henüz 

sağlanamamıştır. Bu sorunu çözmek amacıyla, çalışmalar hücre davranışlarını 

tetikleyecek ve kontrol edecek gerekli biyoaktif ajanların salımını sağlayabilen 

multi-fonksiyonel doku iskeleleri oluşturmak üzerine konsantre olmuştur. Bu 

çalışmanın amacı, kemik iyileşme sürecini taklit edebilmek amacıyla hazırlanmış 

bir sıralı salım sistemi ile yüklü ve mezenşimal kök hücre (MSC) ekilmiş 

fonksiyonel polimerik doku iskeleleri oluşturmaktır. Bunun elde edilmesi için 

izlenen yöntem, osteojenik büyüme faktörleri olan BMP-2 ve BMP-7’nin doğada 

olduğu gibi sıralı salımını sağlayabilmek amacıyla bunların farklı bozunma hızı ve 

özelliklere sahip iki farklı polimerik nanokapsül (poli(laktik asit-ko-glikolik asit) 
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(PLGA) ve poli(3-hidroksibütirat-ko-3-hidroksivalerat) (PHBV)) içerisine 

hapsedilmesi ve erken BMP-2, geç BMP-7 salımı sağlayabilen bir sistem 

oluşturulmasıdır. Öncelikle bu nanopartiküllerden oluşan sıralı salım sistemi 

karakterize edilmiş ve daha sonra BMP-2 ve BMP-7’nin tek, birlikte ve sıralı 

salımının etkileri in vitro ortamda kemik iliği MSC hücreleri ile incelenmiştir. Bu 

iki büyüme faktörünün doğal oluşma sıralarını taklit ederek sıralı şekilde 

salınmasının etkisi maksimum osteojenik aktivite sonuçları ile gösterilmiştir. BMP-

2 taşıyan PLGA nanokapsülleri Wistar sıçanlarının deri altına implante edilmiş ve 

elde edilen ilk sonuçlara göre, nanokapsüllerin biyouyumluluğu ile birlikte in vivo 

BMP-2 salımının osteoklast-benzeri hücre oluşmasına pozitif etkileri 

gözlemlenmiştir. Biyoaktif doku iskelelerinin yapımının tamamlanması için, bu 

sıralı salım sağlayan nanopartikül sistemi, doğal (kitosan) ve sentetik (poli(ε-

kaprolakton) (PCL)) iki farklı polimerik sistem içerisine yüklenmiştir. Üç-boyutlu 

lifsi doku iskeleleri bu malzemeler kullanılarak ıslak eğirme ve  3-boyutlu çizim 

yöntemleriyle hazırlanmıştır. Nanopartiküllerin kitosan doku iskelelerine 

yüklenmesi fiberlerin içerisine veya üzerine olmak üzere iki farklı yöntemle 

çalışılmıştır. PCL doku iskelelerine yükleme ise, nanopartüküllerin bir aljinat 

tabakası içerisinde fiber yüzeylerine kaplanması ile elde edilmiştir. Her iki sisteme 

de tek, birlikte ve sıralı BMP-2 ve BMP-7 salımı yapabilen nanopartikül 

populasyonları yüklenmiştir. Tek başına nanopartiküllerde olduğu gibi, her iki 

polimerik sistemde de sıralı salımın osteojenik aktivite üzerine pozitif etkisi 

gösterilmiş olup kemik iyileşme sürecini tetikleyebilecek multi-fonksiyonel doku 

iskeleleri hazırlanmıştır.                 

 

 

Anahtar Kelimeler: Kemik Doku Mühendisliği, Mezenşimal Kök Hücre, 

Nanopartiküller, 3-Boyutlu Çizim, Islak Eğirme, Biyobozunur Polimerler. 
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CHAPTER 1 

 

 

INTRODUCTION 

 
 
 
 
 

 The aim of this study was to develop 3-D tissue engineered constructs 

that would induce natural bone regeneration upon implantation into a defect site by 

mimicking the in vivo conditions with an inherent growth factor delivery system.  

 

1.1. Bone 

 

1.1.1. Structure and Organization of Bone 

 

 Bones serve for such important functions of the human body as 

providing shape, protection of the internal organs, storage of minerals and growth 

factors and blood production (through the marrow in the medullary cavity of long 

bones and interstices of the cancellous bone). Other than the mineralized tissue and 

the marrow, bone contains blood vessels and nerves.  

 Bone is a complex, constantly changing, highly organized and 

mineralized connective tissue. The bones of the adult skeleton consist of cortical 

(compact) bone and cancellous (trabecular) bone (80 and 20% of the total bone 

mass of an adult skeleton, respectively). Cortical bone is much denser with a 

porosity ranging between 5-10% and is found primarily in the shaft of the long 

bones that form the outer shell around cancellous bone (Buckwalter et. al., 1995). 

Cancellous bone tissue fills the interior which is composed of a network of rod- and 

plate-like elements that make the overall structure light and provides room for the 

blood vessels and the marrow. 
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 Bone has a high structural hierarchy made of collagen-based structures 

and hydroxyapatite minerals that are in association with mature and immature bone 

cells, osteoblasts, osteocytes and osteoclasts. The basic structural unit is the 

Haversian system (osteon), roughly cylindrical structure that is typically several 

millimeters long and around 0.2 mm in diameter (Figure 1.1). Each osteon consists 

of concentric layers of collagen that surround a central canal, called the Haversian 

canal. It contains the nerves and blood vessels.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. The transverse section of bone (decalcified fibula, x250) (Gray, 2000).  

 

 

 

Within the shaft of a long bone, many osteons are bundled together in 

parallel along the axis of the bone, forming the compact bone, which handles the 

compressive and bending forces applied on them (Figure 1.2). Near the ends of the 

bones, where the stresses become more complex, the osteons spread out and branch 

to form a meshwork of cancellous bone.  
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Figure 1.2. The structure of compact (perimeter) and cancellous (inside) bone 

(Spence, 1990).  

 

 

 

1.1.2. Bone Repair Process 

 

 Although declining with age, bone remodels itself continuously 

throughout life; the structure is resorbed by the activity of osteoclasts and 

subsequently produced by osteoblasts. During this remodeling, calcium homeostasis 

is regulated, micro damages are repaired and the skeleton is shaped and sculpted. 

Bone also has the capacity of self-reconstruction and healing upon damage.  

 Fracture healing occurs in three major steps; inflammatory, reparative 

and remodeling. The inflammation occurs immediately following the fracture, 

during which a hematoma (or fibrin clot) occurs at the fracture site. Locally 

produced cytokines and growth factors within the hematoma promote the migration 

of osteoprogenitor cells to the defect site, and direct their differentiation into 

specific lineages (chondroblasts and osteoblasts responsible of hyaline cartilage and 

woven bone formation, respectively) (Allori et. al., 2008). These factors also 

control cell proliferation and extracellular matrix (ECM) production. During these 

processes, multiple growth factors such as those from the transforming growth 
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factor-beta (TGF-β) superfamily, especially bone morphogenetic proteins (BMPs), 

insulin-like growth factor (IGF), fibroblast growth factor (FGF), platelet derived 

growth factor (PDGF) and vascular endothelial growth factor (VEGF) function in 

unison in a time and concentration dependent manner to regulate different aspects 

of the bone repair process (Hauschka et. al., 1986). For example, PDGF is 

expressed predominantly during the early inflammatory stages and was found to 

stimulate the proliferation of mesenchymal stem cells (Marden et. al., 1993; 

Rasubala et. al., 2003). Being among the most osteoinductive growth factors 

presently described capable of inducing osteoblastic differentiation in several cell 

types (i.e., mesenchymal stem cells and fibroblasts) (Cowan et. al., 2005); BMP-2 

was reported to be an early appearing factor, peaking at day 1 after fracture, while 

BMP-7 was expressed mainly after 2 weeks (Cho et. al., 2002). Expression of other 

TGF-βs is especially high during active matrix secretion (Sandberg et. al., 1993; 

Linkhart et. al., 1996). EGF upregulates the production of the matrix 

metalloproteinases, thus promoting the remodeling (van der Zee et. al., 1998) which 

is the final phase of bone repair.  

 In the reparative phase of bone repair, generally at 3 weeks after 

fracture, a soft callus that bridges the fracture site forms. Then these structures are 

gradually replaced with lamellar bone, trabecular bone and finally with the compact 

bone which eventually duplicates the bone's original shape and strength in 6-12 

weeks (Marieb and Hoehn, 2007).  

 

1.2. Clinical Approaches in Bone Repair and Regeneration  

 

 Although bone can heal spontaneously and restore function without 

scarring, it has been recognized that repair is not always satisfactory. The 

regeneration potential of human bone is inadequate in the case of large bone defects 

especially those associated with comminuted fractures or bone tumor resection 

(Carano and Filvaroff, 2003). Rarely, insufficient healing may also occur in much 

smaller defects; nonunions occur in 1-5% of all cases (Fernandez et. al., 2001). In 

such cases, a proper filler is required to fill the gap and help restore the structure 

and the function of bone.  
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 Today, bone transplantations are done at least 10 times more than any 

organ transplantations (Sutherland and Bostrom, 2005). The ideal bone substitute 

should satisfy some essential requirements including an osteoconductive matrix that 

mimics the porosity and the microstructure of the natural tissue, and carry 

osteoinductive factors and osteogenic cells. Biological and synthetic grafts are used 

to serve as bone fillers in the clinic.  

 

1.2.1. Biological Grafts  

 

 The most commonly used bone substitutes are biological grafts of 

autogenic, allogenic or xenogenic origin. Cadaver bone and demineralized bone 

matrix are the other main biological graft sources (Ebraheim et. al., 2001). 

 An autograft is the tissue transplanted from one part of the body to 

another in the same individual. Currently, autografts are the preferred biological 

bone grafts most often used with success rates as high as 80-90% (Nystrom et. al., 

2002). They are compatible, do not transmit disease and contain viable osteoblasts 

that participate in new bone formation which is of utmost importance as the soft 

callus formation after surgery often depends on the bone formation by the 

transplanted osteoblasts (Sutherland and Bostrom, 2005).  However, disadvantages 

like the limited availability of autografts and donor site morbidity associated with 

risks of infection and pain, increased anesthesia duration and significantly increased 

operative blood loss due to additional harvesting procedure make this method less 

preferable than it first looks (Younger and Chapman, 1989) and limits the use of 

autografts.  

 An allograft is tissue harvested from one person for transplantation into 

another. This type of grafting is not restricted by availability as much as with the 

autografts. Although allogenic transplantation techniques have been greatly 

improved since its inception, rejection, infection and allograft fracture are still 

among the most commonly encountered complications (Mankin et. al., 1992; 

Sutherland and Bostrom, 2005). The need for sterilization and detailed testing prior 

to implantation affects the osteoinductive and osteogenic properties of allografts. 

Hence, allogenic bone can rarely be used fresh. Generally, they are batch-sterilized 
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and preserved by freezing below -60oC or by freeze drying which, however, 

destroys the osteoprogenitor cells, osteoinductive factors and causes decreased 

compressive strength upon rehydration (Tomford et. al., 1992; Ohlendorf et. al., 

1996). Cadaver bone, also a source for allografts, is treated in a similar way. Due to 

altered properties, allografts can only serve as osteoconductive scaffolds.  

 Demineralized bone matrix (DBM) is prepared by acid extraction of 

allograft bone. This results in loss of most of the mineralized component leaving 

behind collagen and noncollagenous proteins, including growth factors (Khan et. 

al., 2005). The efficacy of a DBM as a bone graft is dependent on the total amount 

of BMP retained, their concentration and the ratios of the different BMPs present. 

DBM is the only allograft with osteoinductive properties, although with a highly 

variable efficiency. It was shown that there is a significant difference in the 

capability of DBM of different suppliers in inducing spinal fusion due to differences 

in allograft processing methods (Peterson et. al., 2004). DBM is currently available 

in the forms of powder, crushed, chips or as a gel prepared from cortical/cancellous 

bone by freeze drying and further processing (Figure 1.3).   

 Xenotransplantation is the transplantation of living cells, tissues or 

organs from one species to another, such as from pigs to humans. Although 

xenotransplantation offers a solution to the worldwide shortage of organs for 

clinical implantation, it raises many medical, legal and ethical issues including 

potential disease transmission between species. The first bone graft in history was a 

canine xenograft transplanted in human to repair a cranial defect (van Meekeren, 

1668). Bovine bone as a graft material was first introduced in 1957 (Maatz and 

Bauermeister, 1957), a variety of which is commercially available today as 

Surgibone® (a sterile, extracellular composite of bovine bone) (Figure 1.4).  

 Since xenografts are sterilized and processed excessively to prevent 

cytotoxic/systemic effects, potential antigenicity/immunogenicity and to assure that 

they are pyrogen-free, they can only function as osteoconductive matrices (Chau 

and Mobbs, 2009). 
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Figure 1.3. Different forms of commercial demineralized bone matrix (Company: 

Exactech) (a) Optecure® gel allograft; (b) slab, (c) spherical, (d) powder forms of 

Optecure® allograft, (e) Optecure cortical cancellous chips (http://www.exac.com/ 

products /biologics/optecure-optecure-ccc). 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4. Different shapes and sizes of commercial bovine xenograft Surgibone® 

(a) disk shaped, (b) rectangular prismatic, (c) cylindrical sponges. (www. 

canmedica.com/Unilab Surgibone.htm).  
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1.2.2. Synthetic Grafts 

 

 Due to the fact that approximately 6.2 million fractures occur each year 

in the United States alone and ca. 15% of them require some kind of bone 

transplantation (Sutherland and Bostrom, 2005), availability of the graft material is 

a major worldwide health problem. In addition, it is predicted that the percentage of 

persons over 50 years of age affected by bone diseases will double by 2020 

(Navarro et. al., 2008). As the biological grafts have the limitations described 

above, search for the ideal material with adequate mechanical properties and 

biocompatibility that can be produced in sufficient quantities continues. 

Predominantly natural and synthetic polymeric, also ceramic, metallic and 

composite grafts are in use in the clinic.  

 These “non-viable” bone substitutes generally lack the ability to fit the 

defect site structurally and mechanically, and cannot interact properly with the 

surrounding tissues.  

 Metallic materials, mostly stainless steels, cobalt-chromium alloys, and 

titanium alloys are generally used as fixation devices in orthopedic surgery. The 

excellent corrosion resistance and the ability to become tightly integrated into bone 

which significantly improves the long-term behavior of the implanted devices, 

makes titanium and its alloys preferable in orthopedics. Other than fixation devices, 

titanium meshes are also used as a “cage” to give shape and strength to the 

transplanted materials. For example, titanium sponge infiltrated with a solution of 

bovine BMP and noncollagenous ECM proteins was used to produce BMP-Ti 

composite  with which it was shown that direct bone and cartilage formation on the 

implant surface as well as bone ingrowth was achieved (Kawai et. al., 1993). 

Similarly, the efficacy of a collagen/calcium phosphate composite wetted with bone 

marrow aspirate contained within a titanium mesh was shown as a bone graft 

substitute (Erbe et. al., 2007). Titanium meshes were also used for the treatment of 

complex mandibular fractures and it was reported that successful union was 

achieved in 70% of the cases (Schug et. al., 2000).    

 Approximately 60% of the bone graft substitutes currently available 

involve ceramics, either alone or in combination with another material (Laurencin 
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et. al., 2006). Ceramics often require high temperatures for scaffolding and are 

brittle; therefore they are frequently combined with other materials to form a 

composite. The use of ceramics, especially calcium phosphates including tricalcium 

phosphate, synthetic hydroxyapatite (HA), and coralline hydroxyapatite, is 

favorable because of the fact that the primary inorganic component of bone is 

hydroxyapatite. In addition, calcium phosphates are osteoconductive, 

osteointegrative (the newly formed mineralized tissue forms intimate bonds with the 

implant material) and in some cases, osteoinductive (Ambrosio et. al., 2001). 

Porous hydroxyapatite bone substitutes that facilitate the penetration of newly 

formed bone tissue into the graft are commercially available as Neobone® in 

various forms (Figure 1.5).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5. Neobone ® ceramic bone substitutes, (a) the microstructure, (b) various 

forms including cylindrical and rectangular prismatic sponges, powder and crushed 

forms (http://www.covalent.co.jp/eng/products/bio/neobone.html).   

 

a 
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 Polymers are also widely in use as synthetic bone substitutes. The first 

generation of polymeric materials used in orthopedics according to Hench’s 

classification (Hench, 1980) were “inert”, to reduce the immune response and the 

foreign body reaction to a minimum, included silicone rubber, PE, acrylic resins, 

polyurethanes, polypropylene (PP) and PMMA. PE, and more specifically ultra 

high molecular weight PE (UHMWPE), was used to a great extent due to its unique 

properties of high abrasion resistance, low friction and high impact strength, 

excellent toughness and low density, ease of fabrication, biocompatibility and 

biostability (Fisher and Dowson 1991; Sutula et. al., 1995).  

 The second generation polymeric materials were defined as “bioactive”, 

having the ability to interact with the biological environment to enhance the 

biological response and the tissue/surface bonding, were developed by the 

development of biodegradable materials which have the ability to undergo 

degradation while new tissue regenerates and heals (Navarro et. al., 2008). 

Biodegradable polymers of synthetic and natural origin such as poly(lactide) (PLA) 

(Kinoshita et. al., 1997; Park et. al., 2000; Lee et. al., 2001), polyglycolide (PGA) 

(Kellomäki et. al., 2000; Ashammakhi et. al., 2000) and their copolymers (PLGA) 

(Goldstein et. al., 1999; Lu et. al., 2000; Sherwood et. al., 2002; Hasirci et. al., 

2002), poly(ε-caprolactone) (PCL) (Corden et. al., 2000; Walsh et. al., 2001; Cao 

et. al., 2003), polyhydroxybutyrate (PHB) (Lootz et. al., 2001; Chen and Wang, 

2002) and its copolymers with polyhydroxyvalerate (PHBV) (Kose et. al., 2002; 

Kose et. al., 2003), poly(propylene fumarate) (Lewandrowski et. al., 2002), 

chitosan (Lahiji et. al., 2000; Lee et. al., 2002; Yin et. al., 2003), collagen (Tabata, 

2001; Freyman et. al., 2001; Liu et. al., 2003), poly(2-hydroxyethyl methacrylate) 

(PHEMA) (Filmon et. al., 2000; Costa et. al., 2003), hyaluronic acid (Bakos et. al., 

1999; Lisignoli et. al., 2002) and other hydrogels were extensively studied during 

this period in many orthopedic applications such as bone substitution and repair of 

bone fractures (Ciccone et. al., 2001). The surfaces of polymers have also been 

modified with HA layers to induce their mineralization (Kato et. al., 1996; Ma et. 

al., 2002).  

The third generation polymers are able to stimulate specific cellular 

responses at the molecular level (Hench and Polak, 2002). 3-D porous structures 
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that stimulate the migration, attachment and proliferation of cells, as well as 

functionalized surfaces with peptide sequences that mimic the ECM components to 

trigger specific cell responses, are being developed (Hutmacher et. al., 2000; 

Temenoff and Mikos, 2000; Agrawal and Ray, 2001). Delivery of bioactive agents 

as well as control of cell behavior through mechanotransduction are some fields of 

interest. Scaffolds for tissue engineering applications were developed with the 

advance in this generation of materials.  

 

1.3. An Alternative in Bone Repair: Tissue Engineering  

 

Even after all of the achievements in the materials field, an ideal bone 

substitute could not be developed. It should carry viable cells (preferably patient’s 

own), scaffold material with desired structural and mechanical properties, and 

bioactive agents to regulate the behavior of the cells. Tissue engineering could be an 

ideal solution as a promising alternative strategy to form viable and functional 3-D 

constructs.          

Tissue engineering is an essentially multidisciplinary field, combining 

various aspects of medicine, materials science, engineering and biology. A 

commonly applied definition of tissue engineering is that it is "an interdisciplinary 

field that applies the principles of engineering and life sciences toward the 

development of biological substitutes that restore, maintain, or improve tissue 

function or a whole organ" (Langer and Vacanti, 1993). Tissue engineering 

approach involves the use of biodegradable and biocompatible scaffolds, cells 

isolated from proper sources, and bioactive agents, in particular growth factors, to 

stimulate and/or control the behavior of the cells.  

 The common strategy in bone tissue engineering is to isolate cells, most 

commonly mesenchymal stem cells or progenitor cells, expand them in vitro and 

seed onto a biocompatible and biodegradable scaffold that meets the structural and 

mechanical requirements of the defect site. Appropriate growth factors are added to 

accelerate healing by initiating proliferation and differentiation of local 

osteoprogenitor cells and thus, bone formation. After in vitro maturation and 

mineralization of this cell seeded construct, preferably in bioreactors, it is implanted 
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at the target site. In time, the biodegradable scaffold is resorbed while the cells 

produce their own ECM and replace the implant. Thus, an ideal bone repair 

environment is created by providing the intrinsic properties of autogenous bone 

material, which has a porous, 3-D architecture that allows osteoprogenitor cell 

migration and graft revascularization and the ability to get incorporated into the 

surrounding host bone to complete the normal bone remodeling process (Freyman 

et al., 2001).  

 

1.3.1. Cells in Bone Tissue Engineering  

 

 Possible sources of cells for tissue engineering include autogenic, 

allogenic and xenogenic cells. Each category can be subdivided according to 

whether the cells are in a more or less differentiated stage. In tissue engineering, the 

ideal source is autologous cells taken from a healthy region of the patient’s 

damaged tissue. However, due to the factors like limited availability of the tissue as 

well as the difficulty in tissue harvesting for mature cell isolation, other cell sources 

have been considered. The use of allogenic cells is limited due to possible 

immunogenic response of the host (Niemeyer et al., 2004). The use of xenogenic 

cells is often limited to research purposes and application in humans is rare due to 

possible severe inflammatory and immunological responses that could lead to the 

rejection by the tissue and the risk of transmission of disease among species (Leyh 

et al., 2003).  

     Cells used in bone tissue engineering could be natural or genetically 

modified cells. Natural cells could be subdivided as stem cells which have the 

capacity of differentiation into different cell types with stimulation as well as high 

proliferative capacity, and primary cells such as osteoblasts and osteocytes. 

According to the differentiation extent, stem cells could be toti- pluri- or 

multipotent indicating the ability to differentiate into any kind of cell, any kind 

except the cells of the placenta or other supporting tissues of the uterus and cells 

from multiple, but a limited number of lineages, respectively.  

 The use of embryonic stem cells (ESCs) in tissue engineering 

applications is promising as they are capable of indefinite undifferentiated 
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proliferation in vitro and can provide an unlimited supply of cells, which can be 

differentiated into various cell types (Jukes et. al., 2008). However, there is a 

continuing debate on the use of ESCs and also there are some technical and ethical 

issues that have to be addressed before ESCs can be used in clinical applications. 

Multipotent mesenchymal stem cells (MSCs) such as bone marrow derived 

progenitor cells are the most abundantly used cell source in bone tissue engineering 

and they can be differentiated into the osteogenic lineage by culturing them in the 

presence of appropriate osteogenic differentiation supplements.  

 As the use of mature bone cells (primary cells) does not raise legal 

issues and there is no risk of immune rejection, they can be considered to be the 

ideal cell source for bone tissue engineering if only they could be isolated and 

multiplied properly in vitro.  

 Osteosarcoma cell lines and immortalized cell lines are examples of 

genetically modified cells used in bone tissue engineering research which are 

generally used to evaluate basic aspects of in vitro cell behavior in non-human 

settings.  

 

1.3.1.1. Mesenchymal Stem Cells  

 

 Since the description of the presence of adherent stromal cells from bone 

marrow (Friedenstein et. al., 1987), MSCs are of great interest to engineers of 

mesenchymal tissues, such as bone and cartilage. Bone marrow, adipose tissue, vein 

wall, peripheral and menstrual blood, foetal and maternal placenta, periodontal 

ligament, periost and trabecular bone have all been described as sources of MSCs.  

However, the characteristics such as replication capacity without differentiation and 

multi-lineage developmental potential have not been fully studied for all these cells.  

 Bone marrow has been claimed to be the most abundant source of 

MSCs, and these cells have a high proliferative ability and a great capacity for 

differentiation (Haynesworth et. al., 1992; Caplan, 1993). As another important 

advantage, bone marrow is an accessible source of osteogenic cells since it can be 

collected using a relatively simple aspiration procedure. This method is less 

invasive than collecting mature osteogenic cells by taking biopsies from calvarium 



 

 

14 

(Nefussi et. al., 1997; Wada et. al., 1998), periosteum (Miura and O'Driscoll, 1998), 

or trabecular bone (Robey and Termine, 1985).  

 The ability of MSCs to differentiate into several cell types is presented 

in Figure 1.6. Proliferating MSCs enter a lineage after their commitment to that 

particular pathway. The commitment event involves the action of specific growth 

factors and/or cytokines. They also play an important role in the lineage progression 

phase in which the lineage-committed cells progress through several transitory 

stages. Terminal differentiation involves the termination of proliferation and the 

biosynthesis of tissue-specific products, usually highly site-specific ECM. Finally, 

these differentiated cells go through a maturation stage in which they obtain an 

ability to function in aspects of tissue homeostasis as opposed to high levels of 

synthetic activity (Haynesworth et. al., 1992; Caplan and Dennis, 2000; Caplan, 

2007). 

 

 

 

 

Figure 1.6. The potential of MSCs to differentiate into a variety of mesenchymal 

tissues, such as bone, cartilage, tendon, muscle, marrow, fat, and dermis (Caplan, 

2007). 
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1.3.2. Scaffolds in Bone Tissue Engineering 

   

 Scaffolds play a central role in tissue engineering applications through 

supporting and guiding regeneration and defining the ultimate shape. Scaffolds need 

to fulfill the following criteria in order to be used in tissue engineering (Spaans et. 

al., 2000; Boccaccini et. al., 2002):  

 the material must be biocompatible,  

 must be biodegradable,  

 degradation byproducts should be noncytotoxic,  

 should resorb at the same rate as the tissue is repaired,  

 mechanical properties must be appropriate to regenerate bone tissue in 

load-bearing sites,  

 must keep its structural integrity during the first stages of the new bone 

formation,  

 should be osteoconductive,  

 must have adaptability of shape to defect site,  

 must possess a highly interconnected porous network (formed by a 

combination of macro and micropores) that enable proper tissue 

ingrowth, vascularization and nutrient delivery. The porous structure 

should be capable of mimicking the 3-D interconnections between the 

lacunae that provide intercellular communication. 

 

 Although there are alternative views, the consensus of research indicates 

that the requisite pore size for bone ingrowth into porous implants should be in the 

range 100 to 500 µm, with the interconnections being larger than 100 µm (Parikh, 

2002).     

  

1.3.2.1. Materials Used in Scaffold Production 

 

 The materials commonly used in bone tissue engineering mainly include 

biodegradable polymers of either natural or synthetic origin. In addition to these, 
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incorporation of calcium phosphate and HA has also been tried to imitate the 

composite structure of the bone. 

 

1.3.2.1.1. Natural Polymers 

 

 Several natural polymers have been successfully used as materials for 

the production of scaffolds for bone tissue engineering applications. Naturally 

derived polymers are of special interest as they are natural components of living 

structures, and have biological and chemical similarities to natural tissues. Proteins 

such as collagen (Anselme, 2000; Xiao et. al., 2003; Kose et. al., 2004; Ber et. al., 

2005) and silk (Altman et. al., 2003; Meinel et. al., 2005; Fuchs et. al., 2009; Zhao 

et. al., 2009), polysaccharides such as alginic acid (Wang et. al., 2003; Grellier et. 

al., 2009), starch (Marques et. al., 2002; Salgado et. al., 2007; Martins et. al., 2009) 

and chitosan (Vandevord et. al., 2002; Khor and Lim, 2003; Ho et. al., 2005;  Qiu 

et. al., 2009) as well as polyesters such as polyhydroxyalkanoates (PHAs) of 

bacterial origin (Kose et. al., 2003; Shishatskaya et. al., 2006; Kenar et. al., 2008; 

Wu et. al., 2009) have been used in various in vitro and in vivo studies.    

 Chitosan has been investigated for a variety of tissue engineering 

applications as it is structurally similar to naturally occurring glycosaminoglycans 

(GAGs) and is degradable by enzymes in humans. It is a linear polysaccharide of 

(1–4)-linked D-glucosamine and N-acetyl-D-glucosamine residues derived from 

chitin, one of the most abundant organic materials, which is found in arthropod 

exoskeletons (Drury and Mooney, 2003). Chitosan is soluble in dilute acids which 

protonate the free amino groups. Once dissolved, chitosan can be gelled by 

increasing the pH or extruding the solution into a non-solvent. Chitosan has been 

excessively studied due to its such favorable biological properties as 

biocompatibility, biodegradability, nontoxicity, physiological inertness, remarkable 

affinity to proteins, antibacterial, haemostatic, fungistatic, antitumoral and 

anticholesteremic properties (Nishimura et. al., 1984; Tanigawa et. al., 1992; 

Okamoto et. al., 1993; Mori et. al., 1997; Tokura et. al., 1997; Singla and Chawla, 

2001; Khor and Lim, 2003). Several studies focused on chitosan–calcium phosphate 

composites molded into porous structures in bone repair (Zhang and Zhang, 2002; 
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Martino et. al., 2005). Chitosan was also used in combination with HA in the 

healing of tibial fractures (Kawakami et. al., 1992).  

 PHAs are biopolyesters which are generally found accumulated in 

various microorganisms as an intracellular carbon and energy storage compound, 

usually under the condition of limiting nutrients in the presence of excess carbon 

source (Fuller, 1999). Since PHAs are degradable in the human body and the 

degradation products are not toxic, they are studied as biomaterials to especially 

replace the synthetic polyesters like polylactide and polyglycolides. The most 

extensively tested PHA is poly(3-hydroxybutyrate) (P3HB) and its copolymers with 

3-hydroxyvalerate, PHBV, found in varying ratios of the two components. 

Eventhough PHB and PHBV have been reported to induce prolonged acute and 

chronic inflammatory responses in in vivo studies (Akhtar, 1990), other studies 

showed that these responses subsided eventually. In order to improve the cell 

attachment and growth and to reduce the in vivo inflammatory responses, the 

surfaces of PHAs have been modified by plasma treatment (oxygen, nitrogen) 

(Kose et. al., 2003; Wang et. al., 2006), pH treatments (Davies and Tighe, 1995) 

and by protein coating (Tesema et. al., 2004; Wu et. al., 2004; Kenar et. al., 2006). 

The use of PHBV to prepare bone tissue engineering matrices has been excessively 

studied by our research group in various forms including 3-D sponges, 

micropatterned films and electrospun mats (Kose et. al., 2003; Kenar et. al., 2006; 

Ndreu et. al., 2008).    

 

1.3.2.1.2. Synthetic Polymers 

 

 The advantage of using synthetic polymers over natural ones is that they 

are more readily available, can be produced in large scale with low cost and their 

ease of processing. Their main disadvantage is that their degradation products are 

generally not naturally found in the body and might lead to problems if 

accumulated.  

 The most commonly used synthetic polymers in bone tissue engineering 

applications are poly(α-hydroxyesters) such as PLA, PGA and their copolymers in 

various ratios (PLGA) (Lu et. al., 2002; Ren et. al., 2005; Yoon et. al., 2007; 
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Cowan et. al., 2007; Kim et. al., 2008; Kempen et. al., 2008; Jose et. al., 2009; 

Hacking and Khademhosseini, 2009). Other most widely used synthetic polymers 

include PCL (Williams et. al., 2005; Zhang et. al., 2009), poly(propylene fumarate) 

(PPF) (Peter et. al., 2000; Payne et. al., 2002), and poly(ethylene glycol) (PEG) 

(Deschamps, 2000; Drury and Mooney, 2003).  

 PLGA is an FDA approved material for use in medical devices. 

Depending on the ratio of lactide to glycolide in the copolymer, PLGA with 

different properties are obtained. All PLGAs are amorphous and show a glass 

transition temperature (Tg) in the range of 40-60°C. Unlike the homopolymers of 

PLA and PGA which show poor solubilities, PLGA can be readily dissolved by a 

wide range of common, especially chlorinated solvents. PLGA is hydrolyzed 

through its ester linkages in the presence of water. It has been shown that the time 

required for degradation of PLGA is very much dependent on the monomer ratio 

(and therefore, crystallinity) used in its production: the higher the content of 

glycolide units, the shorter is the time required for degradation. The copolymer with 

50:50 ratio (PLGA 50:50) exhibits the fastest degradation (Hasirci and Yucel, 

2007). The use of PLGA for scaffold preparation has been particularly widespread 

as it already had a range of medical applications (e.g. in degradable sutures, stents, 

wound dressings) and have FDA approval in those devices. However, its 

hydrophobicity can be disadvantageous in tissue regeneration applications, due to 

poor wetting and lack of cellular attachment and interaction, therefore, surface 

treatment and functionalization is generally required to enhance the attachment 

efficiency of cells (Park et. al., 2007; Shen et. al., 2008; Chen et. al., 2009). In 

several in vitro and in vivo studies, successful application of PLGA scaffolds either 

pure or blended with other synthetic or natural polymers (Oh et. al., 2006; Li et. al., 

2006; Yang et. al., 2007; Kim et. al., 2008; Ngiam et. al., 2009; Jose et. al., 2009) 

in the forms of sponges, electrospun mats and rapid prototyped structures was 

shown.  

 PCL is a completely biodegradable, thermoplastic polyester. It has 

thermal stability in molten state, and has such favorable properties as low glass 

transition temperature (-60oC), low melting temperature (60oC), and high 

decomposition temperature (350oC) (Hoque et. al., 2005). PCL degrades much 
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slower than PLGA due to its high hydrophobicity and crystallinity (Pitt, 1990), 

therefore, was found to be suitable for use in long term, load bearing applications. 

PCL was successfully used as a scaffold material in various forms including 

computer designed porous scaffolds, sponges, nanofibrous scaffolds and injectable 

gels (Schantz et. al., 2005; La Gatta et. al., 2005; Rai et. al., 2005; Li et. al., 2005; 

Shor et. al., 2007; Venugopal et. al., 2007; Guarino and Ambrosio, 2008; Porter et. 

al., 2009). PCL has also been used in combination with other materials; a number of 

studies using PCL biocomposites and copolymers with both natural and synthetic 

polymers such as HA, chitosan, starch and PLA have been reported (Hoque et. al., 

2005; Verma et. al., 2006; Santos et. al., 2007; She et. al., 2007; Guarino et. al., 

2008). Similar to PLGA, surface modifications have been performed such as O2 

plasma treatment (Oyane et. al., 2005a; Yildirim et. al., 2008), NaOH application to 

introduce carboxylate groups on its surface (Oyane et. al., 2005b), grafting several 

molecules including collagen, gelatin and silk fibroin (Chen et. al., 2004; Ma et. al., 

2005; Duan et. al., 2007) to improve the cell attachment onto PCL surfaces.    

 

1.3.2.2. Scaffold Production Techniques 

 

 The maintenance of cellular activities and interconversions of the 

connective tissue cells (fibroblasts, chondroblasts and osteoblasts) are highly 

dependent on their shape and anchorage which controls their gene expression 

(Benya and Schaffer, 1982). The architecture of a scaffold defines the geometry of 

cell adhesion sites and thus determines their adhesion, spreading and orientation. 

For this reason, along with the need for the adaptability to the defect site, 

architecture of the scaffolds is of utmost importance in the control of cell behavior.   

 Porosity is one of the most important properties of a 3-D scaffold which 

facilitates its population by the cells and enables nutrient and oxygen transfer, and 

aid bone ingrowth and vascularization. Several techniques have been employed to 

produce porous 3-D structures, the easiest and probably the most commonly used 

one is solvent casting/particulate leaching to produce 3-D sponges that have pore 

interconnectivity and controlled pore size. Sponges made of PHBV and collagen are 

some examples of their successful application in bone tissue engineering (Kose et. 



 

 

20 

al., 2003; Kose et. al., 2004). Fiber bonding (Gomes et. al., 2006), electrospinning 

(Ndreu et. al., 2008), membrane lamination (Mikos et. al., 1993), melt molding (Se 

et. al., 2006) and gas foaming (Almirall et. al., 2004) are some of the other 

techniques employed in scaffold production. Electrospinning is a recent widely used 

technique with both natural (Cao et. al., 2009) and synthetic polymers (Yu et. al., 

2009), and with their copolymers (Santos et. al., 2008; Yang et. al., 2009) to 

produce fibrous scaffolds of nano and micro size. Thin fiber layers (mats) obtained 

by electrospinning are generally used as multilamellar 3-D structures.  However, all 

of these techniques lack the ability to produce structures with predefined form and 

properties. Instead, their reproducibility is poor, pore shapes are irregular and pore 

interconnectivity is insufficient. Rapid prototyping is a recent technique in scaffold 

fabrication that overcomes this problem.  

 

1.3.2.2.1. Rapid Prototyping 

 

 Rapid prototyping (RP) is a common name for a number of advanced 

manufacturing techniques that are based on reading data from the computer-aided 

design (CAD) drawings and manufacture 3-D objects layer-by-layer according to 

the virtual design (Hutmacher et. al., 2004). RP was first used in the early 1980s 

and since then a large variety of applications including the fabrication of automotive 

engine parts and small telecommunication industry components have been 

performed (Peltola et. al., 2008). In 1990s, RP techniques were adapted into the 

medical and biomedical fields to design and manufacture custom-made prosthesis 

for individual patients, primarily craniomaxillofacial implants (Webb, 2000; Bibb 

et. al., 2000).   

 RP technique can create a scaffold directly from the CT or MRI scans of 

the damaged region which has a strictly defined porosity in a specific 3-D shape to 

fit into an irregular defect site to provide a structurally and mechanically perfect fit 

(Yeong et. al., 2004) (Figure 1.7). It is a typical bottom-up approach, where 3-D 

objects are produced through repetitive deposition of material layers by computer-

controlled equipment based on the cross-sectional data obtained from slicing a CAD 

model of the object (Lam et. al., 2002). 
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Figure 1.7. A typical rapid prototyping chain for manufacturing custom-made 

implants. (Schieker et. al., 2006).  

 

 

 

 Recent developments in solid free-form fabrication techniques and the 

polymers used have made it possible to produce tailor-made tissue engineering 

scaffolds. Besides having precise control over porosity, pore size, stiffness and 

permeability; the RP scaffolds are usually designed to have full interconnectivity of 

the pore structure (Moroni et. al., 2006). With the capability to create scaffolds with 

defined structure and architecture, RP technique is a good method to investigate the 

effect of scaffold properties such as geometry on cell behavior for further 

optimization of the scaffold design. 

 There are several approaches to RP of scaffolds which can be classified 

in three basic types: liquid-based, solid-based, and powder-based RP systems. 

Liquid-based technologies include stereolithography and two-photon 

polymerization, whereas fused deposition modeling is a solid-based system. 

Selective laser sintering (SLS) and 3-D printing fall in the category of powder-

based methods. RP scaffolds have been fabricated by a variety of these methods 

including SLS (Chua et. al., 2004; Williams et. al., 2005; Wiria et. al., 2007), fused 

deposition modeling (FDM) (Choong et. al., 2004; Chen et. al., 2005; Chim et. al., 

2006), 3-D fiber deposition (Moroni et. al., 2007; Fedorovich et. al., 2008) and 3-D 
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plotting (Geng et. al., 2005; Oliveira et. al., 2007). Among the available fabrication 

techniques, 3-D plotting is the most convenient method due to its milder operation 

conditions, absence of left over polymer powder within the scaffold and the ability 

to produce scaffolds without any binders. Thus, 3-D plotting appears to be an 

appropriate method for producing scaffolds for bone tissue engineering. 

 PCL has been widely used as material for the production of RP scaffolds 

due to its favorable properties such as ease of processing and high decomposition 

temperature. PCL scaffolds have been created with a variety of RP techniques 

including FDM (Rohner et. al., 2003), shape deposition modeling (Marra et. al., 

1999), SLS (Williams et. al., 2005), low-temperature deposition (Xiong et. al., 

2002) and multi-nozzle free-form deposition (Sun et. al., 2004a; Sun et. al., 2004b). 

In these systems the cells adhered and started growing on the PCL scaffolds and the 

applicability of the produced scaffolds were thus demonstrated in vitro and in vivo. 

 Although synthetic polymers are widely used for RP of scaffolds, 

current efforts include the use of natural polymers such as chitosan, agarose, PEG 

and collagen (Landers et. al., 2002; Geng et. al., 2005; Maher et. al., 2009; Norotte 

et. al., 2009) to produce hydrogels with predefined structure. Even, direct printing 

of single cells and cell aggregates was studied to achieve scaffold-free viable 

constructs (Mironov et. al., 2003; Demirci and Montesano, 2007).  

 

1.3.2.2.2. Wet Spinning  

 

 Fibrous scaffolds have gained great attention over the recent years as 

they have appropriate porosity for cell penetration, nutrient exchange and tissue 

ingrowth. Polymeric fibers can be manufactured using three main techniques: melt 

spinning, dry spinning, and wet spinning. In melt spinning, a molten polymer with a 

suitable viscosity is extruded at high pressure and constant rate through a spinneret 

to form continuous strands of polymeric fibers (Buttafoco et. al., 2004). In the dry 

spinning process, a polymer solution is extruded instead of molten polymer (Lazzeri 

et. al., 2005). In wet spinning, polymer solution is extruded into a non-solvent and 

polymeric fibers are obtained in the coagulation bath (Nelson et. al., 2003; 

Funakoshi et. al., 2005; Chung et. al., 2007). Recently, electrospinning which uses 
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electrical potential to produce fine fibers from a polymer solution, is attracting more 

attention as nano-and micro-scale fibers with uniform size could be obtained 

(Huang et. al., 2001; Matthews et. al., 2002; Ndreu et. al., 2008). The combination 

of wet spinning and electrospinning techniques was shown to be promising in 

mimicking the macro and micro structure of the natural ECM (Tuzlakoglu et. al., 

2005; Santos et. al., 2008).   

 Fibrous scaffolds produced by wet spinning from synthetic polymers 

like polyurethanes (Guelcher, 2008), PLGA and PLLA (Nelson et. al., 2003; Ellis 

and Chaudhuri, 2007), PCL (Williamson and Coombes, 2004) and natural polymers 

such as chitosan (Funakoshi et. al., 2005; Tuzlakoglu et. al., 2004) and cellulose 

acetate (Ye et. al., 2005) are some examples of successful application of the 

procedure to prepare scaffolds for bone tissue engineering.   

 

1.3.3. Growth Factors in Bone Tissue Engineering    

 

 Growth factors serve as signaling molecules and are secreted by many 

cell types. They promote and/or prevent cell adhesion, proliferation, migration and 

differentiation by up or down-regulating the synthesis of proteins, other growth 

factors and receptors. They act in a concentration and time dependent manner, often 

requiring minute quantities to elicit biological activity, and their effectiveness 

depend on a variety of factors including cell location within a tissue and the state of 

the cell cycle.  

 Growth factors are among the most essential elements of successful 

tissue engineering applications, and are able to induce the natural bone regeneration 

cascade which was shown to include several signaling molecules that regulate 

cellular activities. The growth factors responsible in bone healing and regeneration 

are members of the TGF-β superfamily, especially the BMPs, IGF, FGF, PDGF and 

VEGF (Allori et. al., 2008). The use of either one or a combination of these growth 

factors is important for cellular adhesion, proliferation, migration and 

differentiation. 

 The TGF-β proteins are a superfamily including BMPs, inhibins, and 

activin. The most osteogenic members of the family, BMPs, are discussed in section 
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1.3.3.1. TGF-βs are ubiquitously expressed, although the two largest reservoirs are 

bone and platelets (Bonewald and Mundy, 1989). They are expressed by many cells 

during bone healing, and their distribution varies according to phase. For example, 

TGF-β1 was shown to be localized to the inflammatory cells within the fracture 

hematoma after acute injury. During the activation phase, osteoblasts, mesenchymal 

cells and connective tissues adjacent to the fracture site express it intensely. After a 

4-week period of external fixation, TGF-β1 expression was found to be limited to 

osteoblasts within the remodeling bone (Mehrara et. al., 1999). Functionally, TGF-

β1 has multiple functions such as attracting osteoprogenitor cells (Hughes et. al., 

1992), inhibiting osteoclasts to allow ossification during the early phases (Chenu et. 

al., 1988; Pfeilschifter et. al., 1988) then it activates osteoclasts in the later phases 

(Centrella et. al., 1994) to take part in bone remodeling. In addition, TGF-βs are 

important regulators of the production of collagen and noncollagenous ECM 

proteins (Centrella et. al., 1992; Hiltunen et. al., 1993).   

 Both in vivo and in vitro data suggest that IGF-1 stimulates or facilitates 

osteoprogenitor cell mitosis and differentiation, thereby increasing the number of 

functionally mature osteoblasts (Spencer et. al., 1991). IGF-1 expression also 

appears to be time dependent as an initial increase in serum IGF-1 levels during the 

activation period (released from the surrounding soft tissues) is followed by an 

increase in skeletal IGF-1 levels in both the distracted callus and surrounding bone 

(Lammens et. al., 1998; Eingartner et. al., 1999; Liu et. al., 1999). 3 weeks after 

fracture, low-level expression of IGF-1 was revealed (Tavakoli et. al., 1999) which 

suggested that IGF-1 may play an important role during early fracture healing.  

 FGFs act in concert with heparin sulfate-containing proteoglycans to 

modulate cell migration, angiogenesis, bone development and repair (Seetharam et. 

al., 1995; Nishimura et. al., 1999). FGF-2 is the most abundant ligand and it has 

been shown to stimulate the proliferation of osteoblasts and enhance bone formation 

in vitro and in vivo (Kimoto et. al., 1998). FGF-2 expression is elevated in fracture 

healing, and exogenously applied FGF-2 accelerates osteogenesis in critical-size 

bone defects and fracture sites (Kawaguchi et. al., 1994). FGF-2 also induces 

angiogenesis (Allori et. al., 2008). 
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 EGF has been shown in vitro to be able to induce proliferation of MSCs 

(Tamama et. al., 2006). It has been shown to stimulate bone resorption (Raisz et. 

al., 1980) and upregulate production of the matrix metalloproteinases (van der Zee 

et. al., 1998) thus promoting remodeling.  

 PDGF has a significant role in angiogenesis and is involved in cellular 

migration and proliferation. It is secreted systemically by platelets and localized in 

the stromal cells of the bone marrow (Abboud, 1993). PDGF was found to be 

expressed predominantly during the early inflammatory stages of the healing 

process and was found to stimulate the proliferation of MSCs (Rasubala et. al., 

2003). This early expression enhances the laying of fibrous structure for 

vascularization and subsequent bone deposition (Zhang et. al., 1998).  

 VEGFs are involved in both angiogenesis and vasculogenesis by 

increasing endothelial cell and endothelial progenitor cell chemotaxis and 

mitogenesis (Allori et. al., 2008). Osteoblasts and osteoclasts secrete VEGF which 

promotes osteoblast differentiation although it does not have a direct osteogenic 

effect (Tombran and Barnstable, 2004; Deckers et. al., 2000). VEGF may also serve 

to complement and potentiate the osteogenic function of several other growth 

factors (Eckardt et. al., 2005).  

 

1.3.3.1. Bone Morphogenetic Proteins  

 

 BMPs are the most osteoinductive growth factors presently described 

(Cowan et. al., 2005). They promote the formation of cartilage and bone by 

inducing MSCs toward chondroblastic and osteoblastic differentiation, and also 

causing them to proliferate in vivo (Urist, 1965; Wang et. al., 1990). Several of 

them, BMP-2 to BMP-18, were identified in humans. Out of these BMP-2, 4, 6, 7, 

and 9 are known to induce complete bone morphogenesis and are considered to be 

the most osteogenic ones (Bessa et. al., 2008) where BMP-2 and -7 possess strong 

ability to induce bone formation and are the only ones that recently received FDA 

approval for use within collagen carriers in the applications for spinal fusion and 

sinus lift (White et. al., 2007; McKay et. al., 2007).  
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 Several BMP molecules participate in a cascade that regulates fracture 

healing process by following different paths (Saito et. al., 2005; Bandyopadhyay et. 

al., 2006). It was shown in mice that in the absence of both BMP-2 and BMP-4, 

there was a severe decrease in the development of bone tissue, even though 

chondrogenic differentiation was taking place (Bandyopadhyay et. al., 2006). In 

other in vivo studies, BMPs naturally secreted by the tissues were shown to appear 

sequentially to influence different aspects of skeletal development (Hogan, 1996). 

In particular, BMP-2 was reported to be an early factor peaking at day 1 after 

fracture while BMP-14 peaks at day 7 during cartilage formation and BMP-3, 4, 7 

and 8 are expressed mainly after 2 weeks (Cho et. al., 2002).  

 In bone formation, at low concentrations BMPs promote chemotaxis and 

proliferation, whereas at high concentrations they favor differentiation and bone 

formation (Zimmerman et. al., 1996; Urist, 1997). In vitro studies have shown that 

even femtomolar concentrations of BMP can initiate chemotaxis of cell types such 

as monocytes and mature osteoblasts. BMP doses in the nanogram range have 

shown osteogenic effects in in vitro experiments (Mayer et. al., 1996). Studies also 

revealed that, extremes of BMP release (high initial dose with rapid degradation or 

prolonged low-level release) do not enhance bone induction in animals as they 

diffuse easily in bodily fluids due to their water solubility (Cowan et. al., 2005; 

Allori et. al., 2008).  

 Due to the time-dependent action of BMPs, delivering them in 

combination, particularly in a sequential manner by controlling their release time 

and duration, may have great advantage over the conventional strategies for bone 

tissue engineering applications. A control over the dose of the BMP applied is of 

utmost importance and selecting a suitable carrier that allows for control of BMP 

concentration present is ideal for maximizing their osteogenic potential. 

 

1.4. Controlled Growth Factor Delivery in Tissue Engineering   

   

 As described previously, the common strategy in tissue engineering is to 

seed the cells on appropriate scaffolds and allow this construct to mature in vitro 

prior to implantation. However, in such systems there is no further interference by 
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the researcher over the growth rate and differentiation of the seeded cells; and, 

similarly, after the implantation no control on the host cells. Since cell growth and 

differentiation as well as construct mineralization are the main properties to obtain 

implantable tissue engineered constructs; more accurate control over these 

properties is desirable. Under in vivo conditions, these events are controlled by the 

growth factors in the environment as described in section 1.3.3 and is known that 

the dose and duration of these factors are strictly controlled by the body.  

 The conventional strategy in growth factor administration for clinical 

orthopedic applications is to apply the agent in the form of large doses by either 

single or repeated injections. However, in such cases a considerable proportion of 

the agent is lost through leakage from the site, by biodistribution and/or by 

denaturation (Lee and Shin, 2007).  

 Encapsulation of growth factors in protective carrier structures, 

therefore, is of utmost importance in the protection of the bioactivity of the agent 

and to sustain the local concentration over a given period of time at the target site. 

Addition of these factors inside a tissue engineering scaffold would enhance the 

effectiveness of the scaffold and with the optimization of the parameters such as the 

release rate and concentration, a control on new bone formation is possible. Hence, 

it can be stated that bone tissue engineering should incorporate controlled delivery 

of the required biologically active agents within the scaffold itself just like in the 

natural ECM, thus creating multi-functional constructs. These multi-functional 

constructs would serve as the filler at the target site and also combine 

osteoconduction and osteoinduction (Li and Wozney, 2001). The carrier system 

would thus function as an artificial ECM and also serve to stabilize entrapped or 

encapsulated growth factors. This is often challenging because processes used to 

prepare protein delivery constructs may denature or deactivate the protein. 

Therefore, methods that do not require harsh conditions, strong solvents or high 

temperatures, are often desirable. 

 A variety of polymeric delivery systems have been designed to meet the 

design criteria for growth factor delivery including nano/microspheres, porous 

scaffolds and injectable gels. The factors themselves may also be directly 

incorporated into the polymer. Alternatively, plasmid DNA encoding the factor may 
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be immobilized within the polymer allowing the local production of the factor by 

cells that take up and express this DNA following implantation of the system at the 

desired site. Finally, the polymer system may be used to transplant cells that secrete 

the desired factor (Chen and Mooney, 2003). 

After the realization of their great potential to induce bone regeneration 

(Urist, 1965), numerous delivery strategies have been developed for the sustained 

release of BMPs especially over the last decade. Both nano and micro sized delivery 

vehicles mainly made of synthetic materials (Lee et. al., 1994; Schrier et. al., 2001; 

Kempen et. al., 2008; Jeon et. al., 2008), natural polymers (Tabata et. al., 1998; 

Wang et. al., 2003; Chen et. al., 2007; Bessa et. al., 2008; Patel et. al., 2008a) and 

HA-based particles (Matsumoto et. al., 2004; Akazawa et. al., 2006) have been 

reported. PLGA microspheres were used to deliver BMP-2 for over a 70 day period 

and increased alkaline phosphatase (ALP) activity was observed both in vitro and in 

vivo rat model (Kempen et. al., 2008). Several other models that have been 

developed by using BMP-delivering micro and nanoparticles of PLGA showed 

enhanced bone production when implanted in rat hind limb muscle pocket (Jeon et. 

al., 2008), rat femur (Lee et. al., 1994), and calvarial defects in rabbits (Schrier et. 

al., 2001). rhBMP-7 encapsulated within PLGA nanoparticles which were then 

loaded into nanoporous poly(L-lactic acid) PLLA scaffolds induced bone healing 

(Wei et. al., 2007). Gelatin microparticles were used in a mouse model for rhBMP-

2 delivery and a lower burst release was observed when compared to PLGA 

particles (Patel et. al., 2008a). Particles made of other natural polymers such as 

collagen (Wang et. al., 2003), chitosan-alginate (Bessa et. al., 2008) and dextran 

(Chen et. al., 2007) were also successfully used in the delivery of BMPs. HA 

particles were produced at different temperatures and the absorbability of BMP 

molecules on these particles were shown (Matsumoto et. al., 2004). 

 

1.4.1. Impact of Nanotechnology on Controlled Delivery 

 

 Advances in nanotechnology and their application to the biomedical 

field led to significant developments in the area of drug delivery. The promise of 

utilization of nanotechnology in drug delivery systems is the possibility of 
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intracellular delivery of agents such as DNA (Kumar et. al., 2004), antisense RNA 

and anticancer drugs (Park et. al., 2005), as well as increased penetration through 

barriers such as blood-brain barrier (Olivier, 2005) and tight junctions, therefore 

permitting the accumulation of an agent at the previously “unreachable” target site. 

Nanoparticles of all sorts can penetrate through capillaries; their uptake by the cells 

and movement through the dense extracellular matrix is evidently easier than with 

microparticles. Enhanced targeting that might be achieved by nanoparticles would 

decrease the amount of drug used. 

  Even though the definitions vary for some, solid, colloidal substances 

varying in size from 10 nm to 1000 nm are defined as nanoparticles (Brigger et. al., 

2002). An active agent is coupled with the nanoparticle through entrapment, 

adsorption, attachment, encapsulation or directly dissolving the agent within the 

nanoparticle structure. Solid or hollow nanospheres, porous or solid nanoparticles 

can be formed depending on the method of preparation. The most common 

controlled release system forms are micro and nanospheres, micro and nanocapsules 

and liposomes which can be scaled-down to nanometer range by modified 

manufacturing methods. Nanospheres are solid particles in which the active agent is 

physically and uniformly dispersed, whereas nanocapsules are hollow particles 

where the content is encapsulated by a membrane (Sahoo and Labhasetwar, 2003). 

Micelles and dendrimers are other important vehicles currently receiving great deal 

of attention as drug delivery carriers.  

 The biodegradable and biocompatible polymers PLGA and PHBV have 

both been successfully used earlier as nanoparticulate carriers of bioactive agents 

(Kempen et. al., 2008; Wei et. al., 2007; Jaklenec et. al., 2008; Kang et. al., 2008; 

Kim et. al., 2006; Baran et. al., 2002). Different release rates obtained with these 

particles were due to the differences in their hydrophilicity, crystallinity and 

degradation rates. These parameters have been earlier used in controlling release 

rates (Burgess and Hickey, 1994). Additional parameters are molecular weight 

(MW) and the various device characteristics such as particle size and loading 

(Lemaire et. al., 2003; Zolnik et. al., 2006; Cui et. al., 2005). PLGA degrades 

significantly more rapidly in vivo compared to PHBV (99% vs. 43% in 6 months) 

although having similar chemical structures (Kök and Hasırcı, 2003). When all the 
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other properties are comparable (MW, crystallinity), then it is expected that PLGA 

would degrade faster.  

 

1.4.2. Multiple Growth Factor Delivery from Tissue Engineering Constructs 

 

 The most recent approach to growth factor delivery for tissue 

engineering is a combined scaffold/controlled delivery system construct that 

involves the delivery of several growth factors from the same scaffold. Although 

copying from the nature could have been quite effective in bone healing, there is not 

much literature on creation of a simulated system by mimicking the sequence, the 

dose and duration of growth factors. The few studies in the literature include BMP-

2 and TGF-β3 delivery from alginate hydrogels transplanted in mice, in which it 

was observed that the individual application of growth factors resulted in negligible 

bone formation where their combined delivery led to significant healing (Simmons 

et. al., 2004). Simultaneous delivery of VEGF and BMP-2 from gelatin 

microparticles entrapped in porous degradable scaffolds had a positive effect on 

repair of a rat cranial defect (Patel et. al., 2008b). The effect of combined and 

sequential delivery of IGF-1 and BMP-2 with two-layered, heterogeneously loaded, 

and crosslinked gelatin coatings in vitro was reported (Raiche and Puleo, 2004). 

The early delivery of BMP-2 followed by IGF-1 after 5 days resulted in the largest, 

and the earliest, elevation of ALP activity and mineralized matrix formation 

compared to the single use of the growth factors. Other studies involving the use of 

multiple growth factors included combinations of BMP-7/IGF-1 or BMP-

7/interleukin-6 (IL-6) revealed increased ALP activity and bone nodule formation in 

osteoblastic cell cultures (Yeh et. al., 2002). Combined delivery of IGF-1 and TGF-

β1 from biodegradable implant coatings has been shown to improve maximum load 

and torsional stiffness of the new bone that formed (Raschke et. al., 2002). The 

positive effect of co-administration of BMP-2 and BMP-7 from complexed 

microspheres embedded in porous PLGA matrix on osteogenic differentiation was 

shown (Basmanav et. al., 2008).   

  As it was discussed in Section 1.3.3.1, BMPs, the most osteoinductive 

growth factors, function in coordination during the bone formation and fracture 
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healing processes which starts from the initial inflammatory phase up to the 

construction of the mineralized tissue in a time and dose dependent manner. It is 

known that BMP-2 and BMP-7 (the FDA approved members of the BMP family) 

act sequentially during bone formation and regeneration. BMP-2 peaks immediately 

after fracture where BMP-7 peaks at ca. day 14. Therefore, it was hypothesized that 

delivering combinations of these growth factors in a sequential manner by 

mimicking their natural timing would be a promising approach to induce bone 

healing.  

 

1.5. Aim, Approach and Novelty of the Study 

 

 The aim of this study was to prepare multi-functional tissue engineered 

constructs composed of polymeric scaffolds seeded with bone marrow MSCs 

carrying a sequential BMP-2/BMP-7 delivery system in order to mimic the bone 

healing process in nature. The approach was to encapsulate BMP-2 and BMP-7 in 

different polymeric nanocapsules (PLGA and PHBV) with different degradation 

rates and properties and, therefore, with different drug release rates to achieve the 

release of BMP-2 followed by the release of BMP-7. Initially, these nanoparticulate 

delivery systems were characterized and then the effect of single, simultaneous and 

sequential delivery of BMP-2 and BMP-7 from the nanoparticles was studied in 

vitro with bone marrow MSCs. The positive effect of using these two growth 

factors in a sequential manner by roughly mimicking their natural bioavailability 

timing was shown with maximized osteogenic activity results. BMP-2 loaded 

PLGA nanocapsules were subcutaneously implanted into Wistar rats and their 

biocompatibility as well as the positive effect of BMP-2 release on the formation of 

osteoclast-like cells was shown. Then, this nanoparticulate sequential delivery 

system was incorporated into two different types of polymeric systems, natural 

(chitosan) produced by wet spinning and synthetic (PCL) produced by 3-D plotting 

and wet spinning. Incorporation of nanocapsules into 3-D chitosan scaffolds was 

achieved by two different methods: incorporation within and onto chitosan fibers. 

Incorporation into 3-D PCL scaffolds was achieved by coating the nanocapsules in 

an alginate layer onto the fibers of the scaffolds. With both scaffold systems, 
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incorporation of nanocapsule populations capable of delivering BMP-2 and BMP-7 

in single, simultaneous and sequential fashion was done. As with free nanocapsules, 

the positive effect of sequential delivery on the osteogenic differentiation of MSCs 

was shown with both scaffold systems.                  

Novelty of the study: Tissue engineering is developing into a new direction which 

includes the development of multi-functional tissue engineering scaffolds capable 

of delivering the required bioactive agents to induce and control the cellular 

activities both in vitro and in vivo. The current few attempts in the literature 

generally rely on mixing the polymer solution with the growth factor during the 

preparation phase, therefore, forming scaffolds that carry the factor within the 

polymer matrix. However, there is no control on the release rate in these cases as 

the release of the agent is dependent on the degradation of the scaffold itself or on 

its solubility. In some other studies, growth factors were loaded into microparticles, 

which were then incorporated into the scaffolds and thus affected the structure and 

properties of the scaffold.  In the present study, two important osteogenic growth 

factors, BMP-2 and BMP-7, were encapsulated in biodegradable and biocompatible 

capsules of nano-size which were then incorporated into 3-D scaffolds without 

affecting the porosity and/or the structural properties of the main scaffold. The 3-D 

scaffolds were, therefore, functionalized by the addition of the sequential BMP-

2/BMP-7 delivery system. The effect of co-administration of BMP-2/BMP-7 in a 

sequential fashion was illustrated with enhanced MSC differentiation results. By 

this way, the prepared constructs had the capability of mimicking natural processes 

occurring during bone regeneration. 
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CHAPTER 2 

 

 

MATERIALS AND METHODS 

 
 
 
 
 

2.1. Materials 

 

 PLGA (50:50) (Resomer® RG503H) (i.v. 0.32-0.44 dL/g, 0.1% in 

chloroform, 25°C) was purchased from Boehringer-Ingelheim (Germany). PHBV 

(HV content 8% w/w), low molecular weight chitosan (deacetylation degree 

90.85%, i.v. 185 cps for 1% in 1% acetic acid), dexamethasone, -glycerophosphate 

disodium salt, L-ascorbic acid were bought from Sigma-Aldrich (Germany). 

Poly(ethyleneoxide) (PEO) (Polyox™ WSR 301, MW 4.106) was obtained from 

Dow Chemical Company (USA). PCL (MW 3.7.104) was purchased from Solvay 

Caprolactones (CAPA 6404; UK). Bovine serum albumin (BSA) and polyvinyl 

alcohol (PVA) (MW 1.5.104) were obtained from Fluka (USA). Recombinant 

human BMP-2 from InductOs® (12 mg kit for implant; Wyeth Pharmaceuticals, 

USA) and recombinant human BMP-7 from Prospec Tany Technogene (Israel) 

were used. For the determination of BMP-2 and BMP-7, Quantikine BMP-2 

immunoassay from R&D Systems (USA) and human BMP-7 Elisa kit from Ray 

Biotech (USA), respectively, were used. Dulbecco’s Modified Eagle Medium 

(DMEM, high glucose) and fetal bovine serum (FBS) were obtained from Hyclone 

(USA). NucleoCounter reagents were supplied by Chemometec (Denmark) and 

Alamar Blue cell proliferation assay was from Biosource (USA). For the assessment 

of cell differentiation, alkaline phosphatase kit (Randox, USA) was used.  
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2.2. Methods 

 

2.2.1. Preparation of Scaffolds for Bone Tissue Engineering 

 

2.2.1.1. Production of Chitosan Fiber Mesh Scaffolds by Wet Spinning   

 

 Wet spun scaffolds of chitosan were prepared from pure chitosan and its 

blends with PEO according to Tuzlakoglu et. al. (2004) as shown Figure 2.1. 

Chitosan or chitosan:PEO  (2:1) were dissolved in aqueous acetic acid to yield 4% 

chitosan and 2% PEO solutions. Solutions (0.6 mL of chitosan or chitosan:PEO, 

2:1) were then injected at a rate of 5 mL/h through a needle with a diameter of 0.5 

mm by using a syringe pump (World Precision Instruments, UK) into a coagulation 

bath of Na2SO4 (0.5 M):NaOH (1 M):distilled water = 3:1:6 (v/v). After chitosan 

fibers were kept in the coagulation bath overnight, they were exhaustively washed 

with distilled water, followed by dehydration with 50% methanol (1 h) and 100% 

methanol (3 h). The fibers were then placed in a plastic cylindrical mould with a 

diameter of 1.2 cm and a height of 0.8 cm and were dried at 60oC for 4 h. Dried 

scaffolds were 0.6 cm in diameter and 0.4 cm in height.     
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Figure 2.1. Scheme of wet spun chitosan and chitosan/PEO mesh production.  

 

 

 

 

 Chitosan was blended with PEO to improve the mechanical and 

structural properties of the chitosan scaffold. Chitosan concentration, PEO ratio and 

acetic acid concentration of the aqueous solvent were varied as presented in Table 

2.1 to obtain the scaffold with optimum properties. 
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Table 2.1. Composition of chitosan scaffold preparation media. 

 

 

Sample Code 

Concentrations in the Aqueous Solvent 

CHI 

(%, w/v) 

PEO 

(%, w/v) 

HAc 

(%, v/v) 

CHI4-HAc2 4 - 2 

CHI6-HAc2 6 - 2 

CHI4-PEO2-HAc2 4 2 2 

CHI4-PEO2-HAc5 4 2 5 

 

CHI: Chitosan, Hac: Acetic Acid, PEO: Polyethyleneoxide.   

 

 

 

2.2.1.2. Production of Poly(ε-caprolactone) (PCL) Scaffolds 

 

 3-D PCL scaffolds were fabricated by using two methods presented 

below. These were 3-D plotting, a rapid prototyping technique, and wet spinning. 

 

2.2.1.2.1. PCL Scaffold Fabrication by 3-D Plotting 

 

 Oriented PCL scaffolds were fabricated using a Bioplotter® 

(Envisiontec GmbH, Germany) (Figure 2.2). Before the plotting procedure, PCL 

cartridges were prepared by manually compressing ca. 5 g of polymer in plastic 

tubes while heating to 100oC until the polymer slightly melts. After cooling, the 

formed PCL cartridges were removed from the holder, placed in the stainless steel 

syringe of the equipment (needle length 28.1 mm, needle inner diameter 0.5 mm) 

and heated to 140oC in the heated cartridge unit. When the polymer melted, CO2 

pressure (5 mm Hg) was applied to the syringe through a pressurized cap. 

Rectangular block models (20 mm x 20 mm) were uploaded on the Bioplotter 

CAD/CAM software (Figure 2.3) and the 3-D scaffold was plotted up to 10 layers, 
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through the extrusion of polymer as fibers. Each layer was 20 mm x 20 mm with a 

thickness of 0.25 mm (Figures 2.4 and 2.5) yielding a final 10 layered scaffold of 20 

x 20 x 2.5 mm. 

 Scaffolds with different architectures were produced by changing the 

respective orientation of the deposited fibers using the CAD/CAM software. PCL 

scaffolds were produced to have four different standard architectures, named as: 

basic (B), basic-offset (BO), crossed (C) and crossed-offset (CO) (Figure 2.5). The 

B architecture is produced by the consecutive deposition of the layers, where each 

layer (N) is plotted orthogonally to the layer below (N-1), and is plotted in the same 

relative position of layer N-2 (Figure 2.5 a, b). The BO architecture is similar to B, 

but layer N is plotted with in an offset distance relative to layer N-2 (Figure 2.5 c, 

d). The C architecture is produced by the consecutive deposition of 2-D layers, in 

which layer N is plotted diagonally to layer N-1, and is plotted in the same relative 

position of layer N-4 (Figure 2.5 e, f). The CO architecture is similar to C, but layer 

N is plotted with in an offset distance relative to layer N-4 (Figure 2.5 g, h). Finally 

the scaffolds were cut using a circular die with 5 mm of diameter. 
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Figure 2.2.  Bioplotter equipment and its components that was used to fabricate 

oriented PCL scaffolds.  

 

 

  

stainless steel syringe 

heated cartridge unit 

pressurized cap 



 

 

39 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3.  A representative example of Bioplotter CAD/CAM software working 

window by which the scaffold production parameters were set for the fabrication of 

basic PCL scaffold (Needle length: 28.1 mm, Needle diameter: 0.5 mm, Dispenser 

temperature: 140oC, Layer thickness: 0.25 mm, Basic structure, Offset X: 0, Offset 

Y: 0).  
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Figure 2.4.  Production of the first two layers of crossed PCL scaffold. (a) 

production of the first layer, (b) production of the second layer on the first layer, (c) 

two-layered scaffold (length 20 mm, height 20 mm and thickness 0.5 mm).  
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Figure 2.5. The design of oriented PCL scaffolds loaded on Bioplotter software.     

3-D and cross sectional views of basic, B (a, b), basic-offset, BO (c, d), crossed, C 

(e, f), crossed-offset, CO (g, h).  

90o 

45o 

.
250 µm 

a 

500 µm 500 µm 

b

c d

e f

g h

N

N-1

N-2



 

 

42 

 

2.2.1.2.2. PCL Scaffold Fabrication by Wet Spinning 

 

 PCL scaffolds with randomly oriented fibers were prepared by wet 

spinning (Figure 2.6). The polymer was dissolved in chloroform at a concentration 

of 90% (w/v). The polymer paste was then loaded into a syringe of the syringe 

pump (World Precision Instruments, UK). The solution was injected through a 

needle with an inner diameter of 0.5 mm into cold methanol at a rate of 6 mL/h and 

randomly oriented fibers formed upon manual movement of the coagulation bath. In 

order to prevent fusion of the fibers in the 3-D scaffold, initially individual layers of 

ca. 0.8 mm thickness were produced from 0.2 mL of the polymer paste. After the 

layers were washed with distilled water and dried overnight at room temperature for 

complete removal of the solvent, 3 of these layers were combined by moistening 

them with hexane:chloroform (4:1 v/v) and then by manually pressing the 3 layers 

together.  

 

 

 

 

 

Figure 2.6. PCL mesh production by combining 3 layers of PCL fibers. 
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2.2.2. Preparation of Nanocapsules for Growth Factor Delivery  

 

 PLGA and PHBV nanocapsules carrying the model protein BSA and the 

growth factors (BMP-2 and BMP-7) were prepared by the double emulsion 

technique according to the scheme in Figure 2.7. Briefly, an aqueous solution of the 

bioactive species (2 mg BSA or 1 µg BMPs in 0.1 mL dH2O) was emulsified in a 

PLGA or PHBV solution in dichloromethane (0.6 mL) (30, 60, 120 mg polymer, to 

yield 5, 10, 20% w/v) by probe sonication at an output of 50 W for 15 s (Ultrasonic 

homogenizer, 4710 series, Cole-Parmer Instruments, USA). This first emulsion 

(w1/o) was added into an aqueous solution of PVA (2 mL, 4% w/v) to form the 

w1/o/w2 system. The double emulsion was then added into more PVA solution (50 

mL, 0.3% w/v) and then the organic solvent was evaporated by vigorous stirring 

overnight.  

 Nanocapsules were collected by centrifugation (Sigma 3K30, Germany) 

(15000 rpm, 10 min), washed with Tris-HCl (pH 7.4) and finally, resuspended in 

the buffer and lyophilized (Labconco Freezone 6, USA) after freezing at -20oC 

overnight. BSA loaded nanoparticles were stored in 4oC before in situ release 

experiments whereas BMP loaded nanocapsules were stored at -20oC and UV 

sterilized prior to in vitro studies.    
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Figure 2.7. Preparation of polymeric (PLGA, PHBV) nanocarriers of BMPs by 

w1/o/w2 double emulsion method.  
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2.2.3. Incorporation of Nanocapsules into/onto the Carriers 

  

 Incorporation of PLGA and PHBV nanocapsules into fibrous chitosan 

scaffolds was carried out in two ways: within the fibers (NP-IN) and on the fibers 

(NP-ON) of the scaffolds. NP-ON loading was done for the incorporation of PLGA 

and PHBV nanocapsules onto PCL scaffolds.   

 

2.2.3.1. Incorporation of Nanocapsules into Chitosan Scaffolds (NP-IN) 

  

 Chitosan fibers containing nanocapsules within their structure (NP-IN) 

were prepared by following the procedure presented in section 2.2.1.1. BSA or 

BMP loaded PLGA and PHBV nanocapsules (section 2.2.2) were incorporated into 

the polymer solution before injection of into the coagulation bath. Briefly, 2 mg 

PLGA and 10 mg PHBV nanocapsules carrying either BSA or BMPs were mixed 

with 0.6 mL of chitosan solution in aqueous acetic acid and this was injected into 

the coagulation bath. The rest of the procedure was the same as in section 2.2.1.1.  

  After the incorporation of the BMP loaded nanocapsules into the fibers, 

the constructs were ethylene oxide (EtO) sterilized (Steri-Vac gas sterilizer 5XL, T= 

37oC, t= 4 h 45 min; at Hacettepe University Hospital, Department of Orthopedics 

and Traumatology) prior to experiments. 40 ng BMP per scaffold was used for all 

conditions (single, simultaneous and sequential delivery of BMP-2 and BMP-7). 

The amount of PLGA and PHBV nanocapsules carrying 40 ng of BMP-2 and BMP-

7, respectively, were calculated from the encapsulation efficiencies. This calculation 

led to the use of 2 mg PLGA and 10 mg PHBV nanocapsules per scaffold. For both 

NP-IN and NP-ON (section 2.2.3.2) cases, four different release regimes were 

studied: (1) single delivery of BMP-2, (2) single delivry of BMP-7, (3) simultaneous 

delivery of BMP-2 and BMP-7 and (4) sequential delivery of BMP-2 and BMP-7. 

Single delivery was achieved by BMP-2 and BMP-7 encapsulation within PLGA 

and PHBV nanocapsules, respectively, and by their separate incorporation to the 

constructs. For the simultaneous delivery case, both BMP-2 and BMP-7 were 

encapsulated in PLGA nanocapsules, therefore, performing the rapid release of both 

BMPs from the constructs. The sequential delivery, on the other hand, was achieved 
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by encapsulation of BMP-2 in PLGA and BMP-7 in PHBV nanocapsules and thus 

achieving two different release rates.  

 The effect of BMP-2 dose on proliferation and differentiation of rat bone 

marrow mesenchymal stem cells (MSCs) was studied by loading PLGA 

nanocapsules carrying 20, 40 and 80 ng BMP per scaffold. This was achieved by 

loading the appropriate amount of BMP-loaded nanocapsules into the chitosan 

fibers. 

 

2.2.3.2. Incorporation of Nanocapsules onto Chitosan Scaffolds (NP-ON) 

 

 The second method applied for incorporation of nanoparticulate 

sequential delivery system onto chitosan scaffolds was NP-ON approach. This was 

achieved by introducing 100 μL of 20 mg/mL PLGA and 100 mg/mL PHBV 

nanocapsule suspensions onto the top and the bottom of the chitosan scaffolds, 

followed by the application of a series of vacuum-pressure cycles to achieve proper 

penetration and distribution. The scaffolds were then dried overnight in a vacuum 

oven at room temperature.  

 After the BMP loaded nanocapsules were incorporated into the scaffolds, 

they were EtO sterilized (T= 37oC, t= 4 h 45 min) prior to in vitro experiments. The 

effect of BMP-2 dose on proliferation and differentiation of rat bone marrow MSCs 

was studied by incorporating 20, 40 and 80 ng BMP-2 loaded nanocapsules per 

scaffold.  

 

2.2.3.3. Incorporation of Nanocapsules onto PCL Scaffolds  

 

 PLGA and PHBV nanocapsules were introduced to the surfaces of the 

fibers of the PCL scaffolds by a “post-seeding” method. The surfaces of the fibers 

constituting the scaffolds, produced with 3-D plotting and wet spinning, were 

treated with oxygen plasma at 50 W for 1 min (Advanced Plasma Systems Inc., 

USA) prior to nanocapsule incorporation. Oxygen plasma was applied in order to 

diminish the difference in the surface properties between the oriented and random 



 

 

47 

PCL scaffolds which was originated from the production methods involving heat 

treatment or extrusion of a paste.  

 In the mean time, dry nanocapsules were suspended in 1% (w/v) alginic 

acid solution at a concentration of 20 mg/mL for PLGA and 100 mg/mL for PHBV 

nanocapsules. After O2 plasma treatment of the fibers, 100 µL of the nanocapsule 

suspension was placed onto one side (top or bottom) of the scaffold (diameter 5 

mm, height 2.5 mm) and was allowed to dry at room temperature. After drying, 

another 100 μL of suspension was applied onto the other side of the scaffold. In 

total, 40 ng of BMP loaded nanoparticles were incorporated per scaffold for all 

delivery conditions (single, simultaneous or sequential delivery of BMP-2 and 

BMP-7). The scaffolds were finally dipped into ethanol to shrink the alginic acid on 

the fiber surfaces prior to 1 h incubation in 5% (w/v) CaCl2 to crosslink the alginic 

acid and to immobilize the particles on the scaffold. The construct was then allowed 

to dry at room temperature. The constructs were EtO sterilized (T= 37oC, t= 4 h 45 

min) prior to in vitro experiments.  

 

2.2.4. Characterization  

 

2.2.4.1. Scanning Electron Microscopy (SEM) 

 

 To prepare the samples for SEM, 50 µL of aqueous PLGA and PHBV 

nanocapsule suspensions were added onto the carbon tapes that were attached onto 

the stubs prior to SEM examination and the samples were allowed to dry at room 

temperature. Chitosan and PCL scaffolds, were lyophilized before attaching to the 

carbon tapes.   

 Cell seeded scaffolds, described in section 2.2.6, were fixed after 21 

days of incubation with glutaraldehyde (2.5% in cacodylate buffer, pH 7.4) for 2 h 

and then washed with cacodylate buffer several times and lyophilized after freezing 

at -20oC overnight before for  SEM examination. The structure of PLGA and PHBV 

nanocapsules, chitosan and PCL scaffolds, nanoparticle incorporated constructs 

(chitosan and PCL) and the cell attachment on the fiber surfaces of both types of 
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scaffolds after 21 days of incubation were studied by SEM after sputter coating with 

gold (Quanta 400F Field Emission SEM, the Netherlands). 

 

2.2.4.2. Particle Size Distribution Analysis  

  

 Size distribution of PLGA and PHBV nanocapsules was determined by 

using the Zeta Potential and Mobility Measurement System (Malvern Nano ZS90, 

UK).  

 

2.2.4.3. Assessment of in situ Degradation 

 

2.2.4.3.1. Degradation of PLGA and PHBV Nanocapsules  

 

 For the assessment of the extent of in situ degradation, 5 mg of BSA 

loaded PLGA or PHBV nanocapsules were placed in sterile phosphate buffered 

saline (PBS, 1 mL, 10 mM, pH 7.4) in duplicate and incubated at 37oC on an orbital 

shaker. On days 3, 10, 15 and 21, samples were centrifuged (Sigma 3K30, 

Germany), washed twice with distilled water and lyophilized before SEM 

examination. The pH of the supernatant was determined (CyberScan 510 pH, 

Eutech Instruments, USA) in order to determine the extent of acidic product 

formation during degradation of the polymeric nanocapsules.    

 

2.2.4.3.2. Swelling and Degradation of Chitosan Scaffolds  

 

 The change in physical properties (fiber thickness, sample weight and 

surface properties) of the chitosan scaffolds was investigated at 37oC in triplicate by 

placing the scaffolds in 3 mL of sterile PBS (10 mM, pH 7.4) for 6 weeks. At 

various time points (1, 2, 3 and 6 weeks) weight measurements were carried out 

with 0.001 g sensitivity, and SEM were obtained to study the weight loss (erosion) 

and the change in surface properties of the scaffolds. 

 At each time point, samples were removed from the medium, 

lyophilized and weighed in order to determine the weight loss based on erosion or 
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degradation of the scaffold structure. The weighed sample was then placed back 

into the medium and incubation was continued.  

 After 6 weeks in the medium, the dimensions of the scaffolds were 

measured by a micrometer (with 1 µm sensitivity). The change in individual fiber 

thickness was determined from at least three fluorescence micrographs (Leica TCS 

SPE, Germany) of the fibers.  

 

2.2.4.3.3. Degradation of PCL Scaffolds  

 

 Degradation was studied using the “Basic” (B) PCL scaffold. The 

sample was placed in 3 mL of sterile PBS and incubated at 37oC on an orbital 

shaker for 6 weeks. At various time points (1, 2, 3 and 6 weeks) pH of the medium 

was measured to determine the extent of acidic by-product formation due to 

degradation of PCL.  

 Samples were removed from the medium, lyophilized and weighed in 

order to examine the weight loss due to erosion of the scaffolds. The weighed 

samples were then placed back into the medium and incubation was continued. At 3 

and 6 weeks of the incubation, samples were washed with distilled water and then 

lyophilized before examination with SEM. All experiments were carried out in 

triplicates.      

 

2.2.4.4. Microcomputed Tomography (µ-CT) 

 

 Porosity and its distribution in the 3-D chitosan and PCL scaffolds were 

assessed by using microcomputed tomography (µ-CT 20, Scanco Medicals, 

Switzerland). Scanner settings were 40 keV and 248 µA. Entire scaffolds were 

scanned in 200 slices 7 µm thick. 3 samples were analyzed for each scaffold 

architecture (chitosan and PCL). CT Analyzer and CT Vol Realistic 3-D 

Visualization (SkyScan, Belgium) softwares were used for image processing in CT 

reconstructions and in creation and visualization of the 3-D representations.  
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2.2.4.5. Dynamic Mechanical Analysis (DMA) 

 

 Dynamic mechanical analysis of the unseeded PCL samples before 

nanoparticle incorporation was carried out using a Perkin Elmer DMA7e (USA). An 

oscillating compressive force was applied to the dry samples at 37oC and the 

resulting displacement of the sample was measured, from which the stiffness of the 

sample and the sample modulus were calculated. The real (storage) modulus, E′, 

and the imaginary (loss) modulus, E″, components of the complex modulus, E* 

(where E*=E′+iE″), were recorded against frequency that varied between 0.1 and 70 

Hz. 

 

2.2.5. In situ Release Studies   

 

2.2.5.1. BSA Release from Nanocapsules in Free Form and in Scaffolds  

 

 Encapsulation efficiencies and release kinetics of the PLGA and PHBV 

nanocapsules were studied by using bovine serum albumin (BSA) as the model 

protein. Released protein was determined with Coomassie Plus Bradford Assay 

(Pierce, USA) by using the micro protocol of the assay.  

 BSA release from PLGA and PHBV nanocapsules was studied by 

placing nanocapsules (5 mg) in PBS (1 mL, pH 7.4) in Eppendorf tubes and 

incubating at 37oC. At various time points (3 h and 1, 2, 4, 6, 8, 10, 15, 21, 28, 36 

and 45 days) sample was centrifuged, and the released protein amount in the 

supernatant was determined using the Bradford assay. Briefly, 150 µL of the sample 

was put into the 96 well plate and 150 µL of Bradford reagent was added onto these 

wells. The protein in the sample binds to the Coomassie dye, which results in a 

spectral shift from the reddish/brown (λmax 465 nm) to blue (λmax 610 nm). After 10 

min at room temperature, the absorbance at 595 nm, at which difference between 

the two forms of the dye is greatest, was determined using a plate reader (Molecular 

Devices, USA). The absorbance was correlated with the protein concentration by a 

calibration curve (Appendix A).  
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 The precipitate was resuspended in fresh 1 mL PBS solution and 

incubation was continued.  

 Encapsulation efficiency of PLGA and PHBV nanocapsules was 

determined by dissolving the nanocapsules in dichloromethane. For this, 5 mg of 

PLGA or PHBV nanoparticles were placed in glass test tubes and then 2 mL of 

dichloromethane was added, and medium was vortexed until a clear solution was 

obtained. Then the protein of the nanocapsules was extracted several times with 

water by adding 2 mL of dH2O onto the dichloromethane and vortexing. The water 

phase was then removed and the amount of protein in the water phase was 

quantified using the assay described above.  

 Release from the nanoparticles introduced to chitosan and PCL 

constructs was performed by using BSA to represent BMPs. BSA loaded 2 mg 

PLGA and/or 10 mg PHBV nanocapsule incorporated scaffolds were put into the 24 

well plates, 1 mL of sterile PBS was added into each well and incubated at 37oC on 

orbital shaker. At various time points (1, 3, 5, 10, 15 and 25 days), the medium was 

removed and protein amount was determined spectrophotometrically by using 

Coomassie Plus Assay as described above. Then, 1 mL of fresh, sterile PBS was 

added to the wells and incubation was continued. These experiments were carried 

out in triplicate. 

 

2.2.5.2. BMP Release from Free Nanocapsules 

 

 After optimization of the loading efficiency and release behavior using 

BSA, BMP-2 and BMP-7 were encapsulated in PLGA and PHBV nanocapsules and 

their release kinetics were determined with corresponding ELISA kits. For this 

purpose, 2 mg of BMP-2 loaded PLGA or BMP-7 loaded PHBV nanocapsules were 

placed in 1 mL sterile PBS in Eppendorf tubes and incubated at 37oC. At various 

time points (1, 3, 10, 15 and 21 days) sample was centrifuged, supernatant was 

removed and fresh, sterile PBS (1 mL) was added. The released BMP was 

determined using the corresponding ELISA kits for BMP-2 and BMP-7.  
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  BMP-2 was determined with the sandwich enzyme immunoassay 

technique. Into a microplate precoated with a monoclonal antibody specific for 

BMP-2 standards (to prepare a calibration curve) and samples were placed (50 µL). 

BMP-2 in the sample was bound by the immobilized antibody and after washing 

away any unbound compounds, an enzyme-linked monoclonal antibody specific for 

BMP-2 was added to the wells. Following a wash to remove any unbound antibody-

enzyme reagent, a substrate solution was added to the wells and the intensity of 

color that developed was in proportion to the amount of BMP-2 bound in the initial 

step. This was measured by the plate reader (Molecular Devices, USA).  

 BMP-7 released from PHBV nanocapsules was determined by the BMP-

7 Elisa kit working with the same principle described above.  

 

2.2.6. In vitro Studies   

 

2.2.6.1. Isolation of Bone Marrow Mesenchymal Stem Cells  

 

 Bone marrow mesenchymal stem cells (MSCs) (osteoprogenitor cells) 

were isolated from 6 weeks old, approximately 150 g, male Sprague-Dawley rats. 

The rats were euthanized by placing them in a covered glass vessel containing ether 

soaked gauze pads. Their femurs and tibia were excised and washed with DMEM 

containing 1000 U/mL penicillin and 1000 µg/mL streptomycin under aseptic 

conditions. The marrow in the midshaft was flushed out with primary media (PM) 

(DMEM containing 20% fetal bovine serum (FBS), 100 U/mL penicillin and 100 

µg/mL streptomycin) and collected in a 15 mL sterile centrifuge tube. Then, the 

cells were centrifuged at 500 g for 5 min and the resulting cell pellet was 

resuspended in primary medium and plated in T-75 flasks (cells from one femur per 

flask) (Kose et. al., 2004). These primary cultures were incubated for 2 days.   
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2.2.6.2. Bone Marrow MSC Culture 

 

 After 2 days of incubation, hematopoietic and other unattached cells 

were removed from the flasks by repeated washes with PBS (10 mM, pH 7.4) and 

the primary medium of the flasks was renewed every other day until confluency. 

These primary cultures were detached from the flasks and frozen in FBS containing 

10% DMSO for storage in liquid nitrogen until use. 

 Following thawing, cells were incubated until confluency prior to 

seeding. All cell culture experiments were conducted under standard culture 

conditions (37°C and 5% CO2) in a CO2 incubator. Cell seeding and further 

incubation was done in  complete media (CM) consisting of DMEM supplemented 

with 10% FBS, 10 mM β-glycerophosphate, 50 µg/mL L-ascorbic acid, 10 nM 

dexamethasone, 100 U/mL penicillin, 100 µg/mL streptomycin against bacterial 

contaminations and 1 µg/mL amphotericin B against fungi and yeast 

contaminations. Dexamethasone was used to promote osteoblastic differentiation 

(phenotype expression) of the bone marrow mesenchymal cells. It accelerates 

upregulation of postproliferative osteoblast genes resulting in induction of ALP 

activity and increase in number of bone nodules (Coelho et. al., 2000).  L-Ascorbic 

acid influences the differentiation of the protoblasts and plays an important role in 

the production of the collagenous bone ECM by increasing expression of collagen 

in a dose dependent manner (Stein and lian, 1993). β-Glycerophosphate serves as a 

source of phosphate ions and is strictly required for the formation of a mineralized 

ECM by the osteoblasts.  

 

2.2.6.3. Cell Seeding  

  

 Confluent cells were detached from the flask surface by treatment with 

0.25% trypsin for 5 min at 37°C. After detachment, trypsin was deactivated with 

FBS and cells were collected by centrifugation. Number of viable cells was 

determined with a Nucleocounter (Chemometec, Denmark). The calculated volume 

of cell suspension (ca. 50 µL) containing 5.104 viable cells was seeded onto TCPS 

or scaffolds according to the experimental design.  
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2.2.6.3.1. Cell Seeding for Free Nanocapsules 

 

 Cells (5.104) were seeded on tissue culture polystyrene (TCPS) and 3 h 

post-seeding, BMP loaded nanocapsules which were UV sterilized and suspended 

in the growth medium were added to the wells containing the cells. Nanocapsules 

carrying 40 ng BMP was introduced to individual wells (2 mg PLGA and 10 mg 

PHBV nanocapsules per well). In the simultaneous and sequential cases, 40 ng of 

each BMP type was used, whereas in the single BMP cases only 40 ng of the 

specific BMP was introduced. To change the medium, liquid was removed from the 

wells, centrifuged and the collected nanocapsules were resuspended in fresh 

medium and then put onto the cells.  

 

2.2.6.3.2. Cell Seeding on Chitosan and PCL Scaffolds 

 

 EtO sterilized chitosan and PCL scaffolds and nanoparticle incorporated 

constructs were seeded with rat bone marrow MSCs at a seeding density of 5.104 

cells per scaffold. During seeding, the scaffolds and growth factor incorporated 

constructs were placed onto sterile Teflon disks in order to prevent cell attachment 

onto TCPS surface. Cell seeding was done in ca. 50 µL of cell suspension 

(according to the viable cell number in the cell suspension upon tryipsinization) and 

2 h incubation in CO2 incubator was done prior to medium addition to ensure cell 

attachment onto the scaffolds. At the end of 2 h incubation period, the volume of 

the medium in the wells was completed to 1 mL under sterile conditions. Incubation 

was performed at 37oC and 5% CO2 in CM. 40 ng BMP/scaffold was used for all 

conditions unless otherwise is stated. 

 

2.2.6.4. Determination of Cell Proliferation   

 

 Viable cell number during in vitro incubations was assessed using 

Alamar Blue assay. At each time point, the medium in the wells was discarded and 

the wells were washed with sterile PBS to remove any remaining medium. Then 

Alamar Blue solution (10%, 1 mL) in colorless DMEM was added to the wells and 
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incubated at 37°C and 5% CO2 for 1 h. After 1 h, 200 µL of the test solution was 

transferred to a 96 well plate and absorbance was determined at 570 and 595 nm 

using the plate reader. The test medium in the wells was then discarded, washed 

with sterile PBS, fresh CM was added to the wells and the incubation was 

continued. All experiments were carried out in triplicates. 

 Alamar Blue assay incorporates a colorimetric growth indicator based 

on detection of metabolic activity. Specifically, the system incorporates an 

oxidation-reduction (redox) indicator that changes color in response to chemical 

reduction of growth medium resulting from the metabolic activity of the cells. 

Reduction related to metabolic activity (related to cell number) causes the redox 

indicator to change from oxidized (blue) form to reduced (red) form.      

 The redox indicator incorporated in the Alamar Blue assay was 

demonstrated by the manufacturer to be minimally toxic to living cells as shown by 

by analysis of the possible interaction of the reagent with the cellular respiration. 

The relative redox potential of the various components of the biological respiration 

chain was compared to that of the Alamar Blue. It was shown that the flow of 

electrons was interrupted in the presence of other commonly used artificial electron-

acceptors such as tetrazolium salt (MTT). Whenever a substrate is oxidized in the 

presence of MTT, the released electrons are not transported through the usual 

sequence of cytochromes but are trapped, which shuts down the respiratory chain. 

Alamar Blue, on the other hand, is intermediate and may substitute for molecular 

oxygen for any of the oxidoreductases which routinely utilize molecular oxygen as 

electron acceptor.         

 The absorbance values were recorded at 570 nm and and 595 nm which 

gives the absorption spectra of the reduced and oxidized forms of Alamar Blue, 

respectively. Since there is considerable overlap in these spectra, the following 

equation is used for the calculation of percent reduction of Alamar Blue: 

 

 

 

 



 

 

56 

% Reduction
εOX λ    Aλ     εOX λ    Aλ

εRED λ    A′λ     εRED λ   A′λ
100 

 

where; 

εOX  =  molar extinction coefficient of Alamar Blue oxidized form (Blue) 

εRED  =  molar extinction coefficient of Alamar Blue reduced form (Red) 

A  =  absorbance of test wells 

A’  =  absorbance of negative control wells 

λ1  =  570 nm 

λ2  =  595 nm 

  

 To correlate the % reduction with the viable cell number, a calibration 

curve of known cell numbers vs % reduction was constructed (Appendix B).    

 

2.2.6.5. ALP Assay for the Assessment of MSC Differentiation 

 

 Alkaline phosphatase (ALP) activity was used as the indicatior of MSC 

differentiation into osteoblastic cells and was determined by using Randox ALP kit. 

The absorbance of p-nitrophenol formed from p-nitrophenyl phosphate was 

determined at 405 nm and the amount of enzyme was calculated as described by the 

manufacturer. Experiments were carried out in triplicates. 

 Briefly, TCPS or scaffolds seeded with cells were washed with PBS (10 

mM, pH 7.4) and scaffolds were transferred into Tris buffer (10 mM, pH 7.5, 0.1% 

Triton X-100). Cells on TCPS were lysed with the same buffer and were transferred 

into sterile centrifuge tubes. Then the samples were freeze-thawed three times and 

sonicated for 5 min at 25 Watts on ice in order to achieve complete cell lysis and 

release of alkaline phosphatase and the samples were centrifuged at 2000 rpm for 

10 min to settle the cell debris. An aliquot of 100 µL of each sample was added to 

150 µL of p-nitrophenyl phosphate solution (10 mmol/L) at room temperature in the 

well of a 96-well plate. p-nitrophenyl phosphate was converted to p-nitrophenol by 

alkaline phosphatase and its absorbance was measured at 405 nm between 0 and 12 

min at 2 min intervals by the plate reader. The slope of the absorbance vs time plot 
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was used to express the alkaline phosphatase activity per minute. Calibration curve 

of p-nitrophenol at 37oC was used to determine the enzyme activity in units of 

nmole substrate converted to product per minute.  

 

2.2.6.6. Determination of Cell Phenotype  

 

 At the end of 21 days of incubation, cell seeded PCL scaffolds were 

rinsed with PBS (pH 7.4) in order to remove the media and fixed with 4% p-

formaldehyde in PBS for 30 min at room temperature. The samples were then 

treated with Triton X-100 (0.1%) for 5 min to permeabilize the cell membranes. 

After washing with PBS, samples were incubated at 37°C for 30 min in BSA-PBS 

(1%) solution before staining to prevent non-specific binding. After washing with 

0.1% BSA in PBS, the scaffolds were stained with FITC-labeled phalloidin (1:100 

dilution of the stock) for actin filaments. After several washings with PBS to 

remove the unbound stain, the samples were studied with the confocal laser 

scanning microscope (CLSM) (Leica TCS SPE, Germany) with a 488 nm laser for 

FITC-phalloidin.  

 

2.2.7. In vivo Studies 

 

2.2.7.1. In vivo Evaluation of BMP-2 Loaded PLGA Nanocapsules 

 

 Evaluation of BMP-2 loaded PLGA nanocapsules in vivo was done in 

order to assess the suitability of the nanoparticulate sequential delivery system for 

use in clinical applications. This part of the study was carried out by Dr. Shahram 

Ghanaati in the laboratories of Prof. Dr. James Kirkpatrick (REPAIR Lab, Institute 

of Pathology, Johannes Gutenberg University, Mainz, Germany) within the scope of 

EU FP6 NoE Project Expertissues.      

 24 female, five weeks old Wistar rats were divided into two groups of 12 

animals each. From each group, 3 animals were used for each of the following time 

points: 3, 10, 30 and 40 days. Group 1 was treated with BMP-2 loaded 

nanocapsules. Group 2 was the sham group. Using the subcutaneous implantation 
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model, 0.2 mg of PLGA nanocapsules was implanted in a preformed subcutaneous 

pocket of the subscapular region (Figure 2.8).  

 At each time point, the surrounding peri-implant tissue was explanted 

and fixed in 4% formaldehyde for 24 hours for histological, histochemical and 

electron microscopical analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8. Subcutaneous implantation of BMP-2 loaded PLGA nanocapsules to 

Wistar rats.  (a) Pre-op, (b, c, d) shaving, cleaning and disinfection of the 

subscapular region, (e) subcutaneous implantation, (f) post-op.    
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2.2.7.2.  In vivo Evaluation of BMP-2/BMP-7 Releasing Tissue Engineered PCL  

 Constructs   

 

 The in vivo performance of tissue engineered PCL constructs was 

studied by using a rat pelvis model. Implantations were done by Dr. Bülent Önal 

under the supervision of Prof. Dr. Semih Keskil at GUDAM (Gazi Üniversitesi 

Laboratuvar Hayvanları Yetiştirme ve Deneysel Araştırmalar Merkezi, Ankara).    

 There were two major aims in this study: (1) investigating the 

performance of the MSC seeded, tissue engineered construct capable of sequential 

delivery of BMP-2 and BMP-7 on the healing of bone defects, and (2) investigating 

the effect of PCL fiber orientation on the healing of bone defects.   

 27 female four weeks old Sprague-Dawley rats were randomly divided 

into 9 groups of 3 animals each. Two scaffolds were implanted to each animal; one 

sample (3 mm in diameter and 2 mm in height) on each side of the superior iliac 

crest of pelvis (Figures 2.9 and 2.10) according to the ethical committee approval 

provided by Gazi University (Appendix C). In total, each sample group had 6 

implantations as presented in Table 2.2.  
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Figure 2.9. The scheme of implantation into the iliac crest. 
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Figure 2.10. Implantation of scaffold C into the pelvis of a Sprague-Dawley rat. (a) 

Incision, (b) iliac crest, (c) creation of the bone defect, (d) bone defect, (e) insertion 

of the scaffold into the defect site. 
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Table 2.2. Experimental groups of in vivo evaluation of BMP releasing PCL 

scaffolds.     

SAMPLE SAMPLE CODE 

Empty defect (negative control) Sham 

BMP-2 loaded PLGA and BMP-7 loaded PHBV 

nanocapsules (free nanocapsules) 
NC 

B-scaffold with basic architecture (no nanocapsules) B 

B-scaffold incorporating BMP-2 loaded PLGA and BMP-7 

loaded PHBV nanocapsules 
B+NC 

B-scaffold seeded with rat bone marrow MSCs (seeded 1 

week before implantation) 
B+MSC 

B-scaffold seeded with MSCs (seeded 1 week before 

implantation) incorporating BMP-2 loaded PLGA and 

BMP-7 loaded PHBV nanocapsules 

B+NC+MSC 

BO-scaffold with basic-offset architecture BO 

C- scaffold with crossed architecture C 

CO-scaffold with crossed-offset architecture CO 
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 The animals were sacrificed at 6 weeks after implantation and immediately 

after sacrification, computer tomographic assessment (performed by Prof. Dr. Sadi 

Gündoğdu, Ufuk University, Department of Radiology) was performed in order to 

investigate the difference of the extend of bone regeneration and healing among the 

experimental groups. After the radiological analysis, the animals were fixed with 

4% formaldehyde for 7 days. Following dissection of the pelvic area, the bone 

samples were decalcified with 5% formic acid at 37°C for 5 days prior to sectioning 

for histological analysis (performed by Assit. Prof. Dr. Güldal Yılmaz, Gazi 

University, Department of Pathology) to investigate the (1) quality of the bone-

scaffold interface; (2) tissue response within the pores of the scaffold; and (3) 

quantity of bone formation within the defect.  

 

2.2.8. Statistical Analysis                                                                                                             

 

 MSC proliferation and differentiation assays were carried out in 

triplicates. Data were analyzed with statistically significant values defined as 

p<0.05 based on one-way analysis of variance (ANOVA) followed by Tukey’s test 

for determination of the significance of difference between different groups 

(p≤0.05). 
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CHAPTER 3 

 

 

RESULTS AND DISCUSSION 

 
 
 
 
 

3.1. Preparation of Nanoparticulate Sequential Delivery System  

 

3.1.1. Particle Structure and Size  

 

 In order to construct a sequential growth factor delivery system, two 

different populations of nanoparticles were prepared; one to provide a fast and the 

other a relatively slower release of the content. Due to the fact that PLGA degrades 

significantly more rapidly compared to PHBV (99% vs. 43% in 6 months), although 

having similar chemical structures (Kök and Hasırcı, 2003), when all the other 

properties are comparable (MW, crystallinity) it is expected that PLGA would 

degrade faster. Therefore, in this study the rapid release component of the 

sequential delivery system was constructed from PLGA particles, and from PHBV 

particles the slower release component was prepared.      

 Production of PLGA and PHBV capsules were carried out by using 5, 

10 and 20% (w/v) polymer solutions. The use of 5% polymer solutions did not lead 

to the formation of spherical capsules possibly due to the very low viscosity. 

 Proper capsular structures were obtained by using higher concentrations 

of both polymers. It was observed from the SEM micrographs that increasing the 

concentration of the polymer improved the nanoparticle shape and increased the 

capsule diameter (Figure 3.1). An increase in polymer concentration from 10 to 

20% led to an increase in capsule diameter by almost 5-fold (from ca. 300 nm to 

1500 nm) for PLGA capsules and ca. 10-fold (from ca. 400 nm to 4000 nm) for 



 

 

65 

PHBV capsules. The capsules produced by using 10% PLGA and PHBV were in 

the submicron range, where 20% capsules were larger. It was also observed that the 

walls of 10% PLGA particles were quite thick (ca. 200 nm) (Figure 3.1a inset). 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. BSA loaded capsules (a) PLGA: 10% (x50,000; inset shows wall 

thickness of 220 nm), (b) PLGA: 20% (x5,000), (c) PHBV: 10% (x20,000), (d) 

PHBV: 20% (x1,000).   
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 The particle size distribution of the submicron range particles, 10% 

PLGA and 10% PHBV, were determined. PLGA capsules were found to have an 

average diameter of 327 nm, with the particle size in the range 190-615 nm. PHBV 

capsules had a larger mean diameter of 438 nm and a particle size range of 255-712 

nm (Figure 3.2). These indicated that both capsules were in the nanometer range. 

 

 

 

 

Figure 3.2. Particle size distribution of 10% PLGA and 10% PHBV capsules. 

 

 

 

3.1.2. Degradation of Loaded PLGA and PHBV Nanocapsules 

 

 Since the delivery of the bioactive agent from the carrier depends 

partially on the degradation of the nanocapsules, their degradation was investigated 

in situ. As an indicator of degradation, the change of the pH of the degradation 

medium (PBS) during 21 days of incubation was recorded (Figure 3.3). A decrease 
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in the medium pH was observed with time for both particle types, probably as a 

result of the hydrolytic degradation of the polymers producing acidic degradation 

products including lactic acid, glycolic acid, 3-hydroxybutyric acid and 3-

hydroxyvaleric acid. The rate of decrease of the medium pH was higher initially in 

the beginning of the incubation period (first 3 days) for PLGA nanocapsules, as 

expected from the higher degradation rate of PLGA.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. pH change of the medium during incubation of PLGA and PHBV 

nanocapsules. 

 

 

 

 The in situ degradation of the PLGA and PHBV nanocapsules was also 

followed by SEM. The loss in capsule integrity was more evident with PLGA 

capsules than with PHBV counterparts during the 21 days of incubation (Figure 

3.4), providing the appropriateness of the choice of PLGA nanocapsules as the early 

stage release component of the sequential delivery system.     
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Figure 3.4. Degradation of BSA loaded nanocapsules at 37oC in sterile PBS (pH 

7.4) (a) PLGA, day 0 (x50,000), (b) PLGA, day 15 (x50,000), (c) PLGA, day 21 

(x50,000), (d) PHBV, day 0 (x10,000), (e) PHBV, day 15 (x10,000), (f) PHBV, day 

21 (x10,000).   

 

 

 

3.1.3. Encapsulation Efficiency and Release Kinetics  

 

 Encapsulation efficiency and release rate of 5, 10 and 20% (w/v) PLGA 

and PHBV capsules were investigated initially by using BSA as a model protein for 

BMPs and later with BMP-2 and BMP-7. With both PLGA and PHBV capsules, it 

was observed that 10% polymer concentration is optimal to achieve maximum 

encapsulation of BSA (Table 3.1). Encapsulation efficiency of PLGA capsules was 

almost 5 fold higher than their PHBV counterparts (84.75±1.47 vs. 16.72±1.06). 

The percent encapsulation values of the model protein with both PLGA and PHBV 

nanocapsules are in agreement with the literature; 78-81% of BMP-7 in PLGA 
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nanospheres (Wei et. al., 2007) and 24% of L-asparaginase in PHBV nanocapsules 

(Baran et. al., 2002).  

 

 

 

Table 3.1. BSA encapsulation efficiency of PLGA and PHBV nanocapsules 

 

 

 

 

 

 

 

 

 

The release results of the model protein BSA from PLGA and PHBV 

capsules are presented in Figures 3.5a and b, and Table 3.2. With both capsule 

populations, both the size and the release rate increased with increasing polymer 

concentration. This increase in release rate could be due to thinner capsule walls. 

The kinetics of release was investigated by fitting the data to rate equations and the 

best fit was obtained with the Higuchi model (Mt/M0 = k.t1/2) (Higuchi, 1961) 

(Table 3.2) which involves the plotting of amount of content released per surface 

area versus square root of time (Mt/M0 vs t1/2). The Higuchi rate constants, k, (the 

slope of the Mt/M0 vs t1/2 plot) calculated from the earlier part of the release profiles 

showed that with increase in polymer concentration the release rate also increases.  

 

 

 

 

 

 

 

Polymer Concentration 

(%, w/v) 

Encapsulation Efficiency 

PLGA PHBV 

5 74.302.33 12.550.12 

10 84.751.47 16.721.06 

20 70.661.34 12.060.53 
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Figure 3.5. BSA release from (a) PLGA capsules, (b) PHBV capsules with varying 

initial polymer concentrations.  
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Table 3.2. Kinetic analysis of BSA, BMP-2 and BMP-7 release from PLGA and 

PHBV nanocapsules according to Higuchi Model. 

 

Polymer Type and 
Initial Polymer 

Concentration (w/v) 

 
Capsule 
Content 

 

kH 

 

r2 

PLGA, 5% BSA 0.0306 0.9454 

PLGA, 10% BSA 0.0908 0.9842 

PLGA, 20% BSA 0.0924 0.9141 

PHBV, 5% BSA 0.0754 0.9834 

PHBV, 10% BSA 0.0789 0.9869 

PHBV, 20% BSA 0.1081 0.9289 

PLGA, 10% BMP-2 0.0987 0.9525 

PHBV, 10% BMP-7 0.0636 0.9941 

 

 

 

 

 After considering the release rates, encapsulation efficiency and size 

distribution of the particles, the 10% (w/v) PLGA capsules were selected as the 

rapid release element and the 10% (w/v) PHBV capsules as the slower release 

element of the sequential delivery system.  

 BMP-2 release profile was similar to that with BSA, but slightly faster. 

On the other hand, BMP-7 release rate was slower than that with BSA (Figures 3.6 

and 3.7 and Table 3.2). It was observed that combined together they would form the 

sequential delivery system for the two growth factors.  
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Figure 3.6. BMP release from polymeric nanocapsules (BMP-2 from 10% PLGA 

nanocapsules, BMP-7 from 10% PHBV nanocapsules).    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7. The kinetic analysis of BMP release according to Higuchi Model 

(BMP-2 from 10% PLGA nanocapsules, BMP-7 from 10% PHBV nanocapsules).    
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3.1.4. Influence of Sequential BMP-2/BMP-7 Delivery on MSC Proliferation 

and Differentiation  

 

 After the preparation and characterization of the sequential delivery 

system, the BMP loaded nanoparticles were tested by using MSCs of rat bone 

marrow origin in order to assess their suitability for use in bone tissue engineering 

applications.  

 The conditions tested were: (1) BMP-2 delivery from BMP-2 loaded 

PLGA nanocapsules, (2) BMP-7 delivery from BMP-7 loaded PHBV nanocapsules, 

(3) simultaneous BMP-2 and BMP-7 delivery from BMP-2 loaded PLGA 

nanocapsules and BMP-7 loaded PLGA nanocapsules (early release of both BMPs), 

(4) sequential BMP-2 and BMP-7 delivery from BMP-2 loaded PLGA 

nanocapsules and BMP-7 loaded PHBV nanocapsules (BMP-2 followed by BMP-

7). The changes observed in cell proliferation and differentiation through different 

administration routes of BMPs indicated that PLGA and/or PHBV nanocapsules 

released the growth factors in a bioactive form for an extended period.  

 Alamar Blue test was used to determine the cell numbers (Figure 3.8). 

The change in cell numbers were statistically significant (p<0.001) between days 7, 

14 and 21 for single delivery of BMP-7, simultaneous and sequential delivery of 

BMP-2 and BMP-7. For single delivery of BMP-2, statistically, cell proliferation 

was not significant (p>0.05) between 7, 14 and 21 days; however, there appears to 

be a distinct increase in proliferation with time. Generally, it was observed that the 

presence of growth factors improved cell proliferation. The increasing order of 

effectiveness was BMP-2 < BMP-7 < BMP-2/BMP-7 sequential delivery < BMP-

2/BMP-7 simultaneous delivery for days 7, 14 and 21.  
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Figure 3.8. Effect of BMP-2 and BMP-7 on MSC proliferation. 

 

 

 

 In Figure 3.9, it is observed that BMP-2 was more effective in inducing 

differentiation than BMP-7, and sequential delivery was better than the 

simultaneous. In the literature, it is reported that proliferation and differentiation 

follow and counteract each other (Stein and Lian, 1993). Here, we observed the 

same trend. Cell proliferation observed with simultaneous delivery of BMP-2/BMP-

7 was higher than with the sequential case, and a higher differentiation was 

observed with sequential delivery. Similar comparison can be made for the single 

growth factor carrying samples. Simultaneous application of BMP-2 and BMP-7 by 

encapsulating them both into PLGA nanocapsules (BMP-2/BMP-7 simultaneous) 

enabled the release of the contents in the very first days of the incubation, led to 

increased cell proliferation. Sequential delivery of these two bone growth factors, 

on the other hand, led to the highest ALP activity. If the ALP production efficiency 
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is plotted as activity per cell, the BMP-2 value is observed to be the highest. 

However, we are concerned with bone healing and the highest total amount of ALP 

with the given population is more important than that per cell. The highest value 

obtained with sequential delivery indicates the importance of mimicking the natural 

conditions where BMP-2 was shown to appear in the first days after fracture while 

BMP-7 peaks mainly after two weeks (Cho et. al., 2002). The increase of ALP 

activity was statistically significant (p<0.001) between days 7, 14 and 21 for every 

delivery condition tested. This improvement was achieved through the sequential 

delivery system developed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9. Effect of single, simultaneous and sequential delivery of BMP-2 and 

BMP-7 on MSC differentiation into osteoblastic cells.  
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3.2. Growth Factor Delivery from Chitosan Scaffolds  

 

3.2.1. Chitosan Fiber Mesh Scaffold Production  

 

 3-D fibrous chitosan scaffolds were produced by wet spinning. The 

effect of polymer (chitosan) concentration, composition (chitosan, PEO) and the 

solvent (acetic acid) concentration on the properties of fibers were studied.  

 Initially, the effect of concentration of pure chitosan on the structure of 

the fibers produced was investigated by using 4% (CHI4-HAc2) and 6% (CHI6-

HAc2) chitosan solutions. Chitosan solutions less concentrated than 4% did not lead 

to the formation of fibrous structures. It was observed that 4% chitosan solution had 

an optimal viscosity to produce fibers and also led to smoother surfaces than with 

6% (Figure 3.10). With 8% chitosan it was not possible to form proper fibrous 

structure.  

 After the selection of 4% as the optimal concentration to prepare smooth 

fibers, the preparation medium was further modified by blending chitosan with PEO 

in order to improve the structural properties. Chitosan (4%) was blended with PEO 

in 2:1 ratio, creating chitosan (4%)/PEO (2%) fibers (CHI4-PEO2-HAc2) (Figure 

3.11). It was observed that introduction of PEO resulted in improved stability of the 

scaffold. However, addition of PEO more concentrated than 2% created solutions 

that were too viscous to be spun into proper fibers. The effect of PEO presence 

could be observed by comparing Figures 3.10b and Figure 3.11b in which chitosan 

(4%) and chitosan (4%)/PEO (2%) fibers produced in 2% acetic acid are presented. 

PEO did not alter the smoothness of the fiber surfaces; however, this resulted in 

increased fiber thickness, as expected from the increased total polymer 

concentration (ca. 100 µm vs ca. 125 µm). 
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Figure 3.10. CHI4-HAc2 fiber mesh scaffold, (a) x15, (b) x100, (c) x1,000;                  

CHI6-HAc2 fiber mesh scaffold, (d) x15, (e) x100, (f) x1,000. Bar represents (a, d) 

2 mm, (b, e) 200 µm, (c, f) 20 µm. 
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Figure 3.11. CHI4-PEO2-HAc2 fiber mesh scaffold, (a) x15, (b) x100, (c) x1,000; 

CHI4-PEO2-HAc5 fiber mesh scaffold, (d) x15, (e) x100, (f) x1,000. Bar represents 

(a, d) 2 mm, (b, e) 200 µm, (c, f) 20 µm. 
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 Meanwhile, the effect of concentration of solvent on surface topography 

of the chitosan (4%) / PEO (2%) fibers was studied by using 2% and 5% (v/v) 

acetic acid as the solvent. It was observed that the more dilute acetic acid solution 

leads to smoother surfaces (Figure 3.11).  

 After studying the effect of various conditions, two scaffolds, one with 

smooth and another with rough fiber surface, were selected for the following 

investigation as the surface properties are known to make a difference in cell-

material interactions through altered surface chemistry and roughness. Scaffolds of 

CHI4-HAc2 with a smooth fiber surface, and CHI4-PEO2-HAc5 with a rough 

surface were used to incorporate the delivery systems. 

 

3.2.2. Characterization of the Scaffolds 

 

 The porosity and its distribution throughout the thickness of the chitosan 

scaffolds were investigated by µ-CT. The 3-D representations of the scaffolds 

obtained with µ-CT showed the presence of complete interconnectivity of the pores 

throughout the structure (Figure 3.12).   

 Analysis revealed that the porosity of the scaffolds was not influenced 

significantly by the chitosan and chitosan/PEO concentration and composition used. 

The porosity values for CHI4-HAc2 and CHI4-PEO2-HAc5 scaffolds were 

85.4±3.5 % and 86.7±4.8 %, respectively. The almost uniform porosity throughout 

the thickness of CHI4-HAc2 scaffold is presented in Figure 3.13.  
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Figure 3.12. 3-D representations of chitosan scaffolds obtained through µ-CT. (a, 

b) CHI4-HAc2, (c, d) CHI4-PEO2-HAc5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13. Porosity distribution throughout the thickness of CHI4-HAc2 scaffold. 

70

75

80

85

90

95

100

0 1000 2000 3000 4000

P
or

os
it

y 
(%

)

Depth in Scaffold (µm)

Porosity
Mean Porosity

a b 

c d 

Top                                                                   Bottom 



 

 

81 

 It was also observed from the porosity distribution profile that the pores 

were completely interconnected throughout the whole structure. Moreover, the 

profile showed that the porosity from top to bottom of the scaffold did not change 

significantly. The top of the scaffold had a high porosity (ca. 98%) which reduces to 

ca. 85% towards the bottom. This is especially a very important asset because most 

scaffolds produced by other methods do not have complete connectivity and the 

porosity decreases significantly from the surface towards the core leading to 

insufficient cell population and oxygen/nutrient concentrations in the core. 

 The change in the physical properties of CHI4-HAc2 and CHI4-PEO2-

HAc5 scaffolds were investigated in wet state (PBS, pH 7.4) at 37oC and 5% CO2 

conditions. After 21 days of incubation in the medium, the dimensions and the 

weight of the fibers were altered significantly (Table 3.3). Both scaffolds absorbed 

water and swelled as soon as they were put into the medium and became 500-600% 

(w/w) heavier. The increase in individual fiber thickness was also significant; 

around 55% for both scaffolds. The diameter and height of both scaffolds were also 

increased, being in the range of 20% for both of them.  

 

 

 

Table 3.3. Changes in chitosan scaffold properties after incubation in sterile PBS 

(pH 7.4) for 21 days.  

 

 CHI4-HAc2 CHI4-PEO2-HAc5 

Fiber Thickness (%) 53 59 

Scaffold Diameter (%) 18 29 

Scaffold Height (%) 25 29 

Scaffold Weight (%) 600 500 
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 Gravimetric analysis revealed that after 3 weeks of incubation in sterile 

PBS, there was no change in the weight of chitosan scaffolds. SEM observation was 

done to examine the changes in surface properties for both scaffolds after 3 weeks 

of incubation in situ. Micrographs of CHI4-HAc2 scaffolds revealed that there was 

almost no change in the fiber appearance at the end of the incubation (Figure 3.14 

a), however, PEO had dissolved out of CHI4-PEO2-HAc5 scaffold leading to 

increased surface roughness (Figure 3.14 b) compared to day 0 micrographs 

presented in Figure 3.10 and Figure 3.11, respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14. Fiber structure after 21 days of incubation in PBS. (a) CHI4-HAc2, (b) 

CHI4-PEO2-HAc5 scaffolds.    

 

 

 

3.2.3. MSC Culture on Chitosan Scaffolds 

 

 Suitability of chitosan scaffolds for use in bone tissue engineering 

applications was studied using rat bone marrow MSCs. It was observed that 

although cell numbers were almost the same after 21 days, initial cell adhesion and 

proliferation rate during the first week was higher on CHI4-HAc2 scaffold than on 

CHI4-PEO2-HAc5 (Figure 3.15).  
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Figure 3.15. MSC proliferation on CHI4-HAc2 (■) and CHI4-PEO2-HAc5 (□) 

scaffolds (n=3, *p<0.05, **p<0.001). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16. Specific ALP activity of MSC on CHI4-HAc2 (■) and CHI4-PEO2-

HAc5 (□) scaffolds.   
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In the period of cell proliferation between 7-14 days, the cell number 

increase was much lower for CHI4-HAc2 than it was for CHI4-PEO2-HAc5. The 

specific ALP activities are presented in Figure 3.16. In the first 7 days the ALP 

activity is very low as expected. In the 7-14 period the increase in ALP activity, the 

indicator for MSC differentiation, was higher for CHI4-HAc2 when compared to 

CHI4-PEO2-HAc5 scaffold and the difference was statistically significant at all 

time points (p<0.01) (Figure 3.16). The increase in cell number was statistically 

significant after the first week of incubation for CHI4-HAc2 scaffold (p<0.05) and 

started a decrease after day14 due to increased differentiation. Cell proliferation and 

ALP activity were shown to increase gradually during 21 days of incubation for the 

PEO containing blend scaffolds.  

SEM analysis revealed that the cells attached and spread well on both 

scaffolds after 21 days of culturing (Figure 3.17). It is seen that the smooth chitosan 

fibers become rougher in cell presence after 21 days and the shapes of the cells 

indicate a proper spread. On CHI4-PEO2-HAc5 fibers the roughness is maintained 

and the cell spread is also very good.  
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Figure 3.17. MSC attachment and spreading on (a, b) CHI4-HAc2 (arrow head 

show cells); (c, d) CHI4-PEO2-HAc5 scaffolds after 21 days of incubation. 

 

 

 

3.2.4. Incorporation of the BMP Loaded Nanocapsules into the Chitosan 

Scaffolds 

 

 In order to incorporate the PLGA and PHBV nanocapsules into chitosan 

scaffolds, two different approaches were used: they were either introduced within 

the chitosan fibers (NP-IN) or incorporated onto the fibers (NP-ON).  
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NP-IN were prepared by mixing the nanocapsules with chitosan and 

chitosan/PEO solutions and then spun to produce fibers containing the nanocapsules 

within their structure. Nanocapsules incorporated into CHI4-HAc2 fibers were 

clearly visible due to increased roughness as the unloaded fiber surfaces were 

smooth. Detection was difficult in the case of CHI4-PEO2-HAc5 fibers, because the 

unloaded fibers had also rough surfaces (Figure 3.18).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.18. PLGA nanocapsules incorporated (NP-IN) in (a) CHI4-HAc2 fiber, 

(b) CHI4-PEO2-HAc5 fiber (x1,000 in all micrographs including insets). Insets are 

unloaded counterparts. 
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 In the second method, both type of capsules were “seeded” onto the 

CHI4-HAc2 scaffolds after the preparation of both the fibers and the nanocapsules 

leading to the attachment of the capsules onto the fiber surfaces (Figure 3.19a, b). 

Here, the nanoparticles appear to have adhered properly onto the fibers for a 

prolonged duration. The presence of PLGA and PHBV nanocapsules on the CHI4-

HAc2 fiber surfaces (NP-ON) after 21 days of culturing in PM (37oC, 5% CO2) was 

observed (Figure 3.19c, d). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.19. PLGA and PHBV nanocapsules on CHI4-HAc2 scaffold (NP-ON), (a) 

x200 (t=0), (b) x2,000 (t=0), (c) x6,000 (t=21 day), (d) x12,000 (t=21 day). 
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3.2.5. The Release Behavior  

  

 The release of BSA, a protein used as a model to study the release 

kinetics, from the nanoparticle incorporated (NP-ON and NP-IN) constructs (CHI4-

HAc2) was studied and compared with that of free nanocapsules. It was observed 

that although not influencing the overall release pattern, incorporation into the 

scaffolds (NP-ON and NP-IN) suppressed the burst release in addition to slowing 

down the release for the rest of the period for both PLGA and PHBV nanocapsules 

(Figure 3.20).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.20. Release of BSA from free and incorporated particles. 
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 The main difference in the release rates for both nanocapsules was 

observed during the first 3 days of the incubation where suppression in release rates 

was observed. As described previously, PLGA nanocapsules, either free or 

incorporated in the scaffold structure, released their contents faster than PHBV 

counterparts which is why they were selected to serve as the early stage release 

component of the sequential delivery system. While the protein encapsulated in 

PLGA nanocapsules was almost completely released, both the free and the 

incorporated PHBV nanocapsules did not release their total content in the 21 days 

of the test. On the other hand, PLGA and PHBV particles incorporated in the CHI4-

HAc2 scaffolds (NP-IN) presented a much slower release rate, even slower than 

with NP-ON. It was observed that at the end of the incubation period of 25 days 

only 70% and 40% of the content in PLGA and PHBV nanocapsules, respectively, 

was released from the NP-IN construct. The release of the content apparently is 

affected by the location of the drug carrying nanoparticles. When they are on the 

fibers, there is only the diffusional restriction due to the tortuosity of the path of the 

protein due to the fibers of the scaffold, but when in the fiber, there is an additional 

barrier, the fiber structure.  

 

3.2.6. Effect of BMP-2 Dose on the Proliferation and Differentiation of MSCs  

 

 The effect of BMP-2 dose on MSC proliferation and differentiation was 

studied by incorporating varying amounts of BMP-2 loaded PLGA nanocapsules 

per CHI-HAc2 scaffold that contained 20, 40 and 80 ng BMP-2. Both incorporation 

methods (NP-ON and NP-IN) were used with each of the BMP concentrations and 

the results were compared with that of the unloaded fiber mesh scaffolds.  

 It was observed that the presence of BMP-2 suppressed cell proliferation 

and this suppression was more significant with increasing BMP-2 concentration 

(Figure 3.21). Cell proliferation was statistically significant at all time points except 

between 7-14 days for NP-IN 40, NP-IN 80 ng and NP-ON 40 ng (details given on 

the figure).  

 When cell proliferation was suppressed, higher ALP activities were 

obtained with both NP-IN and NP-ON cases (Figure 3.22) due to the stimulation of 
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differentiation in the presence of BMP-2. ALP activity was increased with 

increasing BMP-2 concentration. The difference in the ALP activity was 

statistically significant at all time points for all conditions (p<0.001). In Figure 3.22, 

the increase in ALP activity in the presence of BMP-2 was apparent regardless of 

the delivery condition, however, the increase was more significant between 20 and 

40 ng than it was between 40 and 80 ng. Especially for the NP-IN case, the increase 

in ALP activity in the case of 80 ng BMP-2 in comparison to 40 ng was almost 

insignificant. Therefore, 40 ng of BMPs was chosen for use in further studies, also 

considering the prohibitive cost of the growth factors.   

 

 

 

Figure 3.21. Effect of BMP-2 dose carried in PLGA nanocapsule loaded scaffolds 

on the proliferation of MSCs (n=3, *p<0.001, **p<0.01, ***p<0.05). 
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Figure 3.22. Effect of BMP-2 dose on the differentiation of MSCs. 

 

 

 

3.2.7. Influence of BMP-2/BMP-7 Delivery from Constructs on MSC 

Proliferation and Differentiation  

 

 The effect of single, simultaneous and sequential delivery of BMP-2 and 

BMP-7 released from constructs was investigated in vitro using rat bone marrow 

MSCs with two different incorporation methods. Only the CHI4-HAc2 scaffold 

(smooth fiber surface, higher initial MSC differentiation (Figures 3.10 and 3.16)), 

was used for the incorporation of BMP loaded nanoparticle incorporation studies. 

The simultaneous delivery of the two growth factors was achieved by encapsulating 

both growth factors in PLGA nanocapsules. Therefore, in this condition, both the 

BMP-2 and BMP-7 were released to the medium from the very beginning of the 
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culturing. The difference observed in cell proliferation and differentiation through 

different administration approaches of BMPs suggested that the growth factors were 

released in a bioactive form from the constructs for an extended period. 

 In every condition tested, particles incorporated on the fiber surfaces 

(NP-ON) led to higher cell numbers compared to NP-IN indicating higher 

concentration of the growth factors under these conditions due to higher rate of 

release of the growth factors (Figure 3.23).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.23. MSC proliferation on chitosan scaffolds carrying BMP loaded 

nanocapsules. (n=3, *p<0.001, **p<0.01, ***p<0.05). 
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 The change in cell proliferation was significant at all times for all 

conditions (p<0.05, details given on the figure). For both NP-IN and NP-ON cases, 

single delivery of BMP-7 lead to highest MSC proliferation followed by 

simultaneous BMP-2/BMP-7, single BMP-2 and sequential BMP-2/BMP-7 

delivery. This indicated that the presence of BMP-2 suppressed MSC proliferation 

compared to BMP-7. This was also apparent when single BMP-7 and simultaneous 

cases were compared, the latter leading to lower cell numbers. In the case of 

sequential delivery of these two growth factors, the lowest cell numbers were 

obtained for both NP-IN and NP-ON cases. The reason for this was observed with 

highest ALP activity results (Figure 3.24) indicating higher cellular differentiation 

in case of sequential delivery of BMP-2 and BMP-7. BMP-2 was more effective in 

inducing differentiation compared to BMP-7. Simultaneous delivery of two growth 

factors failed to give high ALP activity results basically because proliferation was 

the stimulated biological mechanism rather than differentiation. The differences 

between ALP activity results were statistically significant at all time points for all 

conditions (p<0.001). 

 Cell number on chitosan fiber mesh scaffolds without loaded with any 

BMPs (CHI4-HAc2) on day 7, 14 and 21 were 7.8.105±8.6.104, 8.105±7.104 and 

1.106±1.105 respectively (Figure 3.15), being much higher compared to the loaded 

scaffolds also indicated the suppression of cell proliferation in the presence of 

BMPs regardless of the delivery condition. 
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Figure 3.24. Specific ALP Activity on BMP loaded particle incorporated chitosan 

fiber mesh scaffolds. 

 

           

  

 

 

 

 

 

 

 

 

 

 

 

 

0

0,2

0,4

0,6

0,8

1

1,2

1,4

1,6

1,8

7 14 21

A
L

P 
A

ct
iv

it
y 

(n
m

ol
/m

in
/c

el
l)

Time (days)

BMP-2 (NP-IN)

BMP-7 (NP-IN)

Sim (NP-IN)

Seq (NP-IN)

Series5

BMP-2 (NP-ON)

BMP-7 (NP-ON)

Sim (NP-ON)

Seq (NP-ON)



 

 

95 

3.3. Growth Factor Delivery from PCL Scaffolds   

 

3.3.1. PCL Scaffold Production and Characterization 

 

 Oriented and random PCL scaffolds were produced by 3-D plotting and 

wet spinning, respectively. Oriented PCL scaffolds were prepared with four 

different standard architectures designated as basic (B), basic-offset (BO), crossed 

(C) and crossed-offset (CO) structures, where random PCL scaffold was 

abbreviated as random (R). SEM in Figure 3.25 showed the fiber orientation of the 

PCL scaffolds and the overall architecture of the 3-D scaffolds. 

 

3.3.1.1. Scaffold Porosity  

 

 The porosity and porosity distribution throughout the thickness of the 

PCL scaffolds were investigated by µ-CT. The 3-D representations of PCL 

scaffolds were also obtained with µ-CT showing the 3-D architecture of the fibers 

that constitute the 3-D structures (Figure 3.26).   
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Figure 3.25. SEM images of PCL scaffolds produced with 3-D plotting and wet 

spinning with different architectures, B: (a) and (b) x15, (c) x50; BO: (d) and (e) 

x15, (f) x50; C: (g) and (h) x15, (i) x50; CO: (j) and (k) x15, (l) x50; R: (m) and 

(n) x15, (o) x50.  
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Figure 3.26. 3-D representations of PCL scaffolds. (a) B, (b) BO, (c) C, (d) CO, (e) 

R.  

 

 

 

 The porosity (%) values of the scaffolds indicate that the porosity of the 

scaffolds are about 50-70% and are to some extent dependent on the fiber 

orientation within the construct (Table 3.4). 

 

 

 

Table 3.4. The porosity of the PCL scaffolds (n=3).  

 

 

 

 

 

 

                                    

 

Sample Porosity (%) 

B 50.98±3.16 

BO 66.31±4.35 

C 65.00±6.01 

CO 56.80±6.78 

R 66.83±5.82 
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 The porosity profiles showed that the porosity from top to bottom of the 

scaffolds did not change significantly as expected from the precision of the 

production of the scaffolds by the Bioplotter (Figure 3.27). It could be also 

observed that the pores were completely interconnected throughout the whole 

structure. This is especially important when most scaffolds produced by other 

methods do not have complete connectivity and the porosity decreases from the 

surface towards the core leading to insufficient population by cells and 

oxygen/nutrient concentrations at the core.  

 

 

 

 

 

Figure 3.27. Porosity distribution within PCL scaffolds.     
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3.3.1.2. Mechanical Properties  

 

 The stiffness, the storage and loss modulus values of the samples were 

calculated by dynamic mechanical analysis (DMA) (Table 3.5).  It was observed 

that the change in fiber orientation in the scaffold from BO to B architecture 

increased the storage modulus almost 5 fold from 3.48±0.08.106 Pa to 1.85±0.19.107 

Pa. The loss modulus, on the other hand, increased from 2.64±0.07.105 Pa to 

8.80±0.01.105 Pa for the same. Therefore, it can be stated that the mechanical 

properties of a 3-D plotted scaffold can be, to some extent, tuned through the 

adjustment of the fiber positioning within the scaffold architecture, allowing its 

adaptation for different mechanical requirements.   

 The storage moduli for cortical, demineralized cortical and trabecular 

bone were reported to be 8.109, 2.109 and 8.105 Pa, respectively (Wang and Feng, 

2005). The loss moduli for the same samples were 2.108, 7.5.107 and 5.2.104 Pa, 

respectively (Toyras et. al., 2002). Therefore, the PCL scaffolds exhibit higher 

stiffness as compared to trabecular bone and lower stiffness relative to cortical 

bone. In order to resist to the mechanical stresses a cortical bone implant is 

subjected to, these scaffolds need to be stiffer. It should be kept in mind that the 

stiffness and strength in bone are the result of the organization of mineral and 

organic fractions at the nano-scale. Since the current scaffolds cannot match the 

high mechanical properties of the cortical bones, it is expected that upon cell 

proliferation and ECM secretion the construct to attain mechanical properties 

comparable to that of a living bone.  
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Table 3.5. Storage and loss modulus of PCL scaffolds (n=3). 

Sample Storage Modulus (Pa) Loss Modulus (Pa) 

B 1.85±0.19.107 8.80±0.01.105 

BO 3.48±0.08.106 2.64±0.07.105 

C 1.15±0.09.107 6.12±0.05.105 

CO 9.69±0.14.106 5.32±0.07.105 

R 6.76±0.18.106 5.96±0.03.105 

 

 

 

 This analysis also showed that the PCL scaffolds exhibit a viscoelastic 

behavior and that although influential, the porosity is not the sole determinant of the 

stiffness as other factors and that the number of junction points between the fibers 

and their relative orientation can also influence mechanical properties. For example, 

structures BO and C demonstrated almost similar porosities (about 65%), but their 

storage moduli differed by about 3.3 times (from 3.48.106 to 1.15.107 Pa). When the 

structures are compared, it is observed that scaffolds without offset had higher 

compressive stiffnesses due to the juxtaposition of the consecutive filaments along 

the Z axis (Figure 3.28). 
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Figure 3.28. Relation between storage moduli and porosity of the oriented PCL 

scaffolds.  

 

 

 

3.3.2. Degradation of PCL Scaffolds  

 

 Oriented PCL scaffolds with the “B” architecture were used to study 

PCL scaffold degradation for 6 weeks in PBS. It was observed that at the end of the 

incubation period, there was no change in the weight of the scaffolds that could be 

detected gravimetrically. However, the medium pH decreased gradually from 7.40 

to ca. 7.16 (Figure 3.29) indicating an acidic by-product formation probably due to 

the hydrolytic degradation of PCL fibers.    
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Figure 3.29. pH change of the medium during incubation of “B” PCL scaffold in 

PBS (T= 37oC).  

 

 

 

 Signs of PCL scaffold degradation were also examined by SEM. It was 

observed that at the end of the incubation period, PCL fiber surfaces had partially 

eroded, and gaps and cracks were apparent on their surfaces (Figure 3.30).  
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Figure 3.30. SEM of degradation of “B” PCL scaffold after 6 weeks of incubation 

in sterile PBS, (a) x250, (b) x500, (c) x1,000, (d) x2,000.   

 

 

 

3.3.3. MSC Culture on PCL Scaffolds  

 

 PCL scaffolds were seeded with rat bone marrow MSCs at a density of 

50,000 cells per scaffold to assess suitability for use in bone tissue engineering 

applications. Proliferation and ALP activity were tested after 7, 14 and 21 days of 

incubation.  
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 Cell proliferation tests demonstrated that both scaffolds with the offset 

(BO and CO compared to B and C) resulted in significantly higher cell proliferation 

(Figure 3.31). This might be related to the tortuosity of the flow path of the media. 

During cell seeding, the relative positioning of the fibers will determine the path of 

flow of the media and, to a certain extent, the cell seeding efficiency. When there is 

no offset, cells have a straight and open path which increases the likelihood of cells 

passing through the scaffold, and very few would move laterally during seeding. On 

the contrary, when there is an offset structure, fibers act as obstacles in the path and 

also provide a higher surface area for cells to attach to. This leads to increased 

initial adhesion and subsequent higher cell numbers. The initial cell attachment 

trend observed on day 1 continued for the rest of the incubation period, offset 

scaffolds housing higher number of cells, with the random scaffold having a value 

in between the regular and offset scaffolds. The overall difference in cell 

proliferation was statistically significant for all scaffold types (n=3, p<0.001). The 

increase in the number of cells was not statistically significant between days 7 and 

14 for scaffolds BO, C, CO and R.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.31. MSC proliferation on PCL scaffolds. 
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 In order to determine the cell behavior and to qualitatively monitor cell 

growth, the samples were fixed and the actin filaments of the cells were stained on 

day 21 of the culture (Figure 3.32 and 3.33). It was observed that the cells attach 

and proliferate well on the fiber surfaces of the scaffolds regardless of fiber 

geometry.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.32. Fluorescence microcopy of MSC seeded PCL scaffolds, (a) B (x5), (b) 

B (x10), (c) BO (x5), (d) BO (x10). Stain: FITC-labeled phalloidin. Time: Day 21.     

 

 

 

a b 

c d 



 

 

106 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.33. Fluorescence microcopy of MSC seeded PCL scaffolds, (a) C (x5), (b) 

C (x10), (c) CO (x5), (d) CO (x10), (e) R (x5), (f) R (x10). Stain: FITC-labeled 

phalloidin. Time: Day 21.     

 

a b 

c d 

e f 



 

 

107 

Cell attachment and spreading on fiber surfaces were also observed by SEM 

(Figure 3.34). SEM revealed proper cell adhesion and spreading on PCL fibers as 

was also verified by fluorescence microscopy.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.34. SEM of MSC attachment and spreading on PCL scaffolds. (a) BO, (b) 

C, (c) CO, (d) R. In these figures especially the cell stretching between different 

fibers is shown. Time: Day 21.   
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ALP activity per cell (specific activity) at specific time points during 

incubation was measured in order to investigate the effect of fiber orientation on the 

differentiation of MSCs into osteoblastic cells (Figure 3.35). In general, ALP results 

were in agreement with the cell proliferation results; higher ALP activity values 

were obtained for samples with lower cell proliferation. Highest MSC 

differentiation (highest ALP activity) was observed for crossed scaffold (C). These 

results indicate that scaffold architecture influences cell response, in terms of both 

seeding efficiency and proliferation. Furthermore, cell differentiation, as measured 

by ALP activity, appears to be also affected by scaffold structure, indicating that 

scaffold geometry can be fine-tuned to obtain the optimum scaffold.  

 

 

 

 

Figure 3.35. Specific ALP activity on PCL scaffolds. 
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3.3.4. Incorporation of Delivery System onto PCL Scaffolds  

 

 PLGA and PHBV nanocapsules were incorporated onto the fiber 

surfaces of PCL scaffolds by using a post-seeding method. Nanocapsules suspended 

in an aqueous alginic acid solution were applied onto the PCL fibers which were 

then stabilized with CaCl2. Nanocapsule application was done from both sides of 

the scaffold to ensure proper dispersion of the nanocapsules throughout the 

structure.  

 For nanocapsule incorporation studies, three types of PCL scaffolds, B, 

BO and R, were selected out of the five (B, BO, C, CO and R) in order to decrease 

the number of samples to study the relation between fiber orientation and 

nanocapsule retention capability.   

 SEM micrographs revealed that nanocapsules in alginic acid were 

coated onto the surfaces of PCL fibers as a thin layer (few micrometers), without 

affecting the porosity of the scaffold in all the scaffold architectures tested (Figure 

3.36).  

 PLGA and PHBV nanocapsule incorporated PCL scaffolds were 

incubated under normal culture conditions (37oC, 5% CO2) for 21 days and were 

examined with SEM for signs of potential change in the construct. It was observed 

with loaded “B” scaffold that the nanocapsules were still present on the fiber 

surfaces at the end of the culture while the alginic acid layer was substantially 

removed (Figure 3.37).   
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Figure 3.36. SEM of PLGA nanocapsules incorporated onto the fiber surfaces of 

PCL scaffolds. B: (a) x90, (b) x400; BO: (c) x90, (d) x400; R: (e) x250, (f) x1,000.   
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Figure 3.37. SEM of “B” scaffold loaded with PLGA and PHBV nanocapsules 

after 21 days of culture (x20,000).   

 

 

 

3.3.5. The Release Behavior 

 

 Release of BSA, the model protein, from PLGA and PHBV 

nanocapsules incorporated onto PCL scaffolds was studied (Figures 3.38 and 3.39). 

It was observed in Figure 3.38 that the free nanocapsules had a slightly higher 

release followed by BO, R and B. The suppression of release could be due to the 

thin alginic acid layer surrounding the nanocapsules and also due to the matrix 

structure creating a more stagnant environment. The general trend in all was that 

within 1 day there was about 50% release which then significantly slowed down 

leading to 70-90% release in about 3 weeks.  

 The release of BSA from PHBV nanocapsules followed a similar trend 

but burst was around 25% and the total release in 3 weeks was about 45%, much 

lower than with PLGA (Figure 3.39). Like the previous case, rate of release from 

BO was higher than with B and R.  
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Figure 3.38. BSA release from PLGA nanocapsules incorporated on PCL scaffolds 

and free.  

 

 

 

 

Figure 3.39. BSA release from PHBV nanocapsules incorporated on PCL scaffolds 

and free. 
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3.3.6. Effect of Sequential BMP-2/BMP-7 Delivery from PCL Scaffolds with 

Different Fiber Orientations on the Proliferation and Differentiation of MSCs  

 

 After the preliminary studies using BSA as the model protein and 

assuring that the growth factors behave similar to BSA, the effect of single, 

simultaneous and sequential delivery of BMP-2 and BMP-7 from PCL scaffolds 

was studied by using rat bone marrow MSCs. The effect of both the fiber 

orientation and the combination of BMP-2 and BMP-7 delivery systems were 

investigated.   

 Cell proliferation tests (Figure 3.40) revealed that a similar trend to that 

was observed with chitosan scaffolds was prevalent; presence of BMP-2 suppressed 

MSC proliferation compared to the unloaded PCL scaffolds (Figure 3.32) and 

higher than BMP-7 so all three BMP-2 carrying systems were suppressed. The most 

suppressed was the sequential BMP-2/BMP-7 delivery system. This trend did not 

change for the 3 weeks test period.  

 Although it was shown with the model protein that the 3-D orientation 

of the fibers of the PCL scaffold do not have a significant effect on the nanocapsule 

retention and the release rate, it affected MSC proliferation. Especially after the first 

week of incubation, cell proliferation on R scaffolds were significantly higher 

compared to B and BO structures, probably due to the higher initial attachment 

ratio.    
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Figure 3.40. Cell proliferation on BMP loaded particle incorporated PCL scaffolds.  

 

 

 

 Once the cell number counts were completed, the samples were fixed 

(day 21) and the actin filaments of the cells were stained with FITC-phalloidin in 

order to monitor cell spreading on the PCL fiber surfaces (Figure 3.41). Proper cell 

attachment and spread was verified on the PLGA and PHBV nanocapsule 

incorporated PCL fibers.  
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Figure 3.41. PCL scaffolds seeded with MSC on day 21 of incubation incorporated 

with PLGA and/or PHBV nanocapsules to provide sequential BMP-2/BMP-7 

delivery. (a) scaffold B, (b) scaffold BO, (c) scaffold R, (d) x-section of the fiber of 

BO scaffold showing complete coverage of the fiber surface with MSCs. x10.   

 

 

 

 Cell spread on the scaffolds was also investigated by SEM with BMP-2 

loaded PLGA nanocapsule incorporated constructs (Figure 3.42). Proper cell spread 

as well as the presence of nanocapsules on the fiber surfaces could be clearly seen 

in the micrographs.       
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Figure 3.42. MSCs on BMP-2 loaded PLGA nanocapsule incorporated (a) B, (b) 

BO, (c, d) R PCL scaffolds at the end of 21 days of culture.  

 

 

 

 MSC differentiation test with incorporated PCL scaffolds revealed, as 

also was observed with the proliferation, ALP activity trend was similar to that 

observed in chitosan scaffolds (Figure 3.43). Here also, the ALP activity reached its 

highest level when BMP-2 and BMP-7 were supplemented to the growth medium in 

a sequential manner regardless of scaffold fiber orientation and time. ALP activity 

increased gradually for all scaffolds (B, BO and R) and every delivery condition 

tested (single, simultaneous and sequential delivery) during the 21 days of 

incubation. When the ALP activity for sequential delivery case was compared 
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among the various scaffold types, it was observed that R scaffolds had a higher 

ALP activity compared to B and BO as was the case with the unloaded scaffolds 

(Figure 3.35).        

 

 

 

 

 

Figure 3.43. Specific ALP activity of MSCs on BMP loaded particle incorporated 

PCL scaffolds. 
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3.4. In vivo Application of BMP-2 Loaded PLGA Nanocapsules with no 

Scaffold   

 

 The in vivo effectiveness of BMP-2 loaded PLGA nanocapsules was 

investigated by subcutaneous implantation in Wistar rats (Figure 3.44). The in vivo 

compatibility of the nano-sized particles as well as their in vivo degradation 

behavior and the effect of BMP-2 on the peri-implant tissue were assessed as signs 

for a successful implant.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.44. Histology of the subcutaneous implantation site in a Wistar rat. 

Haematoxylin-Eosin staining, x40.  

 

 

 

 Starting with day 3 of implantation, the BMP-2 loaded PLGA 

nanocapsules were covered by a fibrin-rich tissue and a few sporadic neutrophil 

granulocytes were observed. At this time, numerous macrophages and foreign body 

giant cells in concert with an increased number of fibroblasts could be observed in 

the peri-implant site.  
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 On day 10 of implantation, the acute inflammatory response observed on 

day 3 declined. The number of the macrophages and foreign body giant cells around 

partly degraded nanocapsules increased. Together with clearly detectable blood 

vessels in the margin of the biomaterial, multinucleated tartrate-resistant acid 

phosphatase (TRAP)-positive cells appeared adjacent to the nanocapsules. At this 

time point, already a decline in the number of the inflammatory cells other than 

macrophages and multinucleated giant cells could be observed.  

 On day 30, continuation of increased vascularization of the biomaterial 

and the decrease of the amount of the TRAP-positive cells were observed. 

Meanwhile, the degradation of the biomaterial continued until 40 days after 

implantation. The nanocapsules had a clear round shape and were in direct contact 

with the multinucleated giant cells. There were no signs of activated fibroblasts and 

fibrosis. 

 In brief, the signs of vascularization and nanoparticle degradation 

increased between 3 to 40 days while the signs of inflammation decreased (Figure 

3.45). Although no bone formation could be observed in the first 40 days after 

implantation, the mild inflammatory response and the formation of TRAP-positive 

cells could be interpreted as a response to the BMP-2 release from the 

nanocapsules. 

 The mild inflammatory response with a few sporadic neutrophils 

followed by the accumulation of macrophages in the early phase after the 

implantation reflects an acceptable inflammatory response. The early 

transformation of macrophages and multinucleated giant cells to TRAP-positive 

cells on day 10 could be interpreted as a response to the BMP-2 release from the 

nanocapsules. BMP-2 is known to be able to induce differentiation and also to 

activate osteoclasts. No bone formation could be observed in the first 40 days, 

which is possibly due to the low concentration of BMP-2 in the extracellular matrix. 

These results are encouraging and the PLGA nanocapsules appear to have a 

potential as a functional drug delivery system for tissue engineering. 
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Figure 3.45. The overall evaluation of the in vivo performance of BMP-2 loaded 

PLGA nanocapsules.  
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CHAPTER 4 

 

 

CONCLUSION 

 
 
 
 

  
 Tissue engineering offers a solution to the worldwide shortage of bone 

substitutes for clinical implantation. Although the technique has been greatly 

improved since its first inception, one of the current problems it encounters is the 

lack of functionality. This functionality could be achieved through the induction and 

control of cellular behavior within the tissue engineered construct to provide 

differentiation, mineralization and vascularization. It is well documented that 

cellular activities in the body are strictly controlled and regulated by growth factors 

of several types. It was revealed that BMPs are particularly important in bone 

formation and regeneration, being the most osteoinductive growth factors presently 

described. Moreover, it was shown that growth factors act in a time and dose 

dependent manner during natural bone regeneration process.  

 In this study, the hypothesis was that bone regeneration could be 

maximized by mimicking the timing of the natural bioavailability of BMP-2 and 

BMP-7. Due to the fact that BMP-2 is an early appearing factor after fracture and 

BMP-7 follows it after 2 weeks, a delivery system was constructed that could mimic 

this timing. To protect the fragile growth factors from degradation, as well as to 

control their release rates, they were encapsulated in two different polymeric 

nanocapsules. Moreover, the advantage of using nano-scale carriers was that the 

delivery system could be incorporated into a variety of scaffolds without affecting 

their structure.  

 After achieving the sequential delivery through the nanoparticles and 

verifying the maximized osteogenic activity through this delivery condition; the 
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carriers were incorporated into two different polymeric (chitosan and PCL) scaffold 

systems. Beforehand, the applicability of these scaffolds prepared by wet spinning 

and 3-D plotting was shown for bone tissue engineering applications in vitro. Then, 

the effect of incorporation on the release behavior of the growth factors compared 

to the free nanocapsules was studied. The successful release of the growth factors 

from the constructs was shown in vitro with differences in proliferation and 

differentiation rates of bone marrow mesenchymal stem cells. For both scaffold 

systems (chitosan and PCL), the positive effect of co-administration of BMP-2 and 

BMP-7 in a sequential manner was shown with maximized osteogenic activity.  

 As a conclusion, it was possible to obtain multi-functional bioactive 

tissue engineering constructs capable of delivering osteogenic factors in a sequential 

manner.    

 

Ongoing and Future Work: 

  

 The sequential delivery systems produced in this study (both free and 

incorporated) were proven to be effective in vitro on maximizing the osteogenic 

activity. However, in vivo results should also be seen. The preliminary results of 

implantation of free nanocapsules indicated proper biocompatibility and promising 

results due to BMP-2 release. However, detailed testing needs to be done in order to 

verify the effect of sequential delivery on bone formation in vivo. Tissue engineered 

PCL scaffolds capable of sequential BMP-2/BMP-7 delivery were implanted into 

the iliac crest of rats in our ongoing study. The effect of sequential BMP-2/BMP-7 

delivery on the healing of bone defects are being studied with radiological and 

histological analysis. Preliminary gross observation at 6 weeks revealed no 

significant inflammatory response and show proper integration of the scaffolds with 

the newly formed tissue.     
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APPENDIX A 

 

 

CALIBRATION CURVE FOR BSA CONCENTRATION 

DETERMINATION 

 

 

 

 

 

 

 
 

 

Figure A.1. Calibration curve of BSA concentration for Micro-Bradford Assay. 
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APPENDIX B 

 

 

CALIBRATION CURVE FOR CELL NUMBER 

DETERMINATION 

 

 

 

 

 

 

 

 

 

Figure B.1. Calibration curve of rat bone marrow MSCs for Alamar Blue Assay. 
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Figure C.1. Ethical Committee Approval 
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