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Abstract


Gelatin, chitosan and bioactive nanoceramic based  composite scaffold with tailored 
 architectures and properties has  great potential for bone regeneration. Herein, we aimed to 
 improve the physico chemical, mechanical and osteogenic properties of 3D porous scaffold 
 by incorporation of bioactive ceramic phase into biopolymer matrix with variation in 
 composition in the prepared scaffolds. Scaffolds were prepared  from the slurry containing 
 gelatin, chitosan and synthesized bioactive nanoceramic particulate using lyophilisation 
 technique. Bioactive nanocermics  such as hydroxyapatite, β-tricalcium  phosphate  and 58 S 
 bioactive glass were synthesized and used in different concentration varying between 10-30 
 wt% to prepare GCH, GCB and GCT scaffolds. GCH scaffold having HA:Chi:Gel  ratio of 
 28:42:30 with 78% average porosity showed a pore size distribution between 75–100 μm and 
 exhibited a compressive strength of 3.45 MPa, which is within the range of that exhibited by 
 cancellous bone. With  increase  in  nanocaramic  phase content from 10 wt% to 30 wt%, the 
 compressive strength in the scaffold increased. GCH 30 showed the highest average 
 compressive strength of 3.46  MPa whereas the lowest average compressive strength of 2.2 
 MPa  was  registered  by  GCB  30  scaffold.  Higher  cellular  activity  was  observed  in  GCB  30 
 scaffold  as  compared  to  GCB  0  scaffold  suggesting  the  fact  that  58S  bioactive  glass 
 nanoparticles  addition  into  the  scaffold  promoted  better  cell  adhesion,  proliferation  and 
 differentiation.  A  Higher  degree of lamellopodia and filopodia  extensions and better 
 spreading behaviour of MSC’s were observed in FESEM micrographs of MSC cultured GCB 
 30 scaffold. Scaffolds prepared from 30 wt% 58S nano bioactive glass exhibited the highest 
 bioactivity  among  all  the  scaffolds  as  evident  from  MTT  assay,  RUNX-2  and  osteocalcin  
 expression  from  mesenchymal  stem  cells  cultured  on  the  scaffold.  Strongly  positive 
 osteocalcin  signalling  within  14  days  of  cell  culture  supported  the  fact  that  the  prepared 
 scaffolds  stimulated  new  bone  tissue  regeneration.  Moreover, by reverse-transcriptase (RT-
 PCR) analysis, it was observed the expression of osteogenic gene markers from cultured 
 MSCs  were relatively high in GCB  30 as compared to GCH  30 and GCT  30 composite 
 scaffolds. In coherence with the in vitro appearance, histological analysis and fluorochrome 
 study in a rabbit tibia model showed a significantly greater amount of new bone formation in 
 GCB30 compared to other composite scaffold. The results demonstrated that the prepared 
 GCB30 scaffold could be a good candidate as a synthetic  substitute for bone  tissue 
 engineering. 


Keywords: Hydroxyapatite, β-TCP, 58s Bioglass, Chitosan, Gelatin, scaffold, 
 compressive strength, bioactivity, in vitro ,in vivo 
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CHAPTER # 1 



General Introduction 


      


       Review your goals twice every day in order to be focused on achieving them. 


      - Les Brown 
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1.1 General Introduction 


Human beings across the globe are likely to face serious problems such as tissue damage and 
 degeneration caused by diseases, accidents  and aging during their lifetime. However, there 
 was limited choice on biomaterial in past for solving these medical problems with removal of 
 the damaged and diseased body parts or tissues being the most frequently applied solution. 


Today, advances in science and technology of medical materials significantly altered the 
 choices of researchers for the solution of the implantation problems [1]. 



1.2 Background and Significance of the Study 


To visualize and estimate the extent and prevalence of bone tissue related diseases and 
 disorders, it is important to note that the World Health Organization, on January 13, 2000 
 finally launched a Bone and Joint decade for the period of 2000-2010 [14] More than 43 
 million people in United States of America suffer form of arthritis and it is estimated that this 
 number will increase to 60 million by the end of 2020 [2].India is the second largest 
 emerging economy and second most populated (1.2 billion people) country in the world with 
 life expectancy is 67 years and is expected to increase to 71 years by 2025 and to 77 years by 
 2050. Indian Council for Medical Research (ICMR) carried out a large multicenter study, 
 which confirmed data from smaller, single cantered studies, and showed that Indians have 
 lower BMD than their North American counterparts [3]. Reasons ascribed for lower BMD in 
 Indians include possible genetic differences, nutritional deficiency, and smaller skeletal size 
 [4]. In private hospitals, the total cost of hip surgery is between Rs 150,000 to 250,000 
 (2,360-3,860 USD), and in public hospitals the cost is approximately Rs 50,000 (772 USD) 
 However, each year approximately 170,000 fractures do not heal and are diagnosed as “non-
 unison” thus requiring some form of bone substitute to address this problem [5]. Hence, a 
 great need for bone tissue substitute in the form of bone grafts and subsequent tissue 
 engineering could be a viable option. 


In this introductory chapter the chemical and biological composition of bone tissue 
 engineering will briefly be discussed. Different materials, techniques and technologies that 
 have been used for scaffold fabrication are outlined and explained. The ultimate theme of the 
 thesis is to combine materials and technologies to create improvised functional scaffolds in 
 terms of ability to provide physical and chemical cues to the in vivo  neo bone tissue 
 regeneration. 
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Chapter 1 Introduction  1.3 Tissue Engineering 


Tissue engineering is an interdisciplinary field that applies the knowledge of principle of 
 engineering and life science in order to construct biological substitutes to repair 
 damaged/diseased tissues. In order to achieve successful tissue regeneration, three important 
 key issues need to be considered; the isolation and cultivation of cells, the use of tissue-
 inductive biomolecules and the incorporation of cells in suitable scaffolds to support 3-D 
 tissue regeneration as shown in Figure.1.1  [6]. In a traditional tissue engineering approach, 
 cells are cultured and seeded on a scaffold and then implanted into the defect site to 
 regenerate new tissue [7]. In this approach, the cells provide the main source for new tissue 
 regeneration. The scaffolds act as three-dimensional matrices for cell growth and degrade 
 away as the tissues are regenerated [8]. Despite the encouraging earlier research outcomes [9, 
 10], the limited number of donor cells and low quality of regenerated tissues remained two 
 hurdles in tissue engineering approaches[11]. Scaffolds are required to provide various 
 additional functions besides providing structural support and suitable degradation kinetics. 


Another  approach  is to implant a cellular scaffold in the defect site with the capability of 
 delivering appropriate biomolecules in a controlled manner, thereby recruiting progenitor 
 cells to the defect site and promoting cell proliferation and differentiation, inducing tissue 
 regeneration  [12].Cell supportive factor-releasing scaffolds are gaining popularity and have 
 recently been used along with incorporated  cells  [13,  14]. These scaffolds are often called 
 bioactive scaffolds [15, 16]. 


Figure.1.1.The basic principle of Tissue Engineering [17].
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Chapter 1 Introduction  1.4 Bone 


Bone is a highly vascularised mineralized tissue which ultimately provides a skeletal support 
 to the body, including protection of various internal organs [18,  19]. Therefore, entire body 
 functionality and thus lifestyle too are affected by  major defects in its structure [20]. Bone 
 tissue regeneration provides intricate factors one of which is to mimic the microenvironment 
 of natural bone. Though bone tissue has intrinsic ability to regenerate to certain  extent, but 
 larger defects or disorders in bony sites make healing improper and thus may start damaging 
 themselves in a long run [21].  


1.4.1 Structure and Composition of Bone 


Bone comprises three types of bone cells with specific functions with surrounding 
 extracellular  matrix (ECM). Collagen I being the major component of bone ECM, occupies 
 almost 95% of bone’s organic part of ECM. Proteoglycans and non-collagenous proteins 
 contribute only 5% [22]. Glycosaminoglycan [GAG] is a kind of proteoglycans which is 
 found in bone and cartilage. Calcium phosphate like minerals in the matrix provides rigidity 
 and strength to bone [23]. All the properties of bone are directionally and regionally 
 dependent. The composition of bone is given in Table 1.1. 


Table.1.1. Composition of Bone 
 Component  Amount (wt.%) 


Hydroxyapatite  69% 


Organic matrix  22% 


Water  9% 


1.4.2 Types of bone 


Bones are of two types namely cortical (hard) and cancellous/trabecular bone (spongy). The 
 cortical bone typically occupies the outer layers of most of the bones and various long bones 
 with 80-90% mineralization [24]. It is mainly responsible to provide mechanical strength to 
 the entire skeleton. cancellous bone having 15-20% minerals generally occupies the interior 
 parts of bones [25]. The cancellous bone is highly vasculaturized and hence metabolic actions 
 are taken care by it. The mineral containing fibres form lamellar sheets which are arranged in 
 concentric rings to form osteon [26] as shown in Figure 1.2.  
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Figure.1.2. Structure of mature bone. Note the differing structure of compact and spongy bone types [27]. 
 1.4.3 Types of Bone Cells 


Three major types of bone cells that contribute to bone formation are the osteoblasts (bone-
 forming cells), osteoclasts (bone resorbing cell) and osteocytes (matured bone cells). The 
 various types of bone cells and their functions are represented in Table 1.2 and Figure 1.3. 


Table.1.2. Types of Bone cells and their function. 


Cell Type  Morphology  Function  Reference 


Osteoblast  Cuboidal in shape; located at the 
 bone surface with their precursors 


Synthesis and regulation of 
 bone ECM deposition 


[28] 


Osteocytes  Stellated shaped  Calcification of osteoid 
 matrix 


[29] 


Osteoclast   Multinucleated cells   Bone resorption  [30] 


Figure.1.3. Different type of bone cells [31]. 
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 1.4.4 Mechanical Properties of Bone 

Bone tissue is a highly dynamic form of connective tissue which undergoes required regular 
 remodelling (the orchestrated removal of bone by osteoclasts followed by the formation of 
 new bone by osteoblasts) to optimally adapt its structure  to changing functional demands 
 (mechanical loading, nutritional statusetc.). The mechanical properties mostly depend on the 
 bone composition (porosity, mineralisation etc.) as well as the structural organisation 
 (trabecular or cortical bone architecture, collagen fibre orientation, fatigue damage etc.) [32]. 


The resulting mechanical properties of the two types of bone tissue, namely the cortical bone 
 and cancellous bone, are shown in Table 1.3. 


Table.1.3. Mechanical properties of compact and spongy bone . 


Type of Bone  Longitudinal 


Plane 


Transverse 
 Plane 


Elastic 
 Modulus 


Reference 


Compact Bone 


Compression 
 Tensile  


Shear 


131-224 MPa  106-133 
 MPa 


13.7 GPa 


[33] 


78.8-151 MPa  51-56 MPa 


53.1-70MPa 


Spongy/Cancellous 
 Bone 


Compression 


Tensile 


Shear 


3-30 MPa  <5MPa 


1.5 GPa 


[34] 


3-20 MPa  <5MPa 


<5MPa  <5MPa 


1.4.5 Mechanism of Bone Healing 


The architecture of damaged bone tissue is primarily restored by regeneration of normal cell 
 and ECM rather by repair of injured area as it occurs in some other connective tissues [35]. 


The healing mechanism starts with immediate bleeding and blood clotting, which provides 
 the basic platform for inflammation [36]. The neo bone tissue produced then replaces the 
 blood clot with formation of soft callus (fibrous tissue and cartilage) and later on replaced by 
 hard callus as shown in Figure 1.4. Finally  the compact tissues grow and  remodelling 
 continues to occur. 
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Figure.1.4.Preliminary bone healing mechanism [42]. 



1.5 Bone Grafts 

 1.5.1 Autograft 

Autografts are considered as the gold standard for the bone replacement, mainly because they 
 offer minimal immunological rejection, complete histocompatibility and provide the optimum 
 osteoconductive, osteogenic and osteoinductive properties  [37].The main advantages of 
 autograft are their excellent success rate and low risk of disease transmission.  Autogenous 
 cancellous bone graft has been considered more osteogenic as compared to cortical bone graft 
 because of their porous structure and allows the diffusion of nutrients and limited 
 revascularization by microanastomosis of its circulating vessels. In an experimental study on 
 Dog, it was  observed  that fresh autografts are incorporated rapidly and possess 
 osteoinductive, osteoconductive and osteogenic properties. 


1.5.2 Allograft 


Allograft cortical bone grafts have little or no osteoinductive properties and are mostly 
 osteoconductive, but the surviving osteoblast does provide some osteogenic properties as well 
 as describe in Table 1.4 [38]. Vascularize cortical grafts heal rapidly at the host-graft-
 interface,  and their remodelling is similar to that of normal bone[39]. However, 
 disadvantages include potential morbidity at donor site, availability in limited quantities, risk 
 of wound infection, increased blood loss and prolonged anaesthetic time [40]. 


Table.1.4. Bone graft and graft substitute [41]. 


Class  Description  Examples  Properties of action 


Autograft based  Used alone 


•Osteoconductive 


•Osteoinductive 


•Osteogenic 


Allograft based 


Allograft bone used 
 alone or in 


combination 
 with other materials 


Allegro, Orthoblast, 
 Grafton 


•Osteoconductive 


•Osteoinductive 
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Cell based 


Cells used to generate 
 new tissue alone or 
 seeded onto a support 
 matrix 


Mesenchymal stem 
 cells 


•Osteogenic, 


•Both osteogenic 
 and 


osteoconductive 
 with carrier 
 materials 


Ceramic based 


Includes calcium 
 phosphate, calcium 
 sulfate, and bioactive 
 glass used alone or in 
 combination 


Osteograf, ,Osteoset, 
 NovaBone 


•Osteoconductive 


•Limited 


osteoinductive when 
 mixed with bone 
 marrow 


Polymer based 


Includes degradable 
 and nondegradable 
 Polymers used alone or 
 with other materials 


Cortoss, OPLA, 
 Immix 


• Osteoconductive 


• Bioresorbable in 
 degradable polymer 



1.6 Biomaterials Classifications 

 1.6.1 Based on material-tissue interactions 

Depending on the nature of scaffolding material, tissue reacts towards the implant in a variety 
 of ways. The tissue response to the implant biomaterial surface ultimately governs activity 
 and efficiency of implant material inside the body to regenerate damaged/diseased bone 
 tissue. In general, biomaterials may be described in or classified into four categories such as 
 bio-inert, bioactive, surface active and bio-resorbable  depending on their interaction with 
 tissues and cells as shown in Figure 1.5. 


1.6.1.1 Bioinert


Materials when implanted inside the human body exert minimal biological interaction with its 
 surrounding tissue. Generally, a  fibrous capsule is formed around the Bioinert  implants  and 
 hence bio-functionality of this kind of material depends on tissue integration. Examples of 
 Bioinert biomaterials are stainless steel, titanium, alumina, partially stabilized zirconia, ultra 
 high molecular weight polyethylene etc [42]. 


1.6.1.2 Bioactive 


The material,  when placed inside the human body interacts with the surrounding bone and 
 soft tissues through the time dependent kinetic modification of the construct surface. A 
 biologically active carbonate apatite (CHA) layer is formed  and deposited on the bioactive 
 implant surface by the ion exchange reaction between the bioactive implant and surrounding 
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 body fluids. This biologically active carbonated apatite (CHA) layer is chemically and 
 crystallographically equivalent to the mineral phase of natural bone tissue [43]. Prime 
 examples of these bioactive materials are synthetic hydroxyapatite [Ca10(PO4)6(OH)2], glass 
 ceramic A-W and bioglass. 

1.6.1.3 Surface active 


Surface active biomaterials form a bioactive layer on exposure to physiological environment 
 and thus undergoes direct interactions with host bone through physicochemical and biological 
 bonds without formation of fibrous capsule [43]. In biological environment, the surface layer 
 of this kind of biomaterials consists of calcium and phosphorous that is crystallographically 
 similar to inorganic part of natural ECM of bone[44]. The materials include bioactive glasses 
 , bioactive glass ceramics , bioactive composites and bioactive coatings [45]. 


1.6.1.4 Bioresorbable 


Materials are the one which is capable of being dissolved or resorbed and slowly replaced by 
 advancing tissues, such as bone, when used as an implant material inside the body. Common 
 examples of bio-resorbable materials are tri-calcium phosphate [Ca3(PO4)2] and polylactic–


polyglycolic acid copolymers [46]. 


Figure.1.5  Classification of bioceramics according to their bioactivity; (a) bioinert, (alumina dental 
 implant), (b) bioactive, hydroxyapatite (Ca10(PO4)6(OH)2) coating on a metallic dental implant, (c) 
 surface active, bioglass or A-W glass, (d) bioresorbable tri-calcium phosphate implant [Ca3(PO4)2][46]. 


1.6.2 Based on type of materials 


Depending  on the type of  materials, biomaterials can primarily be divided  into three 
 categories- metals, ceramic and biopolymer. Sometimes a combination of these materials is 
 used as composite  structure to mimic ECM of natural bone tissue. Application of these 
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 materials  includes  replacement of hips, knees, teeth, tendons and ligaments; repair of 
 periodontal disease; maxillofacial reconstruction; spinal fusion, and bone repair. 

1.6.2.1 Metal as biomaterial 


Metallic biomaterials have been extensively used for load-bearing implants, such as hip and 
 knee prostheses and fracture fixation wires, pins, screws, and plates [47]. Metals also find 
 attractive application as parts of artificial heart valves, as vascular stents, and as pacemaker 
 leads  [48]. Metallic alloys with tailored materials properties, such as strength and corrosion 
 resistance, are sometimes used as implant instead of pure metal. The main considerations in 
 selecting metals and alloys for biomedical applications are biocompatibility, appropriate 
 mechanical properties, corrosion resistance, and reasonable cost. 


The mechanical properties of materials are of great importance when designing load-bearing 
 orthopaedic and dental implants as alternative substitute. Mechanical properties of some of 
 the most commonly used metallic implants are listed in Table 1.5. 


Table.1.5. Select Properties of Metallic Biomaterials [49]. 


Materials  Young Modulus 
 E(GPa) 


Yield Strength 
 σy,(MPa) 


Tensile Strength 
 σUTS, (MPa) 


Fatigue 
 Limit 
 σend,(MPa) 


Stainless steel  190  221-1,213  586-1,351  241-820 


Co-Cr alloys  210-253  448-1,606  655-1,896  207-950 


Ti  110  485  760  300 


Ti-6Al-4V  116  896-1,034  965-1,103  620 


Cortical bone  15-30  30-70  70-150 


The elastic moduli of the metals listed in Table 1.5 are at least seven times greater than that 
 of natural bone. This mismatch of mechanical properties of implants can cause stress-
 shielding associated with bone resorption (loss of bone) in the vicinity of implants [50]. 


Compared to the elastic moduli of either stainless or cobalt-chromium molybdenum alloys, Ti 
 and Ti-6Al-4V have much lower moduli that are still almost an order of magnitude higher 
 that of bone. Another advantage of Ti-based metals as bone implants is their favourable 
 strength-to-density ratio [51]. 
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 1.6.2.2 Ceramic as Biomaterial  

Bioceramics  are employed as components of hip implants, dental implants  and heart valves 
 [52]. They are also designed  and fabricated for repair and reconstruction of diseased, 
 damaged or “worn out” parts of the body tissue. Some of the ceramics that have been used for 
 biomedical applications are listed in Table 1.6.  


Table.1.6. Ceramics Used in Biomedical Applications [53].


Ceramic  Chemical 


Formula  Types of Attachment  Comment 


Alumina  Al2O3 Mechanical interlock 


(morphological 
 fixation) 


Bioinert 


Zirconia  ZrO2


Bioglass  Na2O 


CaOP2O3-SiO  Interfacial bonding 
 with tissues 
 (Bioactive fixation) 


Bioactive 
 Highly dense pure 


Hydroxyapatite 


Ca10(PO4)6


(OH)2


Hydroxyapatite (sintered 
 low temperature) 


Ca10(PO4)6


(OH)2


Ingrowths of tissues 
 in pores (Biological 


fixation)  Biodegradable 


Tricalcium phosphate  Ca3(PO4)2


Replacement with 
 tissues 


Bioceramics are corrosion resistant, but may be susceptible to other forms of degradation 
 when exposed to a physiological environment. The mechanism and rate of degradation vary 
 depending on the type of bioceramics. Even alumina, a predominantly bioinert ceramic, 
 suffers from time-dependent deterioration in strength when placed in physiological 
 environment in vitro and in vivo. Calcium Phosphate (CaP) based bioactive ceramics are also 
 degraded in the body by virtue of its dissolution in physiological fluid and osteoclasts 
 mediated bioresorption. The rate of degradation of CaP ceramics will vary depending on their 
 phase, chemical composition, and crystal structure. Table 1.8 shows different types of 
 Calcium orthophosphate ceramics. 
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