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Orthopedics is currently one of the largest medical industries and deals with 

defmmities, injuries, and pathology of the bones, joints, ligaments, tendons, and 

muscles. The arena of orthopedic medicine is widely researched and has led to 

improved surgical procedures in areas such as bone grafting, joint replacement, and 

limb supports. Finding suitable biomaterials for a variety of applications is the key 

aspect of orthopedic research. 

Synthetic bone graft materials, whether polymer, ceramic, or metal based, 

provide only an inherent osteoconductive capacity. More simply put, they provide 

only a physical platform by which they support cell attachment, shape, constrain and 

control tissue development. Hence, the focus was on understanding the tissue 

architecture and the physiology of the intended tissue to be replaced. Based on that 

biomaterials that are less toxic and biocompatible were developed. To further 

augment the healing process mitogenic factors are coated on the material or the 

intended tissue cells autologous or heterologous are seeded on the material and 

implanted. By incorporating biological growth factor components within synthetic 

bone scaffolds a closer approximation of native bone graft material is achieved. In 

addition, control of the specific addition of scaffold and biological components 

minimizes immunological rejection potential. Thus a synthetic bone graft can be 

achieved with the inherent osteogenic properties of allograft, without the 

immunological rejection or disease threat potential, and with the inherent osteogenic 

properties of autograft, without the complications often associated with the graft 

donor site morbidity. Furthermore, by controlling growth factor concentrations, these 

synthetic bone grafts have the capacity to be more osteogenic then either autograft or 

the receiving host bone bed. Such tissues are often depleted of endogenous growth 
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factor stores because of various disease and physiological states, including diabetes, 

osteoporosis, anti-inflammatory drug therapy, and old age. 

Ceramics that are specifically designed, synthesized, and fabricated for the 

repair and reconstruction of the diseased, damaged or worn out parts of the body are 

known as bioceramics. Most clinical applications of bioceramics relate to the repair of 

the skeletal system, composed of bones, joints and teeth, and to augment both hard 

and soft tissue responses. Ceramics are also used to replace parts of the cardiovascular 

system, especially heart valves, artificial blood vessel, artificial trachea, drug delivery 

systems, catheters, percutaneous devices, dental applications and special formulations 

of glasses are also used therapeutically for the treatment of tumors. The bioactive 

ceramics used in orthopaedic surgery are dense hydroxyapatite, bioglass® and apatite 

wollastonite-glass ceramic (AW-GC), tricalcium phosphates (bioresorbable ceramics) 

are most frequently used as bone defect fillers. 

The chemistry of the bone mineral is not exactly identical to the chemistry of 

hydroxyapatite and bone mineral can, at best be regarded as poorly crystalline, 

contaminated hydroxyapatite. The bone mineral, however, is a complex substance and 

is not stoichiometric with respect to hydroxyapatite. The Ca/P molar ratio of bone is 

significantly less than the 10/6 so that the apatite would require, in addition to the 

Ca2+, Pol- and OH- ions of the apatite, substantial amounts of carbonate ions, lesser 

amounts of pyrophosphate, Mg2+, Na+ and K+ and trace amounts of other ions. 

Bioceramics to be used as bone defect ftller should satisfy the following: 

1. Restore function of surrounding tissues (Non-toxic, and does not cause any 

Inflammatory reaction) 

2. Fill the space (acts as a scaffold) 

3. Physiologically interact with the body fluids (Bioactive property) 
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4. Stimulate osteogenesis (By osteoconduction or osteoinduction pathway) & 

5. Enhance osseointegration (Chemical bonding) 

The biocompatibility of biomaterials is very closely related to cell behaviour 

in contact with them, particularly cell adhesion on to their surface. Surface 

characteristics of the materials such as their topography, chemistry or surface energy, 

play an essential part in cell adhesion on biomaterials. Thus attachment, adhesion and 

spreading belong to the frrst phase of cell/material interactions and the quality of this 
•\' .. 

frrst phase will influence the cell's capacity to proliferate and to differentiate itself on 

contact with the implant. Thus, a complete understanding of cell adhesion and 

particularly osteoblast adhesion on materials is now essential to optimise the 

bone/biomaterial interface. 

Ceramic materials are prepared in various forms such as blocks, granules 

. (porous and non-porous) and as coating on bioinert materials (titanium) to enhance 

the, osseointegration. Ideally the material must have better mechanical strength and 

bone-bonding ability in unison with its inductive ability. 

The objective of the present study was to address the following: 

It is well known that bioactive ceramics are ideal bone graft materials. But, the 

tissue response to these bioactive ceramics is not known fully understood till date. 

Three different types of bioactive ceramics were taken for the study a) Hydroxyapatite 

(HA), b) Bioactive Glass System-AW type (BGS) and c) Triphasic Bioactive 

Composite System (HABGS all synthesized in house. 

1) Characterization of the synthesized bioactive ceramic granules for their 

crystallinity, phase compositions (purity) and the functional groups. 

2) To study the dissolution, precipitation and apatite formation of the 

bioactive ceramic granules by simulated in vitro studies. 
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3) Cytotoxicity and cytocompatibility property of the ceramics by in vitro 

cell culture techniques. 

4) To fmd the histotoxicity, histocompatibility of the bioactive ceramic 

granules in heterotopic and orthotopic sites without fibrin glue and with 

fibrin glue (as growth factors). 

5) Characterization of the ceramic granules after implantation in rabbit tibia 

bone for its crystallinity and phase composition by XRD, functional 

changes by FT-IR and the distribution of the elements by SEM-EDAX 

techniques. 

6) Specific bone labeling techniques as well as staining techniques 

employed to understand the healing pattern of the bone with respect to 

different bioactive ceramic granules. 

7) Biochemical estimation of the plasma and urine markers of bone for 

understanding the physiology of the bone before and after implantation. 

8) Quantitative histomorphometric analysis of the implanted specimens to 

understand the bone growth rate at different periods. 

9) Suggest a possible mechanism by which the bioactive ceramics would 

favor osteogenesis and osseo integration in bone and 

10) Compare the difference between the commercially available bioactive 

ceramic bone substitutes with that of the bioactive ceramics synthesized 

in house. 
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The dissertation is divided into VII chapters followed by the bibliography section 

Chapter I - Introduction 

This chapter begins with the importance of bone grafts and the related 

therapies. In order to develop an ideal bone graft substitute one has to understand the 

basics of bone structure at the micro and macro level hence, some basic aspects of the 

embryology, anatomy and physiology are discussed. Special emphasis is given to 

bone mineral and fracture repair and some pathological conditions where bone 

fracture are common. Different types of orthopaedic implants (metallic & non­

metallic) are used for fracture fixation, of them why bioceramics are given special 

importance are discussed in detail. This chapter also discusses on the importance of 

implant evaluation by in vitro and in vivo techniques, which would be useful to 

understand the implant property in depth prior to clinical application. 

Chapter II- Materials and methods of 

a) Synthesis route of bioactive calcium phosphate ceramics, glass ceramics and 

composite and their chemical composition. 

b) Characterization of ceramics by SEM, TEM, XRD, FT-IR, SEM-EDAX for its 

surface property and pore size, crystal size, phase composition and 

crystallinity, functional groups, and the distribution of the ions. 

c) In vitro evaluation of the implant granules using simulated studies in different 

buffers and medium to monitor the changes that take place with time, with 

respect to pH, surface of the material, changes in their functional groups, 

degradation of the granules and ion release were studied by SEM, FT-IR of the 

granules and biochemical analysis of the medium. 

d) Cytotoxicity and cytocompatibility studies by direct and indirect contact with 

fibroblast cells (L929) and osteoblast cells (MG-63/HOS) for 48 hours on 
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bioactive ceramic discs and granules were evaluated by SEM and Light 

microscopy. 

e) In vivo evaluation of bioactive ceramic granules with and without fibrin glue 

was evaluated in a heterotopic site for its histocompatibility, histotoxicity, 

osteoconductive and osteoinductive property in mice quadriceps muscle for 28 

days and evaluated by radiography, light microscopy and fluorescence 

microscopic techniques and image analysis. 

f) Orthotopic implantation of the bioactive ceramic granules in rabbit tibia bone 

with anti without fibrin glue fibrin glue was implanted for 3 and 6 .. months 

duration, followed by radiographic and biochemical analysis before and after 

implantation. Retrieved tissues were examined under SEM, TEM and LM for 

the osseointegration, crystal structure, and histocompatibility and healing 

pattern. XRD, Ff-IR, SEM-EDAX studies were done on the retrieved samples 

to understand the phase changes, functional groups and the ion distribution. 

Results and discussion are given in Chapter -ill to VI 

Chapter-III deals with the results of the Material characteristics: Surface, Phase 

composition, functional groups, porosity etc. 

XRD of Hydroxyapatite (HA), Bioactive Glass System -A W type (BGS) and 

Triphasic Bioactive Composite System (HABGS) granules confirmed the crystallinity 

of the materials. HA has mainly the apatite phase, BGS showed apatite phase and 

wollastonite (CaO SiOz/CaO Si03) as major phase and whitlockite [(Ca3 (P04)z)­

Tricalcium phosphate] as minor phase. HABGS, showed apatite and whitlockite as 

major phase and wollastonite as minor phase. Ff-IR of the ceramic granules 

confirmed the crystallinity of the ceramic granules as well as the presence of the 

hydroxyl (3570 cm-1 and 630 cm-1) and the phosphate groups (1089 cm-1, 1046 cm-1, 
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960 cm-1, 600 cm-1 and 568 cm-1) in the HA. In BGS and HABGS the hydroxyl 

groups were absent or not detected and the presence of the silicate (1022 cm-1, 715 cm-

1) and the phosphate groups were identified. The porosity of the HA material was 100 

J.lm to 120 J.lm whereas that ofBGS and HABGS the pore size was -30J.1m. 

Chapter-IV deals with the results of the in vitro evaluation of the materials in 
simulated conditions and with fibroblast and osteoblast cells. 

Dissolution studies performed on the granules with different buffers and medium in 

different pH revealed the following: 

a) HA: Irrespective of the pH the material showed a slow degradation and 

calcium phosphate release in acidic and alkaline pH. Apatite formation on HA 

granules was confirmed with all the buffers and medium after 24 hours by FT-

IR. 

b) BGS: The material showed rapid degradation and calcium phosphate release in 

acidic environment and slow degradation in alkaline conditions. Apatite 

formation was confirmed after 24 hours on the BGS granules with all the 

buffers and medium. 

c) HABGS: The material showed property similar to BGS granules. 

Chapter-V deals with the results of the in vivo evaluation of the ceramic granules 
without fibrin glue and with fibrin glue in mice quadriceps muscle and rabbit 
tibia bone. 

Bone induction was observed in FG coated BGS and HABGS granules but not 

in FG coated HA granules. Bone induction in the extraskeletal site was more 

pronounced with 5 mg of fibrin glue (FG) coated HABGS and BGS granules rather 

than 2.5 mg FG coated HABGS and BGS granules. The induction was 

HA<BGS<HABGS. Uncoated HA, BGS and HABGS granules did not showed any 

bone induction until 28 days. 
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HA, BGS and HABGS granules implanted in rabbit tibia bone showed good 

osseointegration with the host bone by 3 months. HA granules did not show any signs 

of degradation even after 6 months. BGS granules showed intense degradation at 3 

months and by 6 months the material was completely replaced by the host bone. 

HABGS granules showed bone ingrowth on the surface of the granules at 3 months 

and by 6 months the material was almost replaced by the host bone, only the HA 

phase of the granule was seen even after 6 months. The osteogenesis pattern for HA, 

BGS and HABGS granules were by osteoconduction. HA, BGS and HABGS granules 

showed variations in the maturation of the bone from woven bone to mature woven 

bone and to lamellar bone in the cortical-periosteal zone, mid cortical zone and 

cortical-endosteal zones. 

Good osseointegration was observed with 5 mg FG coated HA, BGS and 

HABGS granules at 3 months. Material degradation was observed only in FG coated 

BGS, and HABGS granules. FG coated HA, BGS and HABGS granules showed 

osteoinduction, confrrmed by bone labeling studies. 

Quantitative image of the implanted specimens for the bone growth rate to that 

of the implant showed clearly the following sequence: 

a) 3 months: HA<BGS<HABGS and 

b) 6 months: HA<HABGS<BGS 

Biochemical analysis of parathyroid hormone (PTH), calcitonin (CT) calcium, 

phosphorous, alkaline phosphatase, acid phosphatase, protein, and creatinine in serum 

showed normal levels at 3 and 6 months after implantation. 

Physicochemical analysis of the retrieved samples by XRD of uncoated and 

FG coated HA, BGS and HABGS granules showed amorphous peaks after 3 and 6 

months. Phase changes were observed in all the three materials with time. FT-IR 
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analysis of the functional groups typical of the bone hydroxyl, carbonate and 

phosphate groups were observed after implantation. SEM-EDAX of the implant site 

clearly showed the distribution of the calcium and phosphate evenly around the 

implant site with HA, BGS and HABGS granules. The silica group is also seen evenly 

distributed along with the calcium and the phosphorous in BGS and HABGS 

implanted specimens. 

Chapter-VI discusses on the impact of biomaterials in the orthopaedic industry 
and the comparison of the synthetic in-house prepared ceramic granules 
property with that of the commercially available ones, with respect to their 
chemical, physical and biological response in in vitro and in vivo situations and 
suggesting a possible mechanism of cell-ceramic-tissue-ceramic response. 

Chapter-VTI summarizes the results and the conclusions based on the findings, 
which are correlated with data available in the literature. 

1. The physicochemical property of the material defmitely played a major role in 

the stimulation of the osteogenesis and osseointegration. 

~2. The in vitro evaluation of the bioactive ceramic granules showed less toxicity 

and better cell attachment and spreading. The dissolution studies confirmed 

the bioactive property of the three materials with respect to the pH influence. 

3. Heterotopic studies revealed that the uncoated HA, BGS and HABGS material 

was non-toxic, and evoked less fibrous encapsulation around the material. FG 

coated granules showed good tissue response without any fibrous tissue 

encapsulation or inflammatory reaction. BGS and HABGS showed 

osteoinduction with FG but HA did not. The main observation was that 

induction of new bone was observed at 15th day after implantation, which is 

much ahead of the earlier reported data (21 days). 

4. The in vivo orthotopic implantation studies proved the material to be well 

tolerated and showed good osteointegration. The degradation of the material 
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and the bone formation pattern was different for the three granules without FG 

and with FG. 

5. The physicochemical (Material with tissue) and biochemical (Serum and urine 

analysis) characterization of the orthotopic implanted animals showed defmite 

correlation to the healing pattern of the bone with respect to the three granules. 
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I. INTRODUCTION 

1.1 The Need for Bone Substitutes 

The World Health Authority has decreed that 2000-2010 will be the "Bone and 

Joint Decade", and this is now being supported by the United Nations. The rationale for 

this is that joint diseases account for half of all chronic conditions in people over 65; back 

pain is the second leading cause of sick leave; and osteoporotic fractures have doubled in 

the last decade, so that 40 % of all women over 50 will eventually suffer from one. It is 

estimated that 25 % of health expenditure in developing countries will be spent on 

trauma-related care by the end of the decade, and many children are deprived of normal 

development by crippling diseases and deformities. 

Many of these cases require bone graft substitutes to repair the injury or defect. 

There are currently on the order of 500,000 bone grafts performed annually in the U.S. 

For example, there was an estimated 220,000 spinal fusion cases performed in 1998 

requiring bone grafts to secure areas ofthe spine affected by deformity, trauma, tumors, 

or degenerative disc disease. There are approximately 170,000 fractures in the United 

States that fail to heal each year and are diagnosed as 'non-unions • (i.e., fractures that 

have failed to heal within nine months) that require some form of bone substitutes to 

repair the fracture. 

1.1.1 Current Therapies 

To address the need for bone substitutes, current clinical therapies include: 

1. Autografting, which represents about 58% of the current bone substitutes, 

involves harvesting a bone from one location in the patient's body and transplanting it 

into another part of the same patient. Using autologous grafts, when available, typically 



produces the best clinical results; successful clinical outcomes can exceed 80%. 

Autografting is thus considered the 'gold standard.' An example of one of the most 

commonly performed bone auto grafting procedures is for use in spinal fusion. In a fusion 

procedure, bone graft from the patient's hip is implanted in disc spaces between spinal 

vertebrae or along the back of the spine. The grafted bone fuses the vertebrae together 

over several months. The benefit from transplanting an autogenous tissue is obvious: 

immunogenicity is not an issue. Autografting, however, has several associated problems 

including the additional surgical costs for the harvesting procedure, and infection and 

pain at the harvesting site. For example, harvesting an iliac crest graft (i.e., the protruding 

bony section ofthe patient's hip) can cost between $1000 to $9,000 per procedure for the 

harvesting surgery and the additional hospital stay. The morbidity at the harvest site can 

be tremendous with pro~lems such as pain, infection, and blood loss requiring blood 

transfusion adding to the associated risks of transfusion reaction and blood borne 

infection. 

2. Allografting, which represents about 34% of the current bone substitutes, involves 

harvesting and processing bone from a cadaver then transplanting it to the patient. 

Allogenic implants are acel)ular and are less successful than autografts for reasons 

attributed to immunogenicity and the absence of viable cells that become osteoblasts. 

Another disadvantage of allografting is concern with transmitted disease 

3. Man-made materials, including metals, plastics, and ceramics represent 

approximately 8% of bone substitutes. These materials, however, are subject to fatigue, 

fracture, toxicity, and wear, and were not replaced with time (i.e., a metal bone implant 

cannot grow with the patient and it cannot change shape in response to the loads placed 

upon the implant). 
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For all these reasons, there is a real need for alternative, off-the-shelf, bone 

substitutes and better wound healing therapies. To address the problems associated with 

the bone, the anatomy, physiology and the pathology of the bone at the macro and micro 

level has to be understood first. This would lead to effectively understand the 

complexities involved in each individual problem and pave ways for developing better 

bone substitutes. 

1.2 Embryology and Anatomy of the Bone 

1.2.1 Development of the skeletal system 

The skeleton is a derivative of mesoderm (and some parts of neural crest). It 

passes through the first, blastemal stage ofthe mesenchymal condensation, and a second, 

cartilaginous stage before reaching the final ossification stage. Bone is essentially a 

highly vascular, living, constantly changing mineralized connective tissue. It is 

remarkable for its hardness, resilience, characteristic growth mechanism and regenerative 

capacity. 

1.2.2 Organization of the skeleton 

Bone has been described as a specialized type of connective tissue, characterized 

by the presence of cells with long branching process ( osteocytes) which occupy cavities 

(lacunae) and fine canals (canaliculi) in a hard dense matrix consisting of bundles of 

collagenous fibers in an amorphous ground substance (cement) impregnated with calcium 

phosphate complexes (Figure I.l ). Bone is divided into two forms of structure for easier 

understanding of their anatomical structure 

A. Mac.rostructure and 

B. Microstructure 
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A. Macrostructure 

The long bones, e.g. femur are broadly divided into three regions 

a. Epiphyses (growing end ofthe long bones) 

b. Metaphysis (transitional region between epiphyses and diaphysis) & 

c. Diaphysis (middle compact bone region with a medullary canal or bone 

marrow 

Bone is grouped into three major categories based on its gross appearance 

a. Compact bone (substantia compacta) 

b. Trabecular bone I Cancellous bone I Spongy bone (substantia spongiosa) and 

c. Chondroid bone (Cartilage bone) 

Types of membranes ensheathing the bone 

a. Periosteum (outer membrane of the bone, with osteogenic cells, absent in the 

articular joints) 

b. Endosteum (a thin layer of membrane with osteogenic cells lining the inner cavity 

of the bone in contact with the medullary canal or bone marrow. 

Types ofbone healing 

a. Intramembranous ossification (bone is formed directly) 

i) Woven bone (immature bone formed during fracture repair) and 

ii) Mature lamellar bone (mature bone with well developed Haversian canal) 

b. Endochondral ossification (bone formation takes place in preexisting cartilage) 

A B. Microstructure 

The cells associated with bone remodeling - osteoblasts and osteoclasts are 

phenotypes that are easily recognized and are extensively studied and understood. 
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1.2.2.1 Osteoblast cells 

The cells lining these inactive bone surfaces are best characterized on periosteal 

surfaces and are most commonly called "bone lining cells", ~lthough they have also been 

described by other names including "inactive osteoblasts", "resting osteoblasts", "surface 

osteocytes", and "flattened mesenchymal cells" (Miller et al., 1980). While most authors 

generally accept the name "bone lining cells", it. is occasionally used to generically 

describe all of the bone cells found on a bone surface. Osteoblasts originate from 

mesenchymal stem cells, which can also give rise to cartilage, muscle, and fat cells, 

tendon fibroblasts, and possibly other types of fibroblasts (Grigoriadis et a/., 1988). 

Osteoblasts are roughly 20 Jlm in diameter and actively synthesize many proteins during 

their developmental and maturation stages. The principal role of these cells is to secrete 

the matrix framework upon which bone is built. In the active state they appear in 

histological sections as plump, cuboidal cells lying in a palisade arrangement closely 

apposed to the bone surface. Active osteoblasts are seen most often in histological 

sections adjacent to a new osteoid seam. They are rarely seen next to a bare bone surface, 

since the time interval between cell activation and matrix fonnation is relatively short. 

They have eccentric nuclei with prominent Golgi apparatus, and also show abundant 

rough endoplasmic reticulum and secretory granules. Gap junctions connect the cells with 

each other and possibly with the more mature osteocytes, which lie within the bone 

structure. When they are less active, osteoblasts take on a more fusifonn appearance and 

are morphologically similar to fibroblasts lining the bone surface. It is believed that 

smaller, apparently inactive osteoblasts may still be engaged in bone synthesis, but at a 

much slower rate. The functional life span of an osteoblast can range between 3 and 18 

I 



I -7 

months with an average of 5-6 months. Osteoblasts are rich in alkaline phosphatase and 

osteocalcin, both of which may have a role in the mineralisation of the osteoid matrix. 

1.2.2.2 Osteocyte cells 

As the collagen framework becomes mineralized, some osteoblasts become 

trapped in the newly formed matrix. These remaining cells, now known as osteocytes, 

reside in the bone matrix until that portion of bone dies, or is degraded during its normal 

life cycle. Osteocytes are abundant and easily recognizable being arranged in a relatively 

ordered fashion, in both cortical and lamellar bone. They provide the bone tissue around 

them (often deep beneath the surface) with a supply of nutrients from the marrow cavity, 

by way of cytoplasmic communicating channels known as canaliculi. These channels are 

never more than a few micrometers apart and represent an effective signaling system. 

Osteocytes are found in peri-cellular lacunae, small independent regions surrounding 

~each ceil. These cells are not capable of division and are lost when the bone in which they 

reside is degraded- the lifespan of an osteocyte thus being dictated by the lifespan of the 

bone. The arrangement of these cells with their cytoplasmic communications suggests 

that they may well be responsible for detecting mechanical strain and organizing bone 

cell function as necessary. 

1.2.2.3 Osteoclast cells 

Mineralized bone tissue ts degraded by specialized giant cells known as 

osteoclasts, which originate in the bone marrow. In thin hematoxylin and eosin (H&E) 

stained sections they appear plump and have abundant foamy eosinophilic cytoplasm. 

These cells are commonly multinucleate and may reach 100 J..Lm or more in diameter, 

probably as a consequence of the union of several smaller cells. In addition osteoclasts 
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contain prominent Golgi apparatus, abundant mitochondria and numerous lysosomes. 

Osteoclasts are activated in response to low levels of plasma calcium and their reactions 

to chemical signals such as parathyroid hormone (PTH), di-hydroxy vitamin D and 

calcitonin, are well characterized. Osteoblasts may also be involved in the activation 

process. The hallmark of the osteoclast is the high level of lysosomal tartrate-resistant 

acid phosphatase which when released dissolves the mineralized bone matrix and releases 

calcium (and other) ions into the circulation (osteoclasts are not active along a non­

mineralized bone surface). A characteristic feature of osteoclasts is their close proximity 

to an eroded bone surface (Howship's lacuna). Electron microscopic studies reveal a 

distinctive ruffled cell border in the region where these cells are in contact with bone 

matrix. This may act to increase the surface contact through which they resorb bone. The 

lifespan of an osteoclast is thought to be in the range of 4 to 6 weeks. 

1.2.2.4 Stromal cells 

Bone marrow stromal cells are considered to be a heterogeneous population of 

cells that include cells classified under a number of different names including marrow 

fibroblasts, reticular cells, dendritic cells, preosteoblasts, vascular pericytes, and in some 

cases, endothelial cells. One model of the marrow stromal system is that stromal stem 

cells provide progenitors that are committed to give rise to different cell lines (Owen, 

1985), including reticular cells, marrow fibroblasts, and other differentiated cells of the 

marrow stroma. The precise origin and lineage of hematopoietic stromal cells is, 

however, controversial and may include some species variability (Perkins and 

Fleischman, 1988). While endothelial cells are sometimes included as a component of the 

marrow stromal system, there is little evidence that they arise from stromal stem cells. 
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The osteogenic precursor cells of the stromal cells are considered as "determined 

osteogenic precursor cells" if they formed osteogenic tissues without a heterogenic 

inductive stimulus (Friedenstein 1973). They were considered to be inducible osteogenic 

progenitors if a heterogenic inductive stimulus was necessary. Inducible osteogenic and 

chondrogenic precursor cells have been found in other tissues including spleen 

(Friedenstein, 1973) and embryonic muscle (Nogami and Urist, 1970). More recent 

studies have demonstrated that marrow stromal cells retain both chondrogenic and 

osteogenic potential (Ashton et al., 1980) and may conceivably be involved in fracture 

repair, regeneration of bone and marrow stromal system may also be "detennined 

osteogenic progenitors" and be involved in normal bone remodeling. 

1.3 Architecture of Bone 

1.3.1 Haversian system 

Bones of the mature human skeleton consists of discrete packets or basic 

structur(ll units of lamellar bone (BSUs). Within the diaphyses of long bones of larger 

long-lived animals they are represented by the Haversian systems (secondary osteons) 

forming Haversian bone. In adult mammals, regardless of size, similar units of lamellar 

bone are seen on the periosteal and endosteal cortical and trabecular surfaces; in the 

diaphyses they are referred to as the external and internal circumferential lamellae .. 

Haversian system is the product of discrete spatially (circumscribed) and temporally 

(transient) coupled activity of osteoclast and osteoblast populations, fonning the basic 

multicellular unit or Haversian BMU. 

The structure and the process of formation continue to be a subject of 

investigation. One of the reasons for this may be that the evolving Haversian system 
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constitutes a relatively simple in vivo model to study the fundamental problems of bone 

physiology. 

Haversian bone consists of a network of osteons aligned parallel to the diaphysis 

long axis and running a slightly spiral course. Individual osteons are identifiable over the 

course of several millimeters. Individual osteons measure only a fraction of the total 

length of the diaphysis (Cohen and Harris, 1958). Consequently, the diaphysis is made of 

Haversian type of bone tissue. Osteons measure from 200 to 300J!m in diameter; the 

diameter of their central canal varies from 20 to 50 Jlm and their wall thickness measures 

up to 80 Jlm (Johnson, 1964, 1966). Individual osteons are separated from the adjacent 

tissue by a thin proteinaceous membrane called cement or reversal line. 

The canals are joined every few millimeters by transversally running Volkmann 's 

canals together they form a network containing the innervated blood vessels, which 

communicate both with the blood vessels on the periosteal surface and the bone marrow. 

Osteons constitute the skeleton's second order structures, the collagen fibers within the 

lamellae form the third order structure; both the osteons and the lamellae within are 

aligned parallel to the long axis of the diaphysis. 

1.4 Composition of Bone Tissue 

Bone is a composite of organic and inorganic phases. Water accounts for 

approximately 20% of the wet weight of bone whilst about 75% of the dry weight is 

organic material. 

1.4.1 Collagen 

Type-1 collagen (consisting of two a.1 chains and one a.2 chain) represents 

approximately 90% of the organic composition of all bone tissue. Deposition of collagen 
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in the form of osteoid is the initial event in the bone formation process. There are small 

amounts of other collagen types in normal bone, but these are present as only a small 

fraction of the total content. In the normal adult skeleton, collagen is found in layers 

approximately 3 11m thick on the surface of pre-existing bone, immediately adjacent to 

the marrow. This lamellar arrangement is normal only after the first few years of life, 

before this, all newly-formed bone appears as a woven matrix in which collagen fibers 

are deposited in an irregular mosaic pattern, without any preferential orientation. 

1.4.2 Non-collagenous proteins 

There are several non-collagenous proteins found in bone, such as acidic 

glycoproteins, phosphoproteins, serum proteins, lipids, and small proteoglycans. Most of 

the non-collagenous proteins found in the bone, were thought to be synthesized by 

specific bone-forming cells known as osteoblasts. Osteocalcin (bone y -carboxyglutamic 

acid, BGP) constitutes up to 2% of vertebrate bone protein. The three y -carboxyglutamic 

acid residues has a strong affinity for hydroxyapatite. Much of the BGP produced finds 

its way into the general circulation and is therefore a reliable indicator of osteoblast 

activity. Another abundant bone protein also synthesized by osteoblasts is osteonectin, 

which has a molecular weight of around 32,000. It has a strong aftinity for both 

hydroxyapatite and collagen. Osteonectin is also found in platelets. Other less abundant 

non-collagenous bone proteins include osteopontin (or sialoprotein), some small 

proteoglycans, bone morphogenetic protein and bone-derived growth factors. 

1.5 Bone Mineral 

The mechanical strength ofbone results from the incorporation of mineral into the 

osteoid matrix template. This inorganic component, known as "calcium hydroxyapatite" 
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is a crystalline substance, which comprises calcium, phosphate and hydroxyl ions. 

Apatite is the name given to a group of crystals of the general formula M10 (R04)6 X2, 

where R is most commonly phosphorous, M could be one of several metals, although it is 

usually calcium, and X is commonly hydroxide or a halogen such as fluorine or chlorine. 

Bone mineral can contain several types of hydrated calcium phosphates, with the most 

common form being calcium hydroxyapatite [Ca10 (P04)6 (OH)z]. Trace amounts of 

magnesium, fluoride, carbonate, citrate and potassium as well as other ions are also found 

in mineralized bone. 

Table. 1.1 

Composition of Human Bone (Le Geros, 1981) 

0.7 0.03 0.55 5.8 0.02 0.10 0.05 65 8.7 25 

(Note: All the values are given in percentage of total dry weight) 

The skeleton is a conveniently accessible source for total body's calcium and 

other ions, with approximately 98% of the total calcium, 85% of the phosphorus and 

around 50% of the sodium and magnesium occurring in bones. The exact mechanism of 

bone matrix mineralisation is highly complex. The chemical composition ofbone consists 

of 25% by weight of organics and the remaining is inorganic matter (Boskey and Posner 

1984; LeGeros 1993). 

1.6 Calcium Metabolism 

Bone in higher organisms represents a sink for most of the Ca2+ immobilized as 

hydroxyapatite. Only a few grams out of a total of about 1250 g circulate in the 



I -13 

extracellular and intracellular fluids. In the extracellular fluid (plasma) about half of the 

total Ca2 + is ionized (free Ca2 +), whereas only 0.1 % or less of the total Ca2 +is ionized 

within cells. 

"Understanding the complexities of the bone is not complete if the normal bone 

fracture repair mechanism is not fully understood". 

1.7 Fracture Repair 

As a consequence of fracture (Figure.I.2), a hematoma results from bleeding 

within bone marrow, cortical blood supply, periosteal envelopes, and soft tissues. 

Concurrent with the fracture hematoma is the inflammatory response. Local cell 

proliferation begins by day one and continues for about three days. On the third day, 

mesenchymal cells condense and by day five, cartilage formation takes place. Cells such 

as polymorphonuclear leukocytes, histiocytes, lymphocytes, and mast cells migrate in 

time dependent waves to remove necrotic debris while endothelial cells proliferate and 

develop into capillaries penetrating the fracture hematoma. Within the hematoma, 

degranulating platelets release platelet derived growth factor (PDGF) and transforming 

growth factor-13 (TGF-13) from their alpha granules. These polypeptides are 

chemoattractants and mitogens that have their initial effect on prefibroblast cell types. 

Fibroblast phenotypes elaborate a meshwork of loose connective tissue that contains 

proliferating capillary buds referred to as granulation tissue. The acidic pH and the low 

oxygen tension within the hematoma result in the development of chondroblastic cells 

that elaborate hyaline cartilage which calcifies. As the vascular healing response matures, 

calcified cartilage is degraded and the healing fracture becomes replaced by pre­

osteoblasts that differentiate into osteoblasts. The osteoblast cell lines were thought to be 
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originated from pericytes, found in the invading vascular tree (Owen, 1980). Fracture 

repair, therefore, proceeds in a centripetal direction through the hematoma, developing a 

bone-like callus that has a contour of greater bone mass and size than the original bone. 

Despite this added complexity, the cellular events in fracture repair proceed in an orderly 

and reproducible fashion, leading to the well-defined pattern of repair when viewed in 

histological sections. 

1.8 Vascularity and bone healing 

Because of the important role the blood supply plays in the healing process, the 

vascularity of bone during fracture repair has been extensively investigated. Ham (1930) 

concluded that interference of the blood supply during fracture repair resulted in cartilage 

deposits. Others have thought such deposits result from imperfect immobilization (Urist 

and Me Clean, 1941 ). 

Rhinelander and Baragry (1962) reported that in the repair of undisplaced closed 

fractures, periosteal new bone supported by new periosteal capillaries was seen early; a 

much more abundant proliferative response in endosteal vessels was seen later. 

Rhinelander (1972) has termed this early increase in periosteal vasculature "extraosseous 

blood supply", since it is transitory and not conveyed to bone via fascial attachments. The 

extraosseous periosteal supply is derived from the surrounding soft tissue at the fracture 

site. During the later phases of repair, even the external parts of the callus were supplied 

by medullary vessels. In displaced fractures, periosteal vessels appeared to play a larger 

role, but during. the later time periods, medullary vessels once again provided the 

dominant blood supply. Significantly, the first osseous union following a fracture was 

always in the medullary callus, never in the periosteal part. 
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Healing of long bones can be divided into two phases. The initial healing phase 

leads to the union of the fractured cortical bone and is followed by the second, 

remodeling phase during which the re-united cortical bone and any callus are extensively 

--remodeled. 

1.9 Role of growth factors in fracture repair 

Growth factors are operationally defined as agents that increase cell replication, 

although they may also affect differentiated functions. Most known growth factors are 

polypeptides synthesized by a variety of cell systems and tissues that ·act locally or 

through systemically. Bone is a heterogeneous tissue containing a mixed cell population 

that includes fibroblasts, osteoprogenitor cells, osteoblasts, bone surface lining cells, 

bsteoclasts and the cells of the marrow tissue. Bone-derived growth factors may originate 

or affect any of these cells, while bone matrix selectively trap systemic factors, which 

could then act as putative local regulators of bone growth and remodeling (Figure. 13). 

Growth factors synthesized by macrophages include transforming growth 

factor-f31 (TGF-f31), the acidic and basic fibroblast growth factors (aFGF and bFGF), as 

well as interleukins and other cytokines. Platelet degranulation during hematoma 

formation is also a significant source of growth factors, including TGF-f31 and platelet 

derived growth factor (PDGF). Other sources of growth factors include osteoblasts (FGF, 

TGF -b, and PDGF) and the bone matrix itself: which contains high concentrations of 

FGF and TGF-f3. The number of growth factors likely to have a significant role in the 

regulation of wound repair, osteogenesis, and chondrogenesis is increasing. 



Growth factors are synthesized by osteoblasts, macrophages, or chondrocytes and 

released within the fracture callus. Alternatively, growth factors may be delivered to the 

fracture callus by the bloodstream, or, more likely, they could be released by platelets 

into the fracture hematoma. Growth factors may regulate fracture repair by paracrine or 

autocrine pathways, and can exert a broad spectrum of activities. Consequently, 

determination of the precise location of different growth factors is important for 

elucidating its ultimate role. Direct evidence for growth factor regulation can be obtained 

by adding exogenous factors to specific stages of fracture healing in vivo and in vitro, or 

by testing growth factors in models of different aspects of the fracture repair response. 

1.1 0 Bone Mineralization 

The factors initiating the deposition of mineral in the calcification of bone are not 

well understood. Some authors have reported that the ftrst phase that appears in the 

mineralisation of extracellular matrix vesicles in the growth plates of long bone is 

amorphous calcium phosphate, while others report HA as the frrst phase. Many theories 

have been proposed to explain the initiation of mineralisation, including local elevations 

of phosphate via hydrolysis of organic phosphates by a1kaline phosphatase, enzymatic 

removal of inhibitors of mineral deposition, and direct nucleation of hydroxyapatite or 

other calcium phosphate minerals onto bone collagen ftbers. However, it should be noted 

that most of the published work state that the mineral deposited in ossification is formed 

by epitaxial growth on existing crystals. Clarke et al., (1993) reported on the nucleation 

and kinetics of growth of phosphate on Type-I collagen and HA at different 

concentrations, acidities and temperatures, with special emphasis on the crystallographic 

characteristics of crystals obtained. 
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Ebrahimpour, Perez and Nancollas (1991) have demonstrated the possibility of calcium 

oxalate monohydrate (COM) growth on HA and showed that the human serum albumin 

promoted the growth, while citrate and magnesium acted as inhibitors. 

In mature bone, the apatite crystals are observed as irregularly shaped thin plates 

or rod like structures of carbonate apatite that are rarely stoichiometric or structurally 

perfect, and are typically 450 A o to 500 A o in length, up to 250 A o in width and with 

thickness of 20 Ao to 30 Ao (Weiner, Arad, and Traun 1991). Regardless of which model 

is correct, the apatite of bone should be accepted as a living mineral since it undergoes 

continual growth, dissolution, and remodeling involving mineralisation and resorption. 

The structure and mechanical properties of bone are derived from the organized 

mineralisation of hydroxyapatite within a matrix of collagen fibrils, proteoglycans, and 

many other proteins. The combination of the organized structure of the collagen and the 

hardness of the apatite gives bones its desirable mechanical properties. The 

mineralisation occurs within holes between adjacent collagen molecules and the plate like 

crystals are crystallographically oriented in parallel arrays across the fibrils. As early as 

1926, bone, tooth, enamel, and dentine were observed to have XRD patterns similar to 

those of mineral apatites, while urinary or dental calculi and abnormal calcifications in 

soft tissues have been identified as apatite or apatite-like materials (LeGeros 1991). 

From a chemical perspective, it is now quite well established that kinetic factors 

may be considerably more important in determining the nature of calcium phosphate 

phases present during a precipitation reaction than considerations based solely upon 

equilibrium data (Brown and Fulmer, 1991). The initial formation of an amorphous 

calcium phosphate (ACP) at high pH may be followed by its transformation to HA via 
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the formation of octacalcium phosphate (OCP), which may serve as template for HA 

growth. As the acidity of the solution is increased, other precursor phases such as 

dicalcium phosphate dihydrate (DCPD) may precipitate in accordance with Oswald's 

rule, which predicts that the least stable phase having the highest solubility is formed 

preferentially during a sequential precipitation. It has also been shown by Nancollas 

(1982a) and LeGeros (1981) that different calcium phosphate phases may be stabilized or 

destabilized by the presence of various cations and anions, which may not be 

significantly incorporated into the calcium phosphate crystal lattice, but may markedly 

influence nucleation and subsequent growth processes. Another complicating factor in 

the mechanism of calcium phosphate crystallization is that mixed solids may form by the 

growth of one phase upon another in the metastable supersaturated solutions. The 

formation of these solid phases in supersaturated physiological fluids such as serum and 

saliva is mediated not only by biological restraints, but also by the nucleation and growth 

mechanisms. It is also important to consider both the role and the effect of the organic 

matrix in the nucleation and growth oftheapatite crystallites in biological environments. 

1.11 Bone mineral disorders 

Skeletal formation and resorption are coupled by concerted actions of osteoblasts 

and osteoclasts. The osteoblast and osteoclast cells are in tum regulated by hormones and 

a series of systemic as well as local growth factors, any abnormal actions may lead to 

disorders of bone such as, rickets, osteomalacia, parathyroid bone disease, Pagets disease, 

osteoporosis, osteogenesis imperfecta and osteopetrosis. 

The characteristic skeletal disturbance in Vitamin D deficiency and in some other 

metabolic disorders is osteomalacia, which means "soft bones". The malacic bone is 
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subjected to distortion in shape and to fracture, deformity is particularly likely to develop 

with vitamin D deficiency in infancy and childhood and in adults it causes less severe 

clinical features. 

Osteitis fibrosa cystica is the characteristic bone abnormality of primary or 

secondary hyperparathyroidism. It is manifested as generalized osteopenia., increased 

bone resorption and the formation of cysts or cyst-like areas (brown tumors). 

Renal osteodystrophy is a major complication of chronic renal failure. The longer 

life is preserved, as by hemodialysis, the greater the osteodystrophy. Renal 

osteodystrophy is a complex disturbance of bone comprising varying degrees of 

osteomalacia, osteitis fibrosa cystica, and osteosclerosis. The etiology is not completely 

understood, but impaired vitamin D metabolism, secondary hyperparathyroidism, 

diminished gastrointestinal absorption of calcium and some times aluminium toxicity 

(dialysis) are involved. 

Pagets disease or Osteitis deformans affects 3 % of people older than age 40. This 

is due to disordered bone remodeling and caused by abnormalities in collagen structure 

and calcitonin deficiency. A genetic basis is also suggested. 

Osteoporosis is a state of reduced bone mass per unit volume with a normal ratio 

of mineral to matrix. The risk of fracture with minimal trauma is increased in 

osteoporotic bone, and this risk correlates with the degree of reduced bone mass. Bone 

mass is lost in almost all persons older than age 50, and a high percentage of the 

population older than age 70 is at risk for fracture. Bone remodeling is normally 

regulated by systemic and locally produced agents and metabolic, nutritional, and 

mechanical factors; it is not surprising that osteoporosis can be due to diverse disease 

II 
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process. Endocrine abnormalities like glucocorticoid excess, thyrotoxicosis, 

hypogonadism, hyperprolactinemia, diabetes mellitus, and hyperparathyroidism. 

Malignant diseases like multiple myeloma, leukemia, lymphoma and mastocytosis. 

Heparin, ethanoL smoking, dietary habit can also induce osteoporosis. 

Substantial knowledge has accumulated in recent years concerning the regulation 

of bone cells and their functions. The understanding from these findings should lead to 

the development, maintenance and repair of skeleton and also for treatment and 

prevention of skeletal disorders 

1.12 Bone grafts 

Employment of surgical implants is known since the pre-Christian era. Historical 

records from implantation of natural minerals gemstones goes to the period 600-800 AD 

(Epstein, 1989), ivory, inert metals, and bone products (Ludwigson 1964) 

1.12.1 Biocompatibility of Implant 

Definition 

"Biocompatibility is the ability of a material to perform with an appropriate host 

response in a specific application" (Williams, 1987). 

There are three classes of materials: metals, polymers, and ceramics, which are 

widely used in orthopaedic trauma care. 

Metals such as titanium, stainless steel (316-L SS), titanium alloy (Ti 6Al4V), and 

cobalt-chrome alloys are inert but in wear situations, some solubility and tissue reaction 

does occur. The organic polymers such as ultra high molecular weight polyethylene 

(UHMWPE) are chosen for their minimum tissue response. Ceramic components such as 
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alumina and zirconia are bioinert. As such, all the inert materials are foreign bodies and 

are walled off by a thin fibrous capsule. The better materials have thinner capsules. 

However, there is not a direct bond of osseous tissue to the implant. Such implants are 

successful only if the remaining tissue continues to support it. This will be time 

dependent because any movement of the prosthesis will increase the thickness of the 

fibrous capsule, leading to more movement and progressive failure. 

The current tendency to employ ceramics that surpasses other materials in 

orthopaedic surgery is due to their good biocompatibility property to the host tissue after 

implantation, with negligible foreign body reaction even though they are brittle. Ceramics 

by nature do not suffer from corrosion, as do metals and plastics. 

1.12.2 Ceramics 

The transformation of clay by fire into ceramic pottery brought about a revolution 

in human civilization thousand of years ago. Ceramics and glasses had been used for a 

long time outside the body for a variety of applications in the health care industry: 

eyeglasses, diagnostic instruments, chemical ware, thermometers, tissue culture flasks, 

chromatography columns, lasers and fiber optics for endoscopy. 

1.12.3 What are bioceramics? 

Ceramics that are specifically designed, synthesized and fabricated for the repair 

and reconstruction of the diseased, damaged or worn out parts of the body for a short 

term (bioresorbable) or long term (as a scaffold) within the living tissue with chemicaL 

physical and mechanical properties making them suitable as an ideal implant, are known 

as bioceramics. 
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Materials that are not inert but are not walled off by a fibrous capsule and have 

desirable tissue response are the choice of researchers and clinicians. The only known 

materials of this nature are calcium phosphates, because of their close chemical similarity 

towards the bone mineral. 

Over the years, bioceramics such as calcium phosphate ceramics, bioglass and 

glass-ceramics have found extensive use as a hard tissue replacement material all over the 

world and is an emerging area of research with immense clinical applications. 

1.12.4 Are bioceramics confined to hard tissue replacements alone? 

Most clinical applications of bioceramics relate to the repair of the skeletal 

system composed of bones, joints and teeth, and to augment both hard and soft tissue 

responses. Ceramics are . also used to replace different body parts especially: artificial 

blood vesseL artificial trachea, drug delivery systems, catheters, percutaneous devices, 

dental materials/implants and special formulations of glasses are also used therapeutically 

for the treatment of tumors (Aoki, 1994). Ceramics are used widely in dentistry as 

restorative materials, gold porcelain crowns, glass-filled ionomer cements, endodontic 

treatments, dentures etc. Ceramics are used in the form of bulk materials of a specific 

shape called implants, prostheses, or prosthetic devices. Bioceramics are also used to fill 

bone defects, while the natural repair process restores the defect. In other situations, the 

ceramic is used as coating on a substrate, or as a seeond phase in a composite, combining 

the characteristics of both into a new material with enhanced mechanical and biochemical 

properties. Bioceramics are also used in neurosurgery for cranioplasty repairing the skull 

bone defects (Kobayashi et al., 1987), in hand arthroplasty of the metcarpophalangeal 

joint (Minami et al., 1988), in otolaryngology as implants in the middle ear (Grote et al., 
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1986), or the use of bioglass or hydroxyapatite materials in the treatment of vocal cord 

paralysis. In Urology, an injectable form of non-degradable bioglass has been bonded to 

the soft tissues of the bladder for use as a potential treatment for urinary incontinence 

(Wilson et al., 1991). Some therapeutic applications involve the use of yttria in a glass­

ceramic for localization of radiation at a tumor site. Bioactive glass containing magnetite 

can be used to kill bone tumors when a magnetic field is applied (Ikenga et al., 1991). 

Ceramic implants can also be used as drug delivery systems (Snow et al., 1989; Bajpai 

and Benghuzzi 1988). 

1.12.5 Bioceramics: One material several applications? 

Bioceramics of one type alone cannot compensate for different types of 

degenerating bone disorders like, periodontal disease, osteoarthritis, rheumatoid arthritis, 

bone cancer, avascular necrosis, as well as trauma have increased the need for a suitable 

bone substitute or a stimulant for osteogenesis. Calcium phosphate ceramic materials has 

to be produced with varying CaiP ratios. Since, the Ca/P ratio for bone is 1. 77, for 

dentine the ratio is 1.58, and for tooth enamel it is 1.64 (Drissens, 1980). The most 

commonly used synthetic calcium phosphate bioceramic material is calcium 

hydroxyapatite. Hydroxyapatite and other calcium-based ceramic materials . can actively 

encourage bone regeneration at the surface of an implant. Bonfield eta/., (1991) have 

shown the in vivo epitaxial growth of natural hydroxyapatite mineral over synthetic 

hydroxyapatite implant using High Resolution Transmission Electron Microscope 

(HRTEM) studies. It has been postulated that the use of calcium phosphate ceramic 

biomaterials might replace the use of autogenous bone grafts in orthopaedic surgery. 

I. 
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Bioceramics are made in many different forms (powder, coating or bulk) and 

phases of single crystals (Sapphire), Polycrystalline (Alumina or Hydroxyapatite), glass 

(Bioglass®), glass-ceramics (A-W glass-ceramic) or Composites (Polyethylene­

Hydroxyapatite). The phase or phases used depend on the properties and function 

required 

There has been a tremendous increase in the application of bioceramics after 

1990's. Concepts of ceramic-polymer, ceramic-metal, ceramic-ceramic composites and 

ceramics in tissue engineering, gene delivery system and stem cells has opened up new 

areas of research with bioceramics. 

1.13 Synthesis and Microstructure of Bioceramics 

The objective of ceramic processing is to make a specific form of the material that 

will perform a specific function. This requires making a solid object, a coating or 

particulates (powders). There are two ways of making a specific shape; casting from the 

liquid state or pre-forming the shape from fine-grained particulates followed by 

consolidation. When a shape is made from powders, it is called forming. The powders are 

usually mixed with water and an organic binder to achieve a plastic mass that can be cast, 

injected, extruded or passed into a mold of the desired shape. The formed piece is called 

green ware. Subsequently, the temperature is raised to evaporate the water (drying) and 

the binder is burned out, resulting in bisque ware. The bisque-fired article is later fired at 

higher temperature to get dense article. This high temperature heat treatment is called 

sintering. Properties of this final sintered ceramic depend upon the composition of the 

material, the phases developed during thermal processing and the microstructure of the 

material. 

I 
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Table. 1.2 

Type of Ceramic Processing I Example I 

I 
1. Wet chemical method : HA I 

I 
2. Hydrothermal method I 

I HA (Single crystal) 
I 

2. Glass ! 45S5 Bioglass® 
! 
I 
1 

3. Cast or rapidly solidified polycrystalline ceramic I HACoating 
I 

4. Po lycrystalline glass-ceramic i Ceravital ® 
! 

5. Liquid-phase sintered (vitrified) ceramic ! Glass-HA 
i 
: 

6. Solid-state sintered ceramic i Alumina, Zirconia 
I 

7. Hot pressed ceramic or glass-ceramic I A-W Glass-ceramic I 
I 
I 

8. Sol-gel glass or ceramic i 52S bioactive gel-glass ' ' 
! 

9. Multi-phase composite 
I 

PE-HA 
i 
i 
1 

A variety of crystalline calcium phosphate compounds can be produced by 

precipitation; these include monetite, brushite, whitlockite, hydroxyapatite, and defective 

forms of hydroxyapatite. Amorphous calcium phosphate is considered to be very finely 

dispersed form ofwhitlockite (Meyer and Eanes 1978). 

Bioceramic materials are categorized based upon processing method applied and 

the microstructure produced; i.e., the distribution of phases developed in the material. 

The difference in the microstructures of the materials are primarily due to the different 

starting materials and thermal processing steps involved in making the materials. 
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1.14 Hydroxyapatite Synthesis 

Calcium phosphate polycrystalline ceramtc materials can be produced by 

precipitation from aqueous solutions (Jarcho, 1976) and by solid-state reactions 

(LeGeros, 1967). Materials produced by precipitation from aqueous solution may contain 

varying amounts of W and Olf ions in addition to the water; this can be controlled and 

removed by use of hydrothermal techniques (LeGeros, 1991) at temperatures between 

100°C and 1000°C. A chemically pure form of hydroxyapatite Ca9 (P04) s(HP04) (OH) 

can be produced by subjecting either an unstable precipitate of defective HA or a high 

temperature product oftetracalcium phosphate C~ (P04) 20 to hydrolysis at temperatures 

up to 90°C (Driessens, 1983). The chemical stability ofHA during heat treatment at high 

temperature at 1300 °C is usually considered as the maximum sintering temperature 

because, HA dissociates around this temperature into tricalcium phosphate and 

tetracalcium phosphate (Peelen et al., 1978; and de Groot 1980). 

The structure of calcium hydroxyapatite showing the exact atomic positions in the 

crystal was determined by Beevers and Me Intyre (1956) and later defined by Kay et a/., 

(1992). Calcium hydroxyapatite crystal belongs to the hexagonal systems, with a space 

group, P63/m. This space group is characterized by a six-fold c-axis perpendicular to the 

three equivalent a-axis (at, a2 and a3) at angles 120° to each other. The smallest building 

unit, known as the unit cell, contains a complete representation of the apatite crystal, 

consisting of Ca/P04 and OH groups closely packed together in lattice. 

Based on precise and well-defined physicochemical studies, the pure synthetic 

hydroxyapatite is, therefore, substituted for bone mineral. These controlled studies do 

not, however, necessarily represent a phenomenon as it may occur on the bone mineral. 
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Even for pure and well-characterized substances, the ccystallographic or geometrical 

structure and even the chemical nature of the surface may be different from those of the 

bulk ctystal. The evolution ofHA is given in Table. I.3. 

Table. 1.3 

EVOLUTION OF HYDROXYAPATITE (H_t\.)Il\IPLANTS 
Year Event 
1971 Suggested use ofHA as bone and tooth implant 

1974 Suggested use ofHA as orthopaedic implant 

1975 Suggested use oflM. as periodontal treatment 

1976 Development of process for preparing dense polycrystalline HA 

1976 Use of HAas loaded tooth roots in animals 

1977 Bonding of bone to HA 

1978 Use of ILl\ powder for periodontal treatment 

1979 Clinical application of HA dental root implants in Europe 

1980 Role of macro and microporosity in resorption rate and biological response of HA 

identified 

1980 Clinical trials of HA powder in alveolar ridge augmentation 

1980 Use of HA powder to stimulate bone growth in porous metal implants 

1981 Clinical applications of HA loaded tooth implants in Japan 

1981 Clinical use of dense HA in middle ear canal wall prosthesis 

From Hulbert, S.F., Bokros, J.C., Hench L.L., Wilson J., and Heimke, G., Ceramics in clinical 
applications, past, present and future in Proc. World Congr. On High Tech Cermni.cs 

1.14.1 Porosity 

The most widely used process to fabricate porous hydroxyapatite implants utilizes 

isostatic compaction and sintering of calcium phosphate powders that contain 

naphthalene particles (Hubbard, 1974). Sublimation of the naphthalene particles leaves a 

porosity (1 00 ~m), which consists of spherical voids communicating by a narrow-necked 

aperture where the particles were in contact. Macropores are created by sintering the 

material with hydrogen peroxide (Klein eta/., 1989). 
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1.15 BIOACTIVE GLASS SYNTHESIS 

Sol-gel processing is a chemical crystallization method for producing ceramics, 

glass, glass-ceramics and composites at much lower temperatures than the conventional 

ceramic processing. It was Iler (1979), Brinker and Scherer (1990), and Hench and West 

(1990) described the history, theory, processing details and applications of sol-gel 

processing. The sol-gel method was first employed by Jarcho (1981) to synthesize 

hydroxyapatite. Subsequently, this technique was adopted by others to synthesize glass 

and glass ceramics. 

Methods involve in synthesizing sol-gel materials: 

1. Gelation of colloid powders 

2. Hypercritical drying 

3. Controlled hydrolysis and condrnsation of metal alkoxide precursors followed by 

drying at ambient temperature. 

All the three methods involve creation of a three-dimensional, interconnected 

network, tem1ed a gel, from a suspension of very small colloidal particles, called a sol. 

Colloids are solid particles with diameters < 100 nm. A sol is a dispersion of colloidal 

particles in a liquid. A gel can be formed from an array of discrete colloidal particles by 

changing the pH of the sol. The gel network can also be formed from the hydrolysis and 

condensation of liquid metal alkoxide precursors. The history of bioactive glass evolved 

is given in Table.I.4. 
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Table. 1.4 

EVOLUTION 0 F BIOACTIVE GLASS AND GLASS-CERAI\liiC IMPLANTS 

Year 
1969 

1973 

1973 

1975 

1976 

1980 

1981 

1981 

1981 

1982 

1982 

1982 

1983 

1984 

1986 

Event 
Evidence of bone bonding to bioactive glass and glass ceramic (45S5 Bioglass ~ 

Mechanism ofbone-bioactive glass bond identified 

Bone bonding ofbioactive glass ceramic in Europe (Cera vital R) 

Successful load-bearing orthopaedic prosthesis in monkey using 45S5 Bioglass 

Compositional profiles ofbioactive glass ( 45S5 and 45SSF) dental implants in baboon 

Comparative histology of implants of variable bioactivity 

lJltrastructure analysis ofbioactive glass-ceramic and bone 

Successful completion oftoxicology and biocompatibility tests ofbioactive glasses 

( 4585 Bioglass R) and first evidence of soft tissue bonding 

Clinical use ofhioactive glass-ceramic (Ceravital R) in middle ear prostl1esis 

Successful comparison ofbioactive glass middle ear ossicular replacement with other inert 

implant matf'rials 

FDA approval ofbloact!ve glass-ceramic (Cera vital R) middle ear devices 

I:llgh-strength bioactive implant material (A/W-glass ceramic) and vertebral prosthesis 

Machinable bioactive glass-ceramic 

FDA approval ofbioactive glass (45S5) as middle ear prosthesis 

Successful clinical trial ofbioactive glass implants (45S5 Bioglass R) for alveolar ridge 

maintenance. 
From Hulbert, S.F., Bokros, J.C., Hench L.L, Wilson J., and Heimke, G., Ceramics in clinical 

applications, past, present and future in Proe. World Congr. On High Tech Ceramics 

1.16 Material Characterization 

Once the material is synthesized, it is essential to characterize the material for its 

properties before the intended in vivo application. ''Characterization "has been defined by 

the Materials Advisory Board of the National Research Council in United States as: 

"C'lzaracterization describes those features of the composition and structure 

(including defects) of a material that are significant for a particular 

preparation, study of properties, or use, and Sl~ffice for the reproduction of 

the material" 



1.16.1 Characterization for the materials are classified into five major 

aspects: 

a. Chemical composition: (Gravimetric Analysis/ Atomic Emission 

Spectroscopy, Atomic Absorption Spectroscopy, Energy Dispersive X ray 

Analysis (EDAX)) 

b. Phase state and structure: (X-Ray Diffraction) 

c. Size, shape, and surface of particulates 

d. ~vlicrostmcture: (Optical/Scanning Electron 1\1icroscopy) 

e. Surface processes: (Fourier Transform Infrared Spectroscopy, Scanning 

Electron Jl-v1icroscopy \vit; Energy Dispersive X-ray Spectroscopy, Electron 

:Microprobe Analysis, Auger Electron Spectroscopy, Secondary Ion Mass 

Spectroscopy, _,A~tomic Force Microscopy). 

1.17 Hov.; to choose a ceramic implant for an appropriate in vivo response 

Vv'hen used as substitutes for natural tissues like bone, ceramics may be required to 

1. Restore function of surrounding tissues, 
.... 

2. Fill a space, 

3. Physiologically interact with the body fluids and should not elicit toxic 

reactions upon degradation. 

4. Stimulate osteogenesis, provide strong bonding with the implant and the 

newly formed bone and host bone, without intervening fibrous tissue formation. 

5. Provide permanent stress-bearing skeletal repair and 

6. Should degrade over a period oftime and completely replaced by the host bone. 
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1.18 Apatite formation and bone mineralization - is there any relationship? 

Calcium phosphate and glass ceramics (bioceramics) that are extensively explored 

as synthetic bone-graft materials in dental and orthopaedic applications are 

hydroxyapatite (Passuti et al., 1990), bioglass (Schepers et al., 1993), apatite wollastonite 

(Kitsugi et al., 1989), ~-tricalcium phosphate (~-TCP) and biphasic calcium phosphate 

(BCP), (Denissen and de Groot, 1979; Jarcho, 1981; Holmes and Hagler, 1988; Daculsi 

et al., 1989; Daculsi et al., 1990). Chemical reactions occurring on the ceramic surfaces 

play a significant role in the bone- bonding mechanism (van Blitterswijk et al., 1985), 

because the crystal chemistry of the ceramic surface. and the chemical constituents of the 

surrounding extracellular fluid in unison determines the nature of the solids to be formed 

on the surface of the material. Over the past decade of ceramic research, it is apparent 

that different bioactive ceramics undergo different mechanisms of apatite formation by 

interacting with the surrounding physiological medium and likewise it is possible to 

impmvise surface apatite layers on a range of bioceramics through chemical interactions 

with simulated body fluid. 

There are many controversies regarding the bioresorbability of HA, while that of 

TCP is unambiguously demonstrated both in vitro and in vivo (Jarcho, 1981). When HA 

and TCP were exposed to Ca 2+ and Pol- free environment, dissolution of both ions 

occurred, but to a lesser degree with HA. Among the various calcium phosphate ceramics 

studied, dense and stoichiometric hydroxyapatite dissolved the slowest (Ducheyne et al., 

1993). This could be attributed to the material preparation methods and their chemical 

composition. After implantation of the calcium phosphate ceramics in osseous or non-

osseous sites [Heughebaert (1988); Neo (1993)] or after incubation in various solutions 
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(Hyakuna et a/., (1990), dissolution of the material causes supersaturation of Ca2+ and 

P04-3 ions in the local environment, resulting in the precipitation of carbonated apatite 

microcrystals in the microporosity of the ceramic surface and subsequent intimate 

association with an organic matrix leading to new bone formation. Calcium phosphate is 

observed to decrease in solubility in the order - brushite > monetite > octacalcium 

phosphate > J3-TCP > hydroxyapatite 

·1.19 Glass ceramics 

For materials, such as bioglasses, it has been concluded [Hench (1991); 

Kokubo (1993)] that immersion in simulated body fluids (SBF) can cause exchanges of 

cations such as Na+and K+ with Wand H30+ ions from solution, at the glass surface 

leading to loss of soluble silica and the formation of Si-Oli (Silanols) at the glass­

solution interface. This stage is followed by migration of calcium and phosphate ions 

- tnrough the silica rich layer to the surface and the formation of an amorphous calcium 

phosphate layer, which can then crystallize by the incorporation of hydroxyl, carbonate or 

fluoride ions to create the respective apatite .layer. 

1.20 Hydroxycarbonate Apatite (HCA) 

The formation of the "biological apatite" (Hydroxycarbonate-apatite) on the 

surface of implanted synthetic calcium phosphate ceramics and bioactive glasses through 

a sequence of chemical reactions may be one of the events leading to bonding with bone 

(Jarcho, 1981); Hench eta( {1988); Fuji et al., (1983); Grosset al., 1988; Kokubo, 

1990). CHA can form directly by precipitation or indirectly by hydrolysis {)r from 

precursor phases. Thus, suspension of amorphous calcium phosphate (ACP); monobasic 

calcium phosphate (MCP), dicalcium phosphate dihydrate [(DCPD)-CaHP04.2H20], 



anhydrous [(DCPA)-CaHP04], octacalcium phosphate [(OCP- CsHz (P04) 6·5 H20], in 

C03 :z- containing solutions; or suspension of calcium carbonate CaC03, or calcium 

fluoride (CaF2) in solutions containing HP042-/P043- and C032- ions resulted in ·CHA 

formation (Le Geros 1965; Okazaki et al., 1981; Le Geros et al., 1989; and Meyer et al., 

1994). It has been suggested that the bond strength between bone and bioactive material 

is determined by the rate of formation of apatite (Fujiu et al., 1983). Although conclusive 

evidence is not currently available, it is hypothesized that one of the mechanisms 

underlying the phenomena of bioactivity with respect to bone mineralization and bone 

tissue bonding could be due to the dissolution of ions from the ceramics. The dissolution 

and precipitation of the ions might initiate the early organic matrix deposition, mineral 

precipitation and subsequent bone formation. Although the morphology and chemical 

components of the precipitate microcrystals are close to that of bone apatite crystals, their 

formation is due to the secondary nucleation (by proteins) following dissolution­

precipitation process and not to an osteogenic property of BCP ceramic (Daculsi et al., 

1990). The dissolution-precipitation process could thus be a factor in improving the 

mechanical properties of implanted ceramics due to their chemical bonding to the host 

bone (Trecant et al., 1994). 

1.21 Role of hydrogen ion concentration (pH} in apatite formation 

The hydrogen ion concentration (pH) 9 - 10.5 influences the ceramic-SBF 

interfaces on HA formation and it is well known that HA is formed at pH values greater 

than 8. A buffered solution is the one, which resists changes by minimizing the effects in 

pH, when the solution is exposed to acids or alkalis. Each buffer is only effective over a 

rather narrow pH range, and so different buffers are used at different pH values. 



and so different buffers are used at different pH values. The intracellular environment in 

most systems has a pH that is near to 7.0 i.e. neutrality. Both the hydrogen and hydroxide 

ions are very reactive and have many damaging effects on biological structures and 

processes. Quite small changes in pH can bring about profound disturbances in biological 

systems. The pH of blood is usually about 7. 4 and a relatively small shift in pH to 7.1 or 

7. 6 can elicit the clinical conditions of acidosis or alkalosis. Very few biological process, 

whether in vivo or in vitro are unaffected by pH changes. Because of the logarithmic 

nature of the pH scale, a change in pH of one unit is equivalent to a 1 0-fold increase or 

decrease in hydrogen ion concentration. The structure of the water molecule makes it 

efficient to interact with charged ions. The stronger the ion, the more is its abilit-y to 

interact with water. Therefore, pH forms an integral part of the design of all experiments. 

!.22 Proteins 

ln vivo the dissolution -precipitation process is not simply the end result of the 

precipitation of inorganic crystals from a supersaturated solution in the microenvimnment 

containing the organic molecules. In fact, biological factors such as protein and enzymes 

in the vicinity of the implant in vivo are important in establishing the density, size, shape, 

and orientation of precipitated microcrystals (Orly et al., 1989; Martin et al., 1994). 

Proteins play a dual role in mineralisation, depending on their concentration and whether 

they are immobilized or free in solution, they could promote crystal nucleation by serving 

as nucleating agents or inhibit crystal gro\-vth through binding to cer-..ain crystal planes 

[Fisher et al., (1985); Boskey (1996)]. Proteins contain many groups that can gain or lose 

hydrogen ions; when they do so, can acquire new structures t.1.at have quantitative or 

qualitative differences in biological activit-y. As a function of their concentration and 
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mobility, these proteins could nucleate, inhibit, or promote apatite formation and growth 

(Boskey, 1996). Proteins could also bind to the crystal surface of the ceramic and control 

secondary nucleation, thereby affecting the dissolution, re-precipitation process in the 

ceramic. They could also act as nucleator of mineral crystals and the protein matrix 

provides a protected, stable environment in which the crystal nucleus forms. Nucleation 

occurred when the proteins were adsorbed into a rigid substrate whereas, inhibition of 

crystal growth occurred when the proteins interacted with a previously formed crystal 

(Addadi and Weiner 1985). !v1any specific and non-specific proteins have been 

considered as possible candidates for the control of bone mineralisation. 

1.23 In vitro Evaluation of Biomaterials 

The cell/material compatibility has to be assessed for any material before the 

intended in vivo application. The preliminru.-y study is designed to rule out the acute 

toxicity or cytotoxicity (level - 1) of materials, regardless of their final use. Then, the 

materials that were non-toxic are further inspected by cytocompatibility tests (level - 2). 

At this stage, the responses more specific to the materials are examined; the changes in 

cell functions following contact with the material are investigated. 

1.24 Cell culture 

The use of mammalian cell cultures for assessing in vitro biocompatibility offers 

many advantages; cells are extremely sensitive to toxic agents and the biological 

responses is well understood at the cell level, and thereby the material can be avoided if 

toxic, v.,nich may elicit chronic inflammatory reaction when implanted in vivo. 
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1.24.1 Cell type 

The established cell lines, either commercially available or following subculture 

of primary cells, are recommended by most cytotoxicit-y evaluation protocols. 

1.25 Cytotoxicity Evaluation 

The cytotoxicity tests essentially consist of the assessment of cell morphology· and 

viabilit-y; cells killed or injured by materials are examined and, if possible, quantified 

using relatively uncomplicated testing methods. Both primary and established cells are 

used. 

Examination by light microscopy, electron microscopy, and recently by means of 

quantitative imaging allows the cell morphological changes and cell death to be obsenred. 

The uptake or exclusion of a vital stain (neutral red, Trypan blue, erythrosin B, etc.), by 

checking the membrane permeability, provides an index of cell viabilit-y. A cell's ability 

to adhere onto material surfaces is generally considered as a sign of compatibilit-y, even 

though the failed adhesion of a cell type does not necessarily indicate toxicity of the 

rnaterial. 

:Methods yielding qualitative results are preferred. The neutral red uptake can be 

measured spectrophotometrically to express cell viability, while tetrazolium salt 

reduction (MTT test) was shov\'Il to be able to measure cell activation. 1\1embrane 

integrity can be monitored using a variety of methods, including those involving 

intracellular lactate dehydrogenase, lysosomal en.rymes, chromium 51 and fluorescein 

diacetate (FDA) release, and ethidium bromide uptake. 

Cell gro'vVth in the presence of biomaterials can be measured by direct cell 

enumeration, protein content measurement and crystal violet or methylene blue staining 
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or tritiated thymidine uptake. The DNA of cells can be quantified through t.'1e 

intercalation of diarninobenzoic acid or bis-benzimide. The validity of these types of 

assay should be always established by comparison with the more direct visual methods. 

1.26 Cytocompatibility 

Cells isolated from bone are used to study the interactions with t.'le materials to be 

implanted in bone. Osteoblasts come from both animals and humans (Chicken, rat­

embryo calvaria; periosteum; cancellous bone). Some established lines of osteoblasts 

come from either humans, like MG-63, HOS, SaOS2, or animals, like rat ROS 17/2 and 

mouse MC3T3tEl. 

The biocompatibility of biomaterials is very closely related to cell behaviour on 

contact wit.'l them and particularly to cell adhesion to their surface. Surface 

characteristics of materials, whether their topography, chemistry or surface energy, play 

an essential part in cell adhesion on biomaterials. Thus attachment, adhesion and 

spreading belong to the first phase of cell/material interactions and the quality ofthis first 

phase will influence the cell's capacity to proliferate and to differentiate itself on contact 

with the implant. 

The term adhesion in the biomaterial domain covers different phenomena: the 

attachment phase, which occurs rapidly and involves short-term events like 

physicochemical linkages between cells and materials involving ionic forces, van der 

Vv'alls forces, etc. and the adhesion phase occurring in the longer term and involving 

various biological molecules: extracellular matrix proteins, cell membrane proteins, and 

cytoskeleton proteins which interact together to induce signal transduction, promoting the 

action of transcription factors and consequently regulating gene expression. 
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Bone cell cultures have been intensely used for evaluating the biocompatibility of 

implant materials and are of great interest in studying the step-by-step interactions 

occurring at the cell-material interface (Gregoire et al., 1990). However, to validate an in 

vitro model system, the mineralization process must occur by the same mechanisms that 

have been demonstrated in vivo. 

1.27 Why implantation studies are essential? 

Due to the inherited limitations of the cell culture systems, animal implantation 

studies are needed in order to assess the histotoxicity and histocompatibility of the 

materials. L'11plantation permits assessment of local pathologic effects on living tissue, at 

bot.~ the gross level and microscopic level, of sample material that is surgically implanted 

or placed into an appropriate site (ISO Document 10993-1). Histotoxicity and 

histocompatibility are usually assessed by heterotopic or orthotopic implantation. 

1.28 Heterotopic Implantation Studies 

"Heterotopic implantation refers to the inserting of an implant not intended for 

the host bed but for different tissue". 

Materials to be tested are usually implanted subcutaneously (mainly rats) or by 

creating a pouch in the muscle (rabbits). 

The interpretation of results from soft tissue implants is based on 

the knowledge of the healing process in surgical wounds in the experimental 

animal and following implantation. The events occurring during a wound 

reaction has been extensively described (Schilling, 1976; Boucek, 1984; Movat, 

1985). 
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1.28.1 Animal model 

Calcium phosphate ceramics has been evaluated in vivo eh.'traskeletally in rats, 

rabbits, dogs, sheeps, goats, pigs, monkeys, and baboons. But the response of implant 

varied from animal to animal and also from species to species. Anderson, (1971) reported 

that the extent and duration of the inflammatory response are similar in rodent, dog or 

rabbit to those found in primates, allowing accurate inferences to be obtained from 

responses in test animals as to the anticipated responses in man. Yang (I 996) reported 

that bone induction with HA was observed in dogs and pigs after 45 days in muscle and 

in subcutaneous tissue after 60 and 90 days. But, no bone induction was observed in 

goats, rabbits and rats until 120 days. Hence, the right kind of animal model has to be 

chosen for the desired response. 

1.28.2 Material-Tissue Response 

When implanting devices or products made ofbiomaterials into the body, our first 

concern was the tissue destruction caused by surgical intervention, i.e. implantation, 

irrespective of its purpose and site. 

1.28.3 Toxicity 

In the biological responses of soft tissues to the implant, the physiological wound 

healing process is more or less modified depending on the toxicity of the implanted 

material . Different tissue responses are triggered depending on the 

shape and toxicity of the implanted material. Upon implantation of a solid material that is 

neither toxic nor degradable, the inflammatory response is not sharply altered by the 

presence of the material. 

Ill 
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1.28.4 Systemic influence 

The implant site is filled with blood, plasma proteins are adsorbed onto the 

material surface and modified, and a fibrin mesh is formed to guide the collagen 

regeneration. 

1.28.5 Necrosis 

Necrosis, the deat.'I of cells and tissues, sets in motion a series of events aimed at leading 

to healing and restitution of function. Necrosis sets the inflammatory response in motion, 

permitting the removal by digestion of dead cells (Golden, 1982). 

1.28.6 Inflammatory response 

Unlike the simple surgical wound, the persistence oflocal inflammation has been 

shown two to three days postimplantation. In general, the implant cannot be regarded as a 

foreign substance that will be eliminated, but it acts as a persistent stimulus (Krizek, 

1983). This is responsible for the delay or inhibition of the healing process. The sequence 

of events as described rarely occurs because of the inability of materials to be totally 

inert. Actually, titanium, alumina, and some polymers may induce a minimal fibrous 

reaction but, in these cases, changes in the exudate co~position as well as in the 

macrophage chemotaxis or phagocytosis also are likely to occur. If the balance between 

the release of particles into perimplant tissues and the clearing of them is reached, then a 

steady state is achieved; a fibrous tissue layer with few inflammatory cells will 

encapsulate the implant. When foreign substances are released too quickly to be 

scavenged efficiently, infla~tory cells are recruited at the implant site. The severity of 

cell reaction is related to the toxicity of the foreign substance. Such a cell response might 

develop into chronic inflammation, which impairs complete healing. The reaction is not 
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necessarily proportional to the implant duration, but it depends on other variables; the 

surface passivation of some metals or protein adsorption can reduce the host's reaction, 

whereas corrosion phenomena can amplifY it After phagocytosis ofthe small particles, 

they are not always degraded intracellularly. During t.~e process, the macrophage is 

activated and a lot of mediators and lysosomal enzymes are released. Outside the cell, the 

chemotactic mediators and the destructive enrymes operate local cell recruitment and the 

tissue damage, respectively; the resulting picture is referred to as a foreign body reaction. 

The more severe the tissue reaction is, the greater the degradation of the material will be; 

the process is now self-maintaining. 

1.28. 7 Soft tissue response to implants 

Soft connective tissue, by its very nature, is invariably in contact at some time 

with implants and the biomaterial from which they are made. The type, quantity, and 

stability of the tissues and its interaction with the implant govern the success or failure of 

that implant in the long term. Given that the biomaterial is nontoxic and contains no 

leachables, if it is harder than the connective tissue, there will be mechanical damage to 

the interfacial tissue, fragments of which will promote a cellular, phagocytic response 

which will continue for as long as the movement does; if it is softer than the interfacial 

tissue, fragments of the implant will be generated and disposed off in the same way. The 

consequence of movement is invariably a connective tissue capsule in which the collagen 

fibers are wrapped around the implant parallel \-vith the surface, with variable numbers of 

cells at the interface and in the capsule, which produce numerous agents, which maintain 

the fibrous response. There is always a space between implant and capsule, and it is with 

events in that space and with the long-term status of the capsule that the explanation of 



the phenomenon of solid-state carcinogenesis is thought to reside. The consequences of 

such a series of events after mammoplasty and breast augmentation surgery are well 

known. Elimination of problems associated with such connective tissue encapsulation can 

be simply achieved by elimination of microscopic movement at the interface. 

Suitability of a biomaterial for any application is determined at the interface 

between implant and host (Hench and Ethridge, 1982). The presence of soft-tissue 

components should not disturb the bonding of biomaterial to hard tissue. Bioactive 

materials now are available in range of compositions and forms with variable bioactivity 

indices, which depend on the rate at which the bonding to tissues takes place (Hench, 

1988). 

Crystalline multiphase materials provide greater mechanical strength than those, 

which are produced as glass and glass ceramics (Boland et al., 1985; Nakamura et al., 

1985). The interaction of crystalline materials with soft tissues has not been positive and 

in some situations the implant material must be protected from soft tissues to function 

well, as by the interposition of bone plate, this effect appears to be due to preferential 

attack by cellular enzymes of one of the phases of the material, releasing the other as 

granules (Gross et al., 1981). Failure to soft tissue bonding could be due to the 

inappropriate preparation of material and selection of an inappropriate site (muscle) and 

when the implant is successfully immobilized in the soft tissue during the experimental 

period soft tissue adhesion to 45 S5 was observed (Hench and Paschall, 1981). 

Crystalline glass ceramic Ceravital does not bond to soft tissues. Previous experiments 

have shown soft tissue-Bioglass® adhesion in sheep (Wilson and Nolletti), dogs (Wilson 

and Merwin, 1988), monkeys (Wilson et al., 1987) and rats (Wilson et al., 1981). 
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Bioglass® compositions containing from 42 to 52 mol% ofSi02 can bond to soft tissues, 

in a sheep model, between 1 and 3 months (Wilson and Merwin, 1988). Substitution of 

CaF2 for some of the CaO in 45S5 Bioglass ® did not affect this ability. 

The bioactive surface of Bioglass® implant serves as a template for amorphous 

apatite precipitation from surrounding fluids, with the collagen connecting L~e implant 

and bone supplying the micronucleation sites for apatite crystallization. Eventually when 

the apatite crystallization is complete, the resultant interface is stronger than bone 

(Pietrowski et al., 1971 ). 

1.28.8 Heterotopic Osteoinduction 

The tenn "tissue induction" mear1s cell differentiation by contact with other cells 

or t.~eir products. A number of embryonic systems of induction, including cartilage and 

bone differentiation, have been described (Holtzer, 1968; Lash et al., 1957; 1960). The 

inducing system is composed of at least two components, inducing tissue or its products 

and undifferentiated, responding tissue, which under the influence of the former are 

stimulated to differentiate. It is generally accepted that inductors activate or inactivate the 

genes of the responding cells by initiating a chain of events known as differentiation 

processes. The extracellular components containing a substrate for enzymes anchored to 

the cell surface can work as morphogenetic substa11ce. 

1.28.9 Do ceramics possess osteoinductive property? 

An ideal bone graft substitute would be a material with osteoinductive properties. 

H. G. Wells (1911) proposed a theory that calcium salts exert a stimulatory effect on 

osteogenic activity. Based on this hypothesis several investigators confirmed that 

synthetic calcium phosphates and solutions containing these salts lead to a stimulatory 



effect on osteogenesis (Albee and Morrison, 1920; Stewart, 1934; Shands, 1937). Two 

theories run parallel till today that, calcium phosphate ceramics does not have and have 

osteoinductive property. 

1.28.1 0 Calcium Phosphate Ceramics are not Osteoinductive 

Based on these observations synthetic calcium phosphate ceramics were tested for 

their biological response in nonosseous sites without the addition of an inducing stimulus 

such as marrow or growth factors and found that the ceramics by themselves did not 

induce bone in those animal models at different time periods. Piecuch, (1982) 

investigated the biological response to coralline replamineform hydroxyapatite implants 

placed in canine axillary subcutaneous sites till 8 weeks. Misiek et al., (1984) reported 

that non-porous smooth and rough HA surface in buccal soft tissue pouches of dogs did 

not produce any bone even after 6 months. Pettis et al., (1990) evaluated HA and HA 

with demineralised bone in rat subcutaneous tissue. HA alone did not produced any bone 

till 3 weeks, but endochondral bone formation was observed in the composite implants in 

the same time period. Bucholz et al., (1987) summarized that there is no conclusive 

evidence that any of the porous calcium phosphate biomaterials are osteoinductive. Most 

are considered osteoconductive, that is, allowing for bone ingrowth from an osseous bed. 

No bone ingrowth will occur if the implant is inserted into muscle or subcutaneous tissue. 

Ripamonti, (1996) observed that porous HA did not promote any bone intramuscularly 

till90 days in rabbit. 

1.28.11 Calcium Phosphate Ceramics have Osteoinductive Property 

Ripamonti, (1990 and 1991) implanted porous HA without marrow or growth 

factors in baboons and observed woven and lamellar bone formed by intramembranous 



osteogenesis at 3, 6 and 9 months. Vagervik, (1992) reported de novo bone formation in 

porous HA blocks without marrow or growth factors. The HA blocks were implanted in 

subcutaneous tissue, in muscle tissue, and attached to a muscle flap in rhesus monkeys. 

None of the HA blocks initiated bone formation in any of the sites till 4 weeks. But after 

4 weeks consistent bone formation was observed in subcutaneous tissue. Shors et al., 

(1993) found bone formation in porous HA disks implanted intramuscularly and 

subcutaneously in 'dogs at 3, 6 and 12 months. Yang et al., (1996) reported that bone 

formation could be detected in HA/TCP implanted intramuscularly and subcutaneously in 

dogs and pigs, but no bone differentiation was found in any specimen implanted in 

rabbits, goats or rats. 

1.28.12 Tissue induced osteogenesis 

This concept was formulated by Baschkirzew and Petrow (1912), who observed 

that periosteal aspect of auto grafts of fresh cortical bone when implanted intramuscularly 

into rabbits showed metaplasia of the connective tissues around the grafts. Later several 

other investigators proved osteoinduction by fibroblast cells in subcutaneous tissue in 

rabbit's ear (Nageotte, 1920), urinary bladder induced osteogenesis in dogs, rabbits, sheep 

(Phemister, 1923), amniotic fluid (Morrison et al., 1937) in mice (Anderson et al., 1964), 

osteogenic induction by bone was demonstrated by (Orell, 1934) in dogs, rabbits, mice 

and other animal models. 



1.29 ORTHOTOPIC IMPLANTATION 

1.29.1 Animal Model 
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Fracture healing under different mechanical conditions has been investigated in dogs, 

rabbits, rats and sheep. The rat has the advantage of greater economy, but also has 

disadvantages. Rat cortical bone is not Haversian and remodeling occurs primarily along 

the endosteal and periosteal surfaces (Kelley et a/., 1990). Its reaction to injury will, 

therefore, differ from that of human, or other Haversian bones. Second, the small size of 

rat bones mitigates against their use as models for different methods of internal fixation. 

Fracture models using rat bones, such as femur, tibia, and metatarsals, frequently relies 

on manual fracture and no splintage. 

The rabbit as an experimental animal for studying fracture healing has several 

advantages over t.1.e rat. First, the cortical bone is Haversian and so the stimulation of 

remodeling after injury is more similar to that of other larger mammals. Second, the 

larger size of rabbit bone enables the use of several methods for the stabilization of 

fractures. Thus, plates of various designs, medullary nails or external fixators have been 

used to stabilize osteotomies of the femur and tibia. 

Defect size plays a critical role in the healing of bone. The events in bony union 

between the cortical fragments of mechanically unstable fractures depend on the width of 

the gap. If it is narrow, cells do not enter until the external callus can stabilize the fracture 

completely. In rabbits 2 mm defect is the critical width (Grieff, 1978) to evaluate the 

bone healing. 
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1.29.2 Tissue response to implants 

The material response and the tissue response should complement each other in healing 

of the defect. The attachment of the tissue onto the material surface is based on the 

physicochemical property of the material. Based on the tissue response to the material, 

the materials are classified into four types 

a) Nearly inert implants (Alumina, zirconia), whichdoes not favor bone bonding 

b) Porous implants, favors the mechanical fastening with the host bone by encouraging 

bone infiltration into the pores (HA and HA coated metals) 

c) Bioactive implants, forms an ionic bonding at the interface wit.~ the host bone 

(Bioactive glass, Bioactive glass -ceramics and HA) and 

d) Resorbable implants (TCP and Bioglass ), the material will degrade with time and 

replaced by new bone. 

1.29.3 Bioinert Ceramics 

Polycrystalline sintered alumina is very strong compared to most of the ceramics, 

although it is brittle. Its strength, abrasion resistance, and chemical inertness have made it 

attractive for dental and bone implants as artificial hip joint. Smit.~ (1963) developed an 

interconnected, porous alumina ceramic and tested the material for its inert property in 

rabbit femur bone, and the later works of Benum et al., (1977) with porous ceramic 

material (Ah03) in the sheep tibia confirmed the bone ingrowth into the ceramic material 

even though the material was inert. The disadvantage of alumina ceramics is t.'lat they are 

inert material and bonding of the non-porous material to the bone is poor. 
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1.29.4 Bioactive Calcium Phosphate Ceramics 

The main purpose of using calcium phosphate cera..-nics as an implant material is 

to enable it to be gradually substituted by newly formed bone or at least to become 

integrated with the host bone. Hydroxyapatite Ca10 (P04) 6 (OH)2 is the structural 

prototype of the bone mineral and the inorganic constituent of tooth and bone. Dense, 

pore-free tricalcium phosphate Ca3 (P04) 2 or the mineral whitlockite can be made by 

sintering precipitated fine crystals, very similar to the method of making hydroA.")'apatite 

(Jarcho et al., 1979). The material is less fatigue resistant than hydroxyapatite. Bonds 

(chemical) with the bone well and reabsorbed over a period and replaced by bone. 

Biphasic calcium phosphate (BCP) macroporous ceramic consisting of an 

intimate association of f3-TCP and HAP, with f3-TCP/HA weigt'lt ratios of 1 5/85, 3 5/65 

and 85/15 has been developed (Daculsi et a/., 1989). In vivo studies in dogs revealed a 

decrease in average size of crystals in BCP ceramics had taken place, together with an 

increase in the size of microporosities in the surface and at the core of the ceramic, 

indicating that in vivo dissolution had taken place. The in vivo resorption of the BCP 

ceramics was said to depend on their f3-TCP/HA ratios. Formation of crystals with 

crystallographic properties and a Ca/P ratio similar to those of bone crystals were also 

observed. The abundance of these crystals was said to be directly related to the f3-

TCP!HA ratio of the BCP'ceramic prior to implantation. It was postulated by Daculsi et 

al., (1989) that the formation of the bone apatite like crystals may be due to the 

precipitation of calcium and phosphate ions released from the dissolving ceramic crystals 

(the f3-TCP component dissolving preferentially to the HA component). It was suggested 
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that one of the means of controlling the in vivo resorption of BCP ceramic is by varying 

its f3-TCPIHA ratio. 

Table.l.5 

Calcium Phosphate Ceramics Commercially available source 

Calcium hydroxyapatite (Ca1o (P04)6 (OHh Calcite™, Durapatite™, Alveogra:f'I"M, 
OsteografTM, Himed™ -HA, Bioapatite™, 
Periobone _(Sree Chitra) · 

f3-Tricalcium phosphate (Ca3 (P04):z Synthografl'M, Augmen™, HimedTM-TCP 
Biphasic calcium phosphates (BCP) Triosit™, Himed™-TCP 
(mixture ofHA & f3-TCP) 
Resorbable calcium phosphate materials OsteogenTM, Himed™-AP 

1.29.5 Bioactive Glass and Glass-Ceramics 

Materials of controlled surface activity (or biodegradability) showing direct 

bonding to bone have ~en termed "bioactive". Such glass compositions may allow 

release of ions conducive to osteogenesis. Bioactive glasses capable offorming chemical 

bonds may offer potential for long-term stabilization of implants. Strength of bioactive 

ceramic coatings on the metal is important due to the action of stress transfer :from the 

implant prosthesis to surrounding tissues, which could decide the success or failure of the 

·implant in in vivo situation. 

Glass and ceramic materials can be customized using wet chemical methods to 

produce materials with a wide range of mechanical properties (Mazdiyansi, 1984). Such 

materials can be made to have varying degrees of degradation and ionic release (Rizkalla 

et al., 1992). Bioactive glasses having an interfacial response that can result in tissue 

bonding can be produced :from mixtures of silica, phosphate, calcium and sodium 

(Hench, 1988; Matsuda and Davies, 1987; Schepers, et al., 1988; Pazzaglia et al., 1989). 

These materials have the potential to elicit the formation of natural tissues at their surface 
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(Hench et al., 1972; Gross et al., 1988; Kokubo eta!., 1990). Unique class of materials -

glass-ceramics are also important (Kasuga et al., 1992). Such materials start as an 

amorphous glass and by application of an appropriate heat treatment may precipitate a 

much stronger and stiffer crystalline ceramic phase within the glassy matrix (Kokubo et 

al., 1986). Synthetic hydroxyapatite and bioactive glass have been coated onto the 

surface of titanium implants (Ducheyne et a/., 1986). A glass-ceramic containing 

crystalline oxyapatite and fluroapatite [(Cato (P04) 6- {0, F2)] and ~-wollastonite (Si02-

CaO) in an Mg0-Ca0-Si02 glassy matrix (A-\V type) was developed by Nakamura et al., 

(1985). A-VI glass-ceramic bonds to living bone, through a thin calcium and phosphorous 

rich layer that is formed at the surface of the glass ceramic (Nakamura et al., 1985). This 

glass ceramic not only bonds to living bone in a short period, but also holds a fairly high 

mechanical strength for a long time, even under load-bearing conditions in a body 

~n";~o~..,..en+ (Ko1Kubo n+ ~ 1 19Q ") \..II V 11 lUll ll "-- C<t. Ut., UJ' , 

Table.l.6 

j Glass/Glass Ceramic 
I 

J Bioactive glass 

Bioactive Glass-ceramic 

1.29.6 Calcium Phosphate Cement 

I Commercial Names I 
I I 
I Perioglass® I 
I ~ l 
l Ceravital 

More recently water setting HA cements have been employed to create 

hydroxyapatite materials with various porosities (Brown and Chow, 1986). .Most 

commonly HA cement is produced by reacting tetracalcium phosphate and calcium 

hydrogen phosphate in an aqueous environment. Under in vitro conditions at 37 °C t.1.e 
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HA cement sets approximately within 15 min and the isothermal chemical reaction is 

completed by 4 h. Porosity is obtained by mixing the cement prior to set with sucrose 

granules and then dissolving the granules in water. The main disadvantage of calcium 

phosphate cements is its lack of macropores. As a result, biodegradation takes place 

layer-by layer, from the outside to the inside (Bohner, 2000). 

Table.l.7 

j Calcium phosphate cements Commercial names l 

I i 
I Monocalcium phosphate cements (MCPM) Cementek I 

witha-TCP 
I 
I 

Dicalcium phosphate (DCP) Bonesource and Biocement D, Biopax 
j f3-Tricalcium phosphate ChronOS 
I a_. Tricalcium phosphate 1 Nonan SRS, B10pax 

1.30 Physico-chemical properties of the ceramic materials 

1.30.1 Solubility 

The concept of bioactivity is based on the release of the ions into the medium, 

which will evoke a proper biological response. HA was until recently considered to be 

non-resorbable. Calcium phosphate biomaterials differ in their solubility or extent of 

dissolution: ACP> a-TCP>f3-TCP>CdA>HA (Daculsi, 1998). Driessens (1983) showed 

that there are only two calcium phosphate materials that are stable at room temperature 

when in contact with aqueous solutions, and it is the pH of the solution that determines 

which one is stable. At a pH lower than 4.2, the component CaHP04.2H20 (dicalcium 

phosphate) is the most stable, while at higher pH {>4.2), hydroxyapatite is the stable 

phase. 
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1.30.2 Biodegradation 

Biodegradation on different 'Calcium phosphate ceramics is contradicting. 1\.1any 

authors (Bhaskar et at., 1971; Boyne et at., 1982; Klein et at., 1983) report rather fast 

degradation of (3-whitlockite, while others (Wagner 1981 and Nery et al., 1989) report a 

minimal or very slow resorption. Many investigators found no degradation ofHA (Klein 

et al., 1983; van Blitterswijk et at., 1986), where as others described resorption (Strub 

and Gaberthuel 1978). It is thought that the chemical composition of the cerami-c 

determines whether or not calcium phosphate materials with <1 Ca!P ratio or >2 are 

degradable. (Koster et at., 1977; Thomas et al., 1987). A well-defined series of 

experiments show that the composition, Ca/P ratio, impurities like F or iv1g ++ and 

structural relationships (micro/macrostructure) are important factors associated with 

biodegradation. Microporosity determines the geometry of "necks" between sintered 

particles, while macroporosity determines the amount of necks in contact with the 

environment. The neck formation depends on preparation technique, sintering 

temperature, pressure applied to compress the powder into a tablet before sintering. 

1.30.3 Porosity 

A major factor in the use of such materials is the control of the size of porosity. 

Pass uti and Daculsi (1989) evaluated the effect of porosity by an in vivo experiment in 

the cortical bone in dogs. Three kinds of porosity were tested (from 1 OOJ.Lm to 600 J.Lm). 

The results of the study demonstrated that the porosities up to 100 J.Uil are efficient for the 

bone ingrowth, however, during the first months of implantation, larger macro pore sizes 

are more suitable for bone ingrowth. 
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1.30.4 Mechanical property 

Ceramic material of choice for load-bearing implantation in orthopaedic 

prosthesis has been alumina (Christel et a!., 1988). Ceramic materials of th.e type have 

been in use. now for over 20 years. Such prostheses are constructed from high-purity (less 

than 0.05 % SiOz) fine particulate alumina by hot isostatic pressing to produce sintered 

alumina, having high-density and very smooth surface. The compressive strength of the 

alumina implants is between 4000-4500 MPa when compared to that of cortical bone 

(1 00-230 MPa). The biocompatibility, low wear and good mechanical strength have been 

the main criteria for this choice. h1 the past 10 years, material scientists have looked at 

constructing the femoral head from ceramic and the stem from the traditional metal, 

rather than constructing the complete prostheses from ceramic, in order to minimize 

fracture due to the lack of toughness of the ceramic material (Asada et al., 1987). 

Mechanical strength tests of such systems have judged that such devices have strength 

adequate for clinical use. Ceramic materials can exhibit a relatively high modulus of 

elasticity values 30-35 GPa (cortical bone 7-30 GPa). The strength of some ceramics is 

also reasonably impressive, being. very much greater than that of polymers. Ceramics and 

glass tend to be quite strong in compression and shear but weak in tension (40- 60 .r-v1Pa, 

whereas cortical bone has 100-230 l\1Pa). Ceramic and glass materials fail at a very low 

critical strain of approximately 0.1-0.2 %. The three dimensional primary nature of the 

covalent and or ionic atomic and molecular bonds in ceramic material dictates the 

strength and rigidity as well as limiting the strain and increasing the fracture toughness. 

The streng<-ill of the material may be understood from the surface condition, porosity, 

second phases and defects; these properties are not intrinsic properties of the materials 
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that Vv'ill decide the strength, rather it depends on how the material iS processed and 

treated (Doremus, 1992). 

1.31 Grov .. 1h factors induced osteogenesis 

Artificial bone substitutes like metals and ceramics tend to be too stiff and their 

low osteogenic potential often lead to loosening of the implant and functional failure in 

months to years. This failure may be avoided if implants have a capacity to induce bone 

and thereby promote stabilization through osseointegration with the host. L'1 order to 

develop osteoinductive bone graft substitutes, attempts to incorporate bone growth 

factors into biomaterials have been initiated. 

The interest for biochemical enhancement of bone healing and bone formation has 

led to a larger number of experimental studies that use grovvth factors in various clinically 

related situations. GroVvth factms have been used to stimulate fracture healing, long bone 

(Lind et al., 1993) and calvarial defect (Becket al., 1991) healing and as substitute for 

bone grafts during spine fusions (Cook et al., 1994). The major phases of the 

osteoinduction are chemotaxis, mitosis, and differentiation. Various osteoinductive 

substances were tried to enhance bone growth like cartilage powder (Heimburger et al., 

1967), collagenous bone matrix as local mitogen for connective tissue cells (Rath and 

Reddi, 1979), bone morphogenetic protein (~1ahy and Urist, 1988) insulin-like groVv1h 

factor (IGF-I a.'ld II), transforming grov.1:h factor-P (Noda and Camilliere, 1989), acidic 

and basic fibroblast growth factor (Hauschka et al., 1986), platelet derived growth factor, 

calcitonin (Thompson and Urist, 1973), vitamin-D (Tabuci et al., 1989), parathyroid 

hormone, growth hormone, marrow derived growth factors, hemopoietic factors, and 

several cytokines (Yoshikawa eta!., 1988) were used for bone induction studies. 
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1967), collagenous bone matrix as local mitogen for connective tissue cells (Rath and 

Reddi, 1979), bone morphogenetic protein (Mahy and Urist, 1988) insulin-like growth 
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1.31.1 Fibringlue as Osteoinductive Protein 

Fibrin Sealant or Fibrin Glue (FG) as it is popularly known, has been used in a 

number of orthopaedic procedures to enhance osteogenesis in human maxillary and 

mandibular bone (Marrini et al., 1994), on Kiel heterologous bone graft (Bosch et al., 

1980) in the fixation of osteochondral fractures (Bosch et al., 1977), in spinal surgery 

(Ono et al., 1992) on an early enhancement of bone using TCP (Palacios and Monia, 

1986), and fixation of osteochondral fragments (Marvin et al., 1984), bone chips (Arbes 

et al., 1981), and perichondrium grafting (Hominga et al., 1990). Nevertheless, this 

positive effect of osteogenesis with FG was not observed in a bone growth chamber and 

significant bone repair was not observed too in bone defects of dogs (Mulliken et al., 

1984). Furthermore, this biological adhesive, a derivative of blood is widely used in 

surgery for their adhesive properties, haemostatic activity and wound healing process 

(Lerner and Binur, 1990; Sierra, 1993; Womom and Buchman, 1992). However their role 

in bone fracture healing or bone tissue response is not fully understood (Schlag and Redl, 

1988) .and controversies do exist, despite the fact that this biologic "glue" can be an 

interesting effective osteoinductive substitute. 

The nature and the development of the interfu.ce behveen an implanted bioceramic 

and bone are affected by many factors. It is being recognized that key aspects of the 

interaction between bone cells and the implant depend on modification of the bioceramic 

surfu.ce that occur due to interactions with the local environment with respect to pH, 

protein adsorption, C~+ and Pol- deposition. 
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1.32 The objectives of this study: 

It is well known that bioactive ceramics are ideal bone graft materials. But, the 

tissue responses to these bioactive ceramics are not fully understood till date. Three 

different types of bioactive ceramics were taken for the study a) Hydroxyapatite (HA), b) 

Bioactive Glass System-AW type (BGS) and c) Triphasic Bioactive Composite System 

(HABGS) synthesized in house. 

1) Characterization of the synthesized bioactive ceramic granules for their 

crystallinity, phase compositions (purity) and the functional groups. 

2) To study the dissolution, precipitation and apatite formation of the bioactive 

ceramic granules by simulated in vitro studies. 

3) Cytotoxicity and cytocompatibility property of the ceramics by in vitro cell 

culture techniques. 

4) To fmd the histotoxicity, histocompatibility of the bioactive ceram1c 

granules in heterotopic and orthotopic sites with and without fibrin glue (as 

growth factors). 

5) Characterization of the ceramic granules after implantation in rabbit tibia 

bone for its crystallinity and phase composition by XRD, functional changes 

by FT -IR and the distribution of the elements by SEM-EDAX techniques. 

6) Specific bone labeling techniques as well as staining techniques employed 

to understand the healing pattern of the bone with respect to different 

bioactive ceramic granules. 

7) Biochemical estimation of the serum and urme markers of bone for 

understanding the physiology of the bone before and after implantation. 



1-58 

8) Quantitative histomorphometric analysis of the implanted spec1mens to 

understand the bone growth rate at different periods. 

9) Suggest a possible mecha..1ism by which the bioactive ceram1cs would 

favour osteogenesis and osseointegration in bone and 

1 0) Compare the data of the in house synthesized bioactive ceramics with that of 

commercially available bioactive ceramic bone substitutes. 
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MATERIALS AND METHODS 



II. MATERIALS AND METHODS 

11.1 Materials 

Hydroxyapatite, [HA-(Ca10(P04) 6(0H)z] porous, 300- 350 I-LID sized granules, 

Bioactive glass systern-AW type [BGS- 45% CaO, 34% SiOz, 16% PzOs, and 5% 

MgO] non-porous, 300 - 350 I-LID sized granules and Triphasic bioactive composite 

system [HABGS- 55 %Ca0, 17 % Si02, and 28 % P20s ] non-porous, 300 - 350 I-LID 

sized granules (synthesized as part of the on going developmental programme of 

biocerarnics in our Institute- SCTIMST, Trivandrurn, India), were used for this study 

to evaluate the efficacy of the materials for orthopaedic application. 

11.1.1 Preparation of the freeze-dried hydroxyapatite (HA) powders 

Hydroxyapatite was prepared by a precipitation method (Varma and 

Sivakurnar, 1996) starting from calcium nitrate and ammonium dihydrogen phosphate 

(NH4H2P04) (Ranbaxy) solution. Calcium nitrate was dissolved in the distilled water. 

Ammonia solution was added to the above solution to maintain the pH of the solution 

above 11. Ammonium dihydrogen phosphate was dissolved in distilled water and was 

brought to pH 10 by adding NH3 solution. The phosphate solution was then added 

drop by drop to the calcium nitrate solution under continuous stirring on a hot plate. 

After the completion of the precipitation, the stirring was continued for another one 

hour and aged for 24 hours at room temperature. The precipitate was filtered and the 

filter cake was thoroughly washed with distilled water to remove ammonium and 

nitrate adsorbed over the precipitate surface. After repeated washing with distilled 

water, the precipitate was then subjected to freeze drying in a laboratory model 

lyophilyzer. By the above process, sublimation of the frozen water occurred leaving 

behind a free flowing powder inside the jar. The powder thus obtained was heat 



treated at various temperatures in a Muffle furnace (Thermosystems) and later 

characterized for phase purity, composition and morphology. 

11.1.1.1 Preparation of HA Porous Granules 

The freeze-dried powder was first calcined and the calcined powder was 

mixed with an appropriate volume percentage of a pore former (naphthalene) and 

thoroughly mixed in a ball mill. The milled powder - pore former mix was then 

compacted and heat-treated at high temperature to get sintered porous blocks. These 

pellets were manually crushed in an agate mortar and, 300 - 350 J...Lm sized fractions 

were separated using standard test sieves. The HA powder was compressed to form 

dense discs (10 x 3 mm). 

11.1.1.2 Chemical Analysis 

The powder as well as the granules were analysed for calcium and phosphate 

content. Estimation of calcium was carried out by a substitution titration method using 

EDTA solution as described in Vogel (1980). The phosphorous content was analysed 

by a gravimetric method (Vogel 1980). Here the phosphate was precipitated as 

ammonium phosphomolybdate by adding excess ammonium molybdate to the hot and 

acidic solution of phosphate ions. 

11.1.2 Preparation of Bioactive Glass-Ceramic -A-W Type {BGS) 

The synthesized calcium phosphate based glass ceramic is non-porous and 300 

- 350J...Lm in size. The material was synthesized by a sol-gel method involving silicon 

ethoxide, calcium nitrate and phosphorous pentoxide (Ranbaxy). A uniform sol was 

made by dissolving calcium and phosphorous pentoxide in distilled water and mixed 

and refluxed with silicon ethoxide solution. The clear solution thus obtained was 

allowed to gel and the dried gel was then sintered at 1200°C - 1300°C. BGS granules 



were obtained by sieving the crushed dried gel through a 300 - 350 Jlm mesh. The 

disc forms were obtained by compressing the powder in a specially designed die 

under pressure. 

11.1.3 Preparation of Triphasic bioactive composite system (HABGS) 

The synthesised hydroxyapatite glass ceramic composite is non-porous and 

300 - 350 Jlm in size. HABGS was prepared by mixing calcium silicate powder 

synthesised by a sol gel method and hydroxyapatite powder was synthesized by the 

precipitation method as described above (II.l.l and II.l.2). The two powders were 

mixed thoroughly in a ball mill, compacted and sintered at 1250 °C for getting dense 

HABGS pellets. The sintered discs were crushed in an agate mortar and the powder 

thus obtained was sieved through a 350 - 300 Jlm pore sized mesh. 

Both HABGS and BGS contain pores in the range of 10 - 30 Jlm. The bulk 

density of both HABGS and BGS was around 80 - 85 % having intergranular 

porosities in the range of 10 - 30 Jlm. 

11.1.4 Material Sterilization 

The separated granules and discs were first washed with distilled water and 

later subjected to ultrasonic cleaning (Cole parmer) for the complete removal of the 

fine powders adhered over the surface. The materials were then sterilized by 

autoclaving prior to in vitro and in vivo experiments. 

11.1.5 CHARACTERIZATION OF MATERIAL 

11.1.5.1 X- Ray Diffraction (XRD) 

Characterization of the phase purity and crystallinity of the freeze-dried HA 

BGS and HABGS powder were analysed by XRD (Siemens D-5005). The samples 

were analysed at tube voltage of 40 kV and current 30 rnA at a scan rate of 2 degrees 
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per minute in the range between 20 °- 35 ° with copper K-Alpha 1 radiation. Phase 

purity and crystallinity identification was done comparing the data with the Joint 

Committee on Powder Diffraction Standards (JCPDS) files. 

11.1.5.2 Fourier Transform Infrared Spectroscopy (FT -IR) 

The IR spectra of the synthetic HA, BGS and HABGS granules were recorded 

in a Nicolet impact 410 FT-IR spectrophotometer using the potassium bromide (.KBr) 

pellet technique. The granules were pulverized in a mortar and 1 mg of the sample 

was mixed with 100 mg of.KBr (AR-grade-Merck) and was pelletized at 10,000 psi. 

in a hydraulic press. The pelleted sample was then analysed in FT-IR 

spectrophotometer. The spectra were recorded in absorbance mode averaging 100 

scans in the range of 400 cm-1 - 4000 cm-1 with a resolution of 4 cm-1. 

11.1.5.3 Scanning Electron Microscopy (SEM) 

SEM of the granules will help in understanding the surface topography, 

porosity, and size of the materials. The granules were washed with acetone and 

deionized distilled water, air dried, and critically point dried (HCP2-Hitachi) to 

remove moisture, and then coated with gold in sputter coating unit (E101-Hitachi). 

Subsequently the topography of the samples was viewed using SEM (S2400 -

Hitachi). 

11.2/N VITRO SIMULATED STUDIES 

HA, BGS and HABGS granules were immersed separately in different media 

with varying pH at a constant temperature (37 °C) in a shaker incubator (Shandon) for 

12 and 24 hours, to validate the rate of dissolution and subsequent apatite formation 

on the materials, in response to hydrogen ion concentration (pH), protein adsorption, 

calcium and phosphorous release I deposition. The incubation of the granules were 
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conducted in a 24 -well tissue culture plate (NUNC-Polystyrene) with a sample to 

medium ratio of 20 mg I 2 mL. 

11.2.1 Incubation Media 

The ion concentration of the Simulated Body Fluids (K-9) was based on the 

method of Kokubo et al., 1991. 4.2 mM-NaHC03, 137.8 mM- NaCl, 3 mM- KCl, 

1 mM- K2HP04, 2.5 mM- CaCh, 1.5 mM- MgCh were added to prepare the SBF. 

The ionic content of the SBF thus prepared is similar to that of the human serum 

plasma concentration (Table.II.1 ). 

Table.ll.l 

Concentration (mM) 

Na+ K+ Mgz+ Ca2+ cr 

142.0 5.0 1.5 2.5 148.8 

HA, BGS and HABGS were incubated in the following media: 

a. Acetate Buffer (0.45M) + SBF -pH 5.2 

b. Tris (50 mM) and HCl (45 mM) + (SBF)- pH 7.3 

c. Simulated Body Fluid (SBF)- pH 7.1 

d. Minimum Essential Medium (MEM) - pH 8.12 

e. Foetal Calf Serum (FCS)- pH 8.6 

f. Rabbit serum- pH 7.2 

11.2.2 Evaluation 

(Hco3r (HPo4r 

4.2 1.0 

The media was analyzed for pH, calcium, phosphorous and protein before and 

after immersion of HA, BGS and HABGS granules. The granules were removed and 

air-dried at room temperature for SEM, image analysis and FT-IR evaluation. 



11.2.2.1 pH Measurements 

The pH of the solutions was measured using a pHiion conductivity meter 

(Accumet ®Model-50) before and after the dissolution experiments. 

11.2.2.2 Calcium 

0-cresolpthalein complexone method (Anderegg et al., 1954; Gitelam, 1967; 

Baginski, 1973) was used to estimate calcium (Qualigens - India). Calcium in alkaline 

medium reacts with 0-cresolpthalein complexone to form a purple coloured complex 

whose absorbance is proportional to the calcium concentration. The interference due 

to magnesium and iron is eliminated by using 8-hydroxy quinoline. 

The sample was mixed well with the working reagent and allowed to stand at 

room temperature for 5 min. The absorbance of the standard (S) and test (T) against a 

blank (B) was measured in the spectrophotometer (Hitachi, 220) at a wavelength of 

570 nm. 

Calculation 

Absorbance of (T) 
Calcium in mg % = --------------------- x 10 

Absorbance of (S) 

11.2.2.3 Phosphorous 

Phosphorous was detected using the Monozyme Phosphorous modified Metol 

method (Monozyme - India) 

Inorganic phosphorous is present in a small but significant amount, mainly as 

phosphate ions. The molybdate ion react with inorganic phosphorous in an acidic 

medium to form phosphomolybdate, which is reduced by metol to give a blue 

coloured complex. The absorbance of the blue coloured complex at wavelength of 

680 nm is directly proportional to the phosphorous concentration. The test sample and 

blank was mixed thoroughly with the working reagent and allowed to stand at room 



temperature for 5 min and the absorbance of test (T) and standard (S) was measured 

against the reagent blank (B) in a spectrophotometer (Hitachi, 220) at a wavelength of 

680 nm. 

Calculation 

Absorbance of (T) 
Phosphorous in mg % = ---------------------- x 5 

Absrobance of (S) 

11.2.2.4 Protein 

Protein concentration in foetal calf serum, rabbit serum and minimum essential 

medium were assayed using the Biuret method (Qualigens- India). 

Proteins bind with copper ions in an alkaline medium of the Biuret reagent and 

produce a purple coloured complex, whose absorbance is proportional to the protein 

concentration. The test was mixed well with the working reagent and incubated at 37 

oc for 10 min in an incubator (Shandon) and the absorbance of standard (S) and test 

(T) was read against the blank (B) in a spectrophotometer at a wavelength of 555 nm 

(Hitachi, 220). 

Calculation 

Absorbance of (T) 
Total protein in gm % = ---------------------- x 6 

Absorbance of (S) 

11.2.2.5 Surface Analysis: Scanning Electron Microscopy (SEM) 

The granules were critical point dried (HCP2-Hitachi) to remove moisture, 

and coated with gold in an ion sputter (ElOl-Hitachi) and observed by SEM (S2400-

Hitachi) to envisage any gross change on the material topography before and after 

dissolution. The size of the granules, the pores and apatite-like deposits were 

measured by the standard scale available on the SEM micrographs. 
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w i t h a n i m a g e a n a l y s i s s o f t w a r e ( O p t i m a s 6 .1 v e r s i o n ) . 

1 m m i s d i v i d e d i n t o 
0.01 m m d i v i s i o n s 

F i g u r e - | | - 2 

I m a g e o f s t a g e m i c r o m e t e r c a p t u r e d u n d e r CCD c a m e r a 
f o r c a l i b r a t i o n : T h e s t a g e m i c r o m e t e r i s c a p t u r e d u n d e r 
r e s p e c t i v e m a g n i f i c a t i o n a n d b y u s i n g t h e i m a g e a n a l y s i s 
s o f t w a r e t h e s c a l e i s t a k e n a s a r e f e r e n c e , f o r m e a s u r i n g 
t h e s i z e o f t h e h i s t o l o g i c a l i m a g e s c a p t u r e d u n d e r t h e s a ­
m e m a g n i f i c a t i o n . 
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11.2.2.6 Image Analysis 

The dried granules were analysed for any gross change in size under light 

microscope in the transmission mode. The granules were captured with the help of a 

CCD camera attached to a light microscope (Nikon, Optiphot), linked to a computer 

(Figure.ll.1). The images were calibrated (Figure.ll.2) after suitable thresholding 

(image enhancing) and measured using the OPTIMAS 6.1 version software. The data 

obtained were compared with the control granules and Students-t test was performed 

to find any statistical significance. 

11.2.2.7 Fourier Transform Infrared Spectroscopy {FT -IR) 

The dried granules were analysed for the functional groups after immersion in 

different media. The spectra were recorded as explained above (II.1. 5.2 ). 

11.3/N VITRO CELL CULTURE STUDIES 

To test HA, BGS and HABGS granules for toxicity and cytocompatibility, an 

in vitro model comprising L929 mouse fibroblast cells and MG 63 human osteoblast­

like cells from National Centre for Cell Sciences (NCCS), Pune, India were used. 

11.3.1 Direct Contact with materials. 

Cells (1 x 103 cells per well) were seeded in wells of 24 -well tissue culture 

polystyrene plate enriched in Dulbecco's minimum essential medium (O:MEM) with 

Earl's salt (High media, Pune, India), supplemented with 10 % foetal calf serum 

(FCS), 100 units and 100 mglrnL respectively of penicillin and streptomycin and 

incubated at 37 °C for 24 hand 5% C02 air. When the cells attained confluency, the 

cleaned and sterilized HA, BGS and HABGS granules were placed separately in 

direct contact with the cells in the wells and left for 24 h under the same condition. 

Thereafter the cells were observed under Phase Contrast Microscope for any change 



in morphology or any other cytopathic effect when compared with negative and 

positive controls. 

11.3.2 Cell Viability (MTT Assay) 

Known weight of the HA, BGS and HABGS granules were placed separately 

in DMEM with Earl's salt for 24 h, after which the material extract was taken. Known 

volume of the extract was then placed in contact with the confluent layer of fibroblast 

cells in 96-well Tissue Culture Plate (Nunc) enriched with 1 mL of DMEM with 

Earl's salt supplemented with 10 % FCS and containing 100 units and 100 mg/mL 

respectively of penicillin and streptomycin. Cultures were maintained in a humidified 

atmosphere of 95 % relative humidity (RH) 5% C02, at 37 o C. To the control groups 

of cells no material extract was added. After contact with the material extract for 24 h, 

cells were washed with phosphate buffer and allowed to react with MTT dye solution 

(3-4,5-dimethylthiazol-2yl)-2,5-diphenyl-tetrazolium bromide). MTT assay is a 

common assay for testing cellular viability based on the reductive cleavage of yellow 

tetrazolium salt to a purple formazon compound by the dehydrogenase activity of 

intact mitochondria. 

Consequently, this conversion only occurs in living cells. Plates were 

incubated at 37 OC for 4 h for the cells to react with the dye. MTT solutions were 

removed and n-propanol was added to all the wells. The plates were slightly shaken 

for 10 min to ensure crystal dissolution and absorbance was measured in a multiplate 

reader (Biotek) at the wavelength of 570 nm. The percentage of live cells with the 

materials extract were determined by comparing their respective absorbance with that 

of the control cells. 



11-11 

11.3.3 Cytocompatibility of ceramics with L929 - Mouse Fibroblast cells 

To visualize cell adhesion on the surface of the material, cells (1 x 103 cells) 

were seeded on the surface of the conditioned (disc soaked in DMEM with Earl's salt · 

for 24 h) bioactive ceramic discs (HA, BGS and HABGS) (10 x 3 mm size). They 

were then maintained in the same culture medium for 48 h. 

Thereafter the discs seeded with the cells were fixed in 3 % glutaraldehyde, 

post-fixed in 1% osmium tetroxide, dehydrated in acetone, critical point dried (HCP2-

Hitachi), gold coated in an ion sputter (E101-Hitachi) and viewed in SEM (S2400 

Hitachi). 

11.3.4 Cytocompatibility of ceramics with MG63- Osteoblast cells 

MG 63 osteoblast-like cells (NCCS,. Pune) maintained in Iscoves Modified 

Dulbecco's Medium (IMDM- Sigma) supplemented with 5 % foetal calf serum 

(Sigma) and 100 Jlg /mL streptomycin (sarabhai chemicals) and 100 IU/mL penicillin 

(benzyl penicillin; Alembic) were used. Cells were subcultured using 0.25 % TIJ'PSin 

(Sigma) - EDTA solutions and seeded on materials in a concentration of 

1,500 cells/well seeded on the surface of HA, BGS and HABGS discs (10 x 3 mm 

size). The materials were preconditioned in culture medium for 15 min before cell 

seeding and thereafter the discs with cells were incubated at 3 7 oc in an atmosphere 

of 5 % C02 and 95 % relative humidity. 

After 48 h, the culture medium was collected separately and the cells with 

material were washed in phosphate buffered solution (PBS) and fixed in 3% 

glutaraldehyde, post-fixed in 1 % osmium tetroxide, dehydrated in acetone, critical 

point dried (HCP2-Hitachi), gold coated in an ion sputter (ElOl-Hitachi) and vie\ved 

in SEM (S2400 Hitachi). 
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11.4 In Vivo Evaluation Of Bioactive Ceramics: Heterotopic Evaluation 

11.4.1 Preparation of the materials 

HA, BGS and HABGS granules were thoroughly cleaned using acetone and 

finally in deionized distilled water for 30 min in an ultrasonic cleaner to remove any 

powder or debris attached on the surface of the granules and vacuum dried to remove 

any water or moisture from the material. The samples were sterilized by autoclaving 

prior to implantation. 

11.4.2 Preparation of Fibrin Glue 

A biologic tissue adhesive, which is two-component system, was prepared in­

house. Fibrinogen concentrate was prepared from single donor screened human 

plasma by cryoprecipitation method (Ratnoff et al., 1951; Silver et al., 1995). The 

lyophilized cryoprecipitate, which consists of fibrinogen, factor XIII and VIII, was 

reconstituted in distilled water to get the desired concentration. Bovine thrombin was 

obtained as a lyophilized powder from a commercial source (E.Merck Germany), and 

reconstituted in 25 mM calcium chloride. 

11.4.2.1 Preparation of Fibrin Glue-Ceramic Composite 

Sterilized HA, BGS and HABGS (50 mg) samples were placed in 96 well flat 

bottom culture plates (Nunc) and mixed with 2.5 mg and 5 mg fibrinogen followed by 

polymerization with 50 U/mL of thrombin in calcium chloride. All the samples were 

incubated at 37 oc for half an hour, then frozen at -70 °C for 24 hours and freeze­

dried in a lyophilyzer (Edward Modulyo ). 

11.4.3 Scanning Electron Microscopy (SEM) 

Coated granules with lyophilized FG and uncoated granules were critically 

point dried with a - HCP 2-Hitachi, and then coated with gold in an ion sputter (E 
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101-Hitachi). Subsequently sample surfaces were viewed usmg SEM (S 2400 -

Hitachi). 

11.4.4 Experimental Animal Groups 

Twenty-seven Swiss albino, male mice, with an average body weight of 30 to 

35 g, and one defect per leg were divided into three groups as shown in Table II.2. 

Management of animal husbandry and postoperative care of the animals are 

standardized at SCTIMST, Vivarium, as per the guidelines of the Committee for the 

Purpose of Control and Supervision of Experiments on Animals (CPCSEA) from the 

Indian National Science Academy (INSA). 

Table.ll.2 

Material I-Uncoated ll-FG ID-FG 
Coated Coated 

(2.5 mg) (5 mg) 
No. of No. of No. of 
animals animals animals 

HA 3 3 3 
BGS 3 3 3 
HABGS 

,., ,., 
3 ..) ..) 

Note: 
I, II and III represents the animal groups implanted with HA, 
BGS, and HABGS; 2.5 mg FG and 5 mg FG represents the 
concentration ofFibrin Glue coated with the material and No. 
represents the number of animals used for the surgery. 

11.4.5 Surgical Procedure 

I 

Animals were anesthetized with ketamine 50 mg/kg and xylazine 10 mglkg 

body weight, intramuscularly. The skin was shaved and disinfected with betadine-

povidone iodine. A one centimeter longitudinal skin incision was made exposing the 

quadriceps muscle in which a small pouch was created. Sterilized materials were 

implanted deep into the muscle pouch and the wound closed with 4. 0 mer silk sutures. 
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After closure, the sutured wound was swabbed with betadine and dressed with 

neosporin. Animals were kept in cages (2 per cage) and fed with standard diet and 

water ad libitum. After 28 days, the animals were euthanised intraperitoneally with 

an over dosage of thiopentone sodium. Tissues were retrieved for histological 

analysis. 

11.4.6 Flurochrome labeling 

All the twenty-seven mice were given subcutaneous dose of Tetracycline (30 

mg/kg) and Calcein blue (25 mglkg) 15 days and 24 days. respectively after the 

surgical implantation of the granules. 

11.4. 7 Radiography 

Radiographs (Dental X-ray Unit- N Villa Sistemi Medicali - Model 83603) 

were taken immediately after implantation and prior to sacrifice at 28 days. 

11.4.8 Histological evaluation 

The retrieved tissue from one animal of each group was fixed in 10 % 

phosphate-buffered formalin, dehydrated in graded series of alcohol and embedded in 

polymethyl methacrylate (PMMA). For fluorescence microscopy, the tissues from the 

remaining two animals of each group were fixed in 70 % alcohol, dehydrated in 

ascending grades of ethanol and embedded in polymethyl methacrylate (PMMA). The 

sections (200 11m) were cut on the Isomet (Isomet-Buehler) with a diamond circular 

blade and subsequently ground to a thickness of 100-130 11m and polished (Buehler­

Polisher). These sections were stained with Stevenel's blue/Acid Picrofuschin stain 

(Gurr 1973; del Cerro et al., 1980), and viewed with a Light Microscope (Nikon­

Optihot) and photographed. Unstained sections were viewed with the fluorescence 
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microscopy (Nikon- Eclipse E600) and viewed under wavelengths 390- 560 nm for 

tetracycline (filter BV2A) and 375-435 nm for calcein blue (filter UV2A). 

11.4.9 Image Analysis: Histomorphometry 

Computer assisted image analysis was performed to quantify the percentage of 

new bone formed in the soft tissue with uncoated and FG coated HA, BGS and 

HABGS, granules after 28 days in mice quadriceps muscle. 

The resin embedded sections was captured by a CCD camera attached to light 

microscope (Nikon, Optiphot), linked to the computer having Optimas 6.1 version 

software (Coreco Oculus-Tci Driver, Version 1.20 Beta 1 Mode, pixel format -8 bit 

gray scale and 24- bit Red, Green, Blue (R G B) mode with a frame width of768/576 

pixels) for image analysis. The images are suitably calibrated using the inbuilt image 

configuration. All the images were captured in respective magnifications x 4 and x 10 

and suitable filters were used to improve the resolution of the images. 

The images were then evaluated for the percentage of new bone formed 

around the implant in the soft tissue. The interface of the implant with the soft tissue 

and the newly formed bone was analysed using the 3D-Luminance method. Three 

sections were evaluated per animal in all the groups. The implant size was measured 

by line morphometry method. Student's-t test was performed for statistical 

significance 

11.5 Orthotopic Evaluation 

11.5.1 Materials for Implantation 

HA, BGS and HABGS granules were implanted in rabbit tibia bone to study 

the osteoconductive, osteoinductive and osseointegration mechanism at two different 

periods with FG for 3 months and without FG for 3 and 6 months. 



11.5.2 Experimental Animals 

Eighteen male young adult New Zealand White rabbits having an average 

body weight of 2.5 ± 0.25 kg were used for this study, for 3 and 6 months period. 

Animals were divided into two major groups as shown in Table II.3 and 4. Animals 

were fed with standard rabbit feed and water was given ad libitum. 

Table.II.3 

Group -I (Without FG) 
Experiment Duration 

Material 3 Months 6 Months 
(No. of Animals) (No. of Animals) 

HA 4 4 

BGS 4 4 
HABG 4 4 

Control (Sham) 2 2 

14 14 I Total= 28 

Group I: Rabbit implanted with uncoated HA, BGS, and 
HABGS granules. The duration of the experiment was 3 and 6 
months. Four animals/material/period and two animals/period 
for defect alone (sham) were used for this study. 

Table.II.4 
Group- II (FG) -3 Months 

Material (No. of Animals) 

HA 4 

BGS 4 

HABG 4 

Sham 2 

Total 14 

Group II: Rabbit implanted with FG coated HA, BGS, and 
HABGS granules. The duration of the experiment was for 3 
months. Four animals/material and two animals for defect 
alone (sham) were FG alone is filled in the defect without any 
ceramic implants. 
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11.5.3 Surgical procedure-Rabbit: Group-1 

The animals were monitored as per the norms of CPCSCEA. The transcortical 

bone-pin model for assessment of the in vivo bone response is adapted from the 

ASTM standard F981-91 Standard Practice for Assessment of Compatibility for 

Surgical Implants with Respect to Effect of Materials on Muscle and Bone (American 

Society for Testing of Materials, West Conshohocken, PA). The animal was given 

premedication, atropine (0.5 mglkg body wt) and diazepam (10 mglkg body wt) i.m 

and anaesthetized with ketamine ( 40 mglkg body wt) and xyl~e (3 mg/kg body wt) 

i.m. The tibial cortex was exposed along the medial aspect through a single deep 

incision. Periosteum was retracted to the sides using a periosteum elevator, to prevent 

damage during drilling. Two defects of 2 mm diameter size were created on the mid 

diaphysis area using a surgical drilling unit (Satellac, France), reamed to a depth of 3 

mm, while continuously irrigated with cold saline to prevent thermal necrosis. The 

defect was packed with the respective granules. The incision was sutured in layers 

with 4. 0 mer silk and the wound was dressed with neosporin. Postoperative care with 

medication and management of the animals were taken care as standardized in the 

Vivarium of the Institute. At post-implantation periods of 3 and 6 months, the rabbits 

were sacrificed using an excess dose of sodium thiopentone and the tibiae were 

removed to resect the implant site. 

11.5.4 Surgical procedure-Rabbit: Group-11 

Ceramic granules coated with 5 mg of lyophilized FG were taken for the bone 

implantation studies. The bone implantation procedure was same as that of Group-I 

experimental animals. Care was taken during implantation to prevent the FG coated 

granules from moving out of the cavity. A drop of sterile saline was added to prevent 
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air pouches and the defect was filled compactly. The animals were sacrificed after 3 

months as mentioned above (II.5.3). 

11.5.5 Bone labeling 

To study the dynamic analysis of bone activity with the implant fluorochrome 

labeling was performed. Out of four animals in each group two animals was 

administered fluorochrome dye. 

Group-! animals were injected with oxytetracycline (50 mg/kg body weight), 

i.m (intra muscular) one month post-implantation and 20 days prior to sacrifice. 

Group -II animals were injected with oxytetracycline (50 mg/kg body weight), 

i.m. one month post-implantation, and alizarin complexone/calcein blue (30 mg/kg 

body weight) i.m. two months post-implantation and again one week prior to sacrifice 

tetracycline (50 mg/kg body weight i.m,) was administered. 

11.5.6 Radiography (Bone) 

X rays were taken at zero day (immediately after implantation) and before 

sacrifice using a dental X-ray unit (Dental X-ray Unit- N Villa Sistemi Medicali -

Model 83603). 

11.5. 7 Microangiography: Barium sulphate method 

An attempt was made to study the neo-vascularization after implantation. 

Briefly, ]:)efore sacrificing the animal, barium sulphate and Indian ink were infused 

separately to study the vasculature status of the implanted site. 

Femoral artery and femoral vein were cannulated, and flushed the bloodline 

with ringer lactate (heparinised) 1L. Once the out let flow became clear/ blood less, 

30% barium sulphate (BaS04) with Indian ink 140 mL + 500 mL ringer lactate was 

infused via a cardioplegia infusion set at 120 - 150 mm Hg, 15 min later 30 % of 

Ill 
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BaS04 with 140 mL of Indian ink + 10 % buffered formalin was flushed as above for 

15 min. The whole leg with the surgical cannula in situ was kept in 10 % buffered 

formalin for 3 days for fixation and then X- ray was taken. Thereafter sections of the 

implant area was taken, decalcified, dehydrated, embedded in P~ sectioned and 

viewed using light microscopy for any blood capillaries at the implant site. 

11.5.8 Gross Evaluation 

Soft tissues over the implanted bone specimens were removed manually and 

care was taken not to disturb the implant site. Gross photographs of the implant-bone 

interface were taken using a Diaplan Stereomicroscope (LEICA). 

11.5.9 Scanning Electron Microscopy (SEM) 

The SEM enables to study the surface extent of the mineralized bone with the 

implant. The bonding of implant to the bone and the surface porosity could be 

understood from the SEM observations. Thin sections of bone (100 - 150 1-1m) with 

the implant was cut and processed in ascending grades of acetone/ethanol and post 

fixed with isoamyl acetate for 5 min. The samples were dried using the critical point 

dryer (HCP2-Hitachi), and coated with gold in an ion sputter (E101-Hitachi) and 

viewed by SEM (S2400 - Hitachi). 

11.5.1 0 SEM-Energy Dispersive X-ray Analysis (EDAX) 

The samples were screened for the Ca, P, Si, and Mg distribution around the 

newly formed bone, implant and in the interface between the implant and the new 

bone. Samples were processed for Energy Disperse X-ray Analysis (EDAX- Oxford) 

as described above (II.5.9) but, instead of gold, carbon coating was done using a 

carbon coater (HINDHIV AC- Shadow Casting Unit, Model 12A4SC) and observed 
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using SEM attached with the EDAX unit (Oxford), interfaced to the computer for 

elemental analysis. 

11.5.11 X-ray Diffraction (XRD) 

The surrounding bone with the implant was dissected out carefully from the 

tibia bone and the specimen was thoroughly dried in a vacuum oven at 60 ° C for two 

days and pulverized into powder in a mortar and observed by XRD (Siemens D-5000) 

for the crystallinity and for any change in the material phase that had formed after 

implantation. 

11.5.12 Fourier Transform Infrared Spectroscopy (FT-IR) 

The bone specimen with the implant are cut into thin sections and thoroughly 

dried in a vacuum oven at 60 o C for two days to remove water from the sample. The 

dried bone was pulverized in a mortar and was mixed with KBr in the ratio of 

1:100 mg and pelleted and analyzed in FT-IR spectrophotometer as described earlier 

(II.1.5.2). 

11.5.13 Histological evaluation 

The tibia bone resected from rabbit was fixed in 10 % phosphate-buffered 

formalin immediately, and dehydrated in graded series of alcohol and embedded in 

polymethyl methacrylate (PMMA). For fluorescence microscopy, the tissues from the 

remaining two animals of each group were fixed in 70 % alcohol, dehydrated in 

ascending grades of ethanol and embedded in polymethyl methacrylate (PMMA). The 

sections (200 f.!m) were cut on the Isomet (Isomet-Buehler) with a diamond circular 

blade and subsequently ground to a thickness of 100-130 f.!m and polished (Buehler­

Polisher). These sections were stained with Stevenel's blue and counter stained with 

I 
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Van Gieson acid picrofuschin stain (Gurr 1973; del Cerro eta!., 1980), and viewed 

using light microscope (Nikon-Optiphot). 

Unstained fluorochrome sections were viewed with the fluorescence 

microscopy (Nikon- Eclipse E600), viewed under wavelengths of 390-560 nm for 

oxytetracycline (filter BV2A) and 375-435 nm for calcein blue (filter UV2A) and 

alizarin complexone (Filter G2A). 

Unstained normal bone and bone with implants were viewed under polarized 

light to understand the mineralization pattern. 

11.5.141mage Analysis: Histomorphometry 

Computer assisted image analysis was performed to quantify the percentage of 

new bone formed with HA, BGS and HABGS granules implanted in rabbit tibia bone 

with and without FG after 3 and 6 months. The mode of image capturing is described 

in section II.4.9. 

The images were then evaluated for the percentage of new bone formed in the 

defect with an implant. The implant - bone interface was analysed using the 3D­

Luminance method. Three sections were evaluated per defect in all the groups. The 

implant size, pore size and the cell size were measured by line morphometric method. 

11.5.15 Biochemical Estimation 

11.5.15.1 Serum Collection 

The blood was collected before implantation and after implantation. Rabbit ear 

vein was punctured with a 20 gauge sterile needle and the blood was collected in a dry 

clean test tube. The blood thus collected was kept in an incubator at 3 7 °C for 1 hour 

and allowed for the serum to separate. The serum was aliquoted into fresh eppendorf 

tubes and stored at - 20 °C until further experiments. To minimize the protein 
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denaturation from the freeze-thaw process, the samples were carefully separated into 

different eppendorf tubes for different biochemical evaluations. Haemolysed samples 

were always avoided. 

11.5.15.2 Calcium 

0-cresolpthalein complexone method was used to estimate calcium, as 

described in II.2.2.3. 

11.5.15.3 Phosphorous 

Phosphorous was detected using the Monozyme Phosphorous modified Metol 

method, as described in II.2.2.3. 

11.5.15.4 Protein 

Protein concentration in foetal calf serum, rabbit serum and mtmmum 

essential medium were assayed using the Biuret method, as described in II.2.2.4. 

11.5.15.5 Alkaline phosphatase 

Alkaline phosphatase (ALP) was estimated by the "Kind and King's Method" 

(Kind and King; Mayne, 1994) (Dr. Reddy's Laboratories). Serum ALP hydrolyzes 

phenyl phosphate into phenol and disodium phenol hydrogen phosphate at pH 10.0. 

The phenol so formed reacts with 4-Arninoantipyrine in alkaline medium in presence 

of oxidizing agent potassium ferricyanide to form a red coloured complex whose 

absorbance is proportional to the enzyme activity (Table.II.S). 

ALP 
Disodium Phenyl Phosphate + H20 • Phenol + Disodium Hydrogen Phosphate 

pH 10.0 

Alkaline medium 
Phenol + 4 Amino Antipyrine Red coloured complex 

Potassium ferricyanide 
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Table.ll.5 

Reagent Blank Standard Control Test 
Working l.OmL l.OmL l.OmL l.OmL 
buffered 
substrate 
Deionised 3.1 mL 3.0mL 3.0mL 3.0mL 
water 

Mix well and incubate at 3 7 oc for 3 min 
Serum --- --- --- 0.1 mL 
Standard --- 0.1 mL --- ---
(Phenol) 

Mix well and incubate at 3 7. °C for 15 min 
Colour 2.0mL 2.0mL 2.0mL 2.0 mL 
Reagent 
Serum --- --- 0.1 mL ---

The working buffer substrate is mixed with deionized distilled water and 

incubated for 3 min at 37 °C and the serum (Test sample), standard and blank reagent 

was then added and incubated for 15 min at 3 7 oc for 15 min and colour reagent was 

added and the absorbance (A) for blank (B), Standard (S), Control (C) and Test (T) 

against deionized water on spectrophotometer at 510 nm. 

Calculation 

A(T)- A(C) 
Serum ALP in KA units/ dl = ------------------- x 10 

A(S)- A (B) 

11.5.15.6 Acid phosphatase 

Acid phosphatase (ACP) was estimated by modified "King's Method" (King, 

1959) (Dr. Reddy's Laboratories). Serum ACP hydrolyzes disodium phenyl phosphate 

to phenol and disodium phosphate at pH 5.0. The phenol so formed reacts with 4-

aminoantipyrine in alkaline medium, in the presence of oxidizing agent potassium 

ferricyanide to form a red coloured complex whose absorbance is proportional to the 

II 

! 

I 

I 
I 

I 
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enzyme activity. Prostatic ACP activity is inhibited by tartrate. The ACP assay in 

presence of tartrate measures non-prostatic fraction. 

ACP 
Disodium Phenyl Phosphate + H20 Jllo Phenol + Disodium Hydrogen Phosphate 

pH5.0 

Alkaline medium 
Phenol + 4 Amino Antipyrine Red coloured complex 

Potassium ferricyanide 

The working buffer substrate is mixed with deionised distilled water and 

incubated for 3 min at 37 °C and the Tartrate solution (Ts) serum (Test sample), 

standard and blank reagent was added and incubated for 15 min at 3 7 °C for 60 min 

and the colour reagent was added and the absorbance (A) for blank (B), Standard (S), 

Control (C) and Test (T) and tartrate solution (Ts) against deionized water on 

spectrophotometer at 510 nm (Table.II.6). 

Table.II.6 

Reagent Blank Standard Control Test Tartrate 
Solution 

Buffered l.OmL l.OmL l.OmL l.OmL l.OmL 
substrate 
Deionised 3.2mL 3.1 mL 3.0mL 3.0mL 3.0mL 
water 

Mix well and incubate at 3 7 °C for 3 min 
Tartrate One drop 
Solution --- --- --- --- (approximately) 

100 JlL 
Serum --- --- --- 0.2mL 0.2mL 
Standard --- 0.1 mL --- --- ---
(Phenol) 

Mix well and incubate at 37 °C for 60 min 
Colour 2.0mL 2.0 mL 2.0mL 2.0mL 2.0mL 
Reagent 
Serum --- --- 0.2 mL --- ---



Calculation 

A of (T) - A of (C) 
Total Serum ACP activity in KA Units = --------------------------- x 5 

A of (S) - A of (B) 

11.5.15. 7 Creatinine 

The creatinine estimation was done by "alkaline picrate method" (Bonses and 

Tausskay, 1945) using a kit method (Qualigens-Glaxo). In alkaline medium picric 

acid reacts with creatinine and produces a red coloured complex, whose absorbance is 

proportional to the creatinine concentration. Picric acid reagent has a dual role, as 

deproteinizing agent and as a reactant. 

Deproteinization of specimen 

Serum was mixed with picric acid reagent and mixed well and centrifuged at 

2000- 3000 rpm for 10 min, to obtain a clear supernatant. 

Colour development 

Aliquots of the deproteinized serum supernatant were added to the test (T). 

Picric acid reagent was added to Blank (B) and Standard (S). To the test, blank and 

standard solutions sodium hydroxide was added and allowed to stand at room 

temperature for 20 min and read against the distilled water in a spectrophotometer at 

520 nm (Table.2.7). 

Table.II.7 

Reagent Blank (B) Standard (S) Test (T) 

Supernatant from 
deproteinized --- --- 3.5mL 
serum 
Creatinine Standard --- 0.5mL ---
Picric acid reagent 3.0mL 3.0mL ---
Sodium hydroxide 2.0mL 2.0mL 2.0mL 
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Calculation 

A of(T)- A of (B) 
Serum creatinine in mg % = ------------------------ x 2. 0 

A of(S)- A of (B) 

11.5.15.8 Parathyroid hormone 

Method description 
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The DiaSorin intact PTH SP immunordatiometric assay (IRMA) utilizes 2 

different polyclonal antibodies that have been purified using affinity chromatography. 

These purified antibodies are specific for 2 different regions of the PTH molecule. 

The first antibody, specific for PTH 39-84, is bound to a solid phase (polystyrene 

• beads). The second antibody is specific for PTH 1-34 and is labeled with iodine-125. 

Samples are incubated simultaneously with both antibodies. Intact PTH 1-84 contains 

both the 1-34 and 39-84 amino acid sequences and is the only form ofPTH that will 

be bound by both the antibody on the bead and the antibody labeled with iodine-125. 

Since the antibody coupled to the solid phase is specific for C-terminal and 

mid-region fragments as well as intact PTH, the capacity of the solid phase has been 

designed to accommodate very high levels of PTH. This prevents interference by 

extremely elevated C-terminal and mid-region PTH fragments in unknown samples. 

Following the incubation period, each bead is washed to remove any unbound 

labeled antib()dy. The radioactivity present in the remaining bound labeled antibody is 

then measured using a gamma counter. 

Reagents 

1. N-tact PTH SP 0 Standard 

Contains human serum with 0.1 % sodium azide added as a preservative. 

2. N-tact PTH SP Standards (A-E) 
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Set of 5 human PTH 1-84 standards, at nominal concentrations ranging from 

15-2000 pg/mL, contains 0.1 % sodium azide and other stabilizers. Reconstitute each 

vial of lyophilized standard with 2. 0 mL of the 0 standard, mixed thoroughly and 

allowed to settle for 5 min at 2-8 oc or until the contents are completely dissolved. 

3. N-tact PTH SP Beads 

Polystyrene beads are coated with affinity-purified goat antibody specific for 

the 39-84 sequence ofPTH. 

4. 1251 N-tact PTH SP Antibody 

Each vial contains 5. 0 mL of affinity purified goat antibody specific for PTH 

1-34, labeled with 1251. The labeled antibody is diluted in buffered serum containing 

red dye and 0.1 % sodium azide. 

5. N-tact PTH SP wash Solution Concentrate 

Contains a concentrated buffered surfactant. A working wash solution was 

prepared by diluting the entire vial contents with 450 mL of distilled or deionized 

water and stored at room temperature. 

6. N-tact PTH SP Control, Levell and Level2 

Human serum is spiked with hPTH 1-84 to obtain a concentration within a 

specified range 0.1 % sodium azide. Lyophilized control were reconstituted with 

2. 0 mL of distilled or deionized water, mixed and allowed to stand at 2 - 8 °C until the 

contents are completely dissolved. 

Materials 

PTH standards, Beads coated with antibody to hPTH 39-84 and 1251 antibody 

hPTH 1-34, PTH control and disposable borosilicate glass tubes. 
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Assay Procedure 

Lyophilized reagents were reconstituted and the frozen specimens were 

thawed completely. Keep reagents and thawed specimens on ice while setting up 

assay. 

I. Set up labeled 12 x 75 mm borosilicate glass tubes in duplicate 

2. Reagents were added as follows: 

a. Total count tubes 
100 ~ 1251 N-tact PTH SP Antibody (red) 

b. 0 Standard 
200 ~ 0 standard 
100 ~ 1251 N-tact PTH SP antibody (red) 

c. Standards (A-E) 
200 ~ standard 
100 ~ 1251 N-tact PTH SP Antibody (red) 

d. Control and unknown samples 
200 ~sample 
100 ~ 1251 N-tact PTH SP Antibody (red) 

3. The samples were thoroughly mixed in a vortexer 

4. Beads were dispensed into each tube with teflon-coated forceps. 

5. Tubes were incubated for 22 (±2) hours at 20-25°C 

6. The reaction mixtures were aspirated from each tube 

7. The beads were thoroughly washed by vigorously with 1 mL of wash solution. 

The procedure was repeated 3 times. 

8. The radioactivity in each tube was measured using a gamma counter. 

Calculation 

To determine the concentration of intact PTH found in unknown and control 

samples, a standard curve was prepared using the standard concentrations stated on 

the vial labels. 

1. The average counts per minute (CPM) was calculated for each standard, 

control, and unknown sample. 
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2. The average CPM was subtracted from the 0 standard tubes from all other 

average counts to obtain corrected CPMs 

Corrected CPM (unknown) 
Values of unknown=----------------------------------------------- x value of Std. A 

Corrected CPM (Std.A) 

11.5.15.9 Calcitonin 

Method description 

Calcitonin was estimated by Radio ImmunoAssay (RIA) method (DiaSorin). 

The DiaSorin calcitonin II RIA is a disequilibrium procedure using delayed tracer 

addition to increase sensitivity. The antibody was produced in a goat against pure 

synthetic human calcitonin. In this RIA, sample and first antibody are combined and 

incubated for 16 - 24 hours at 2 - 8 °C. Tracer was added, followed by a second 

incubation for 16 -24 hours at 2 - 8 °C. A pre-precipitated second antibody complex 

was added to separate the bound from free tracer. The sample was centrifuged and 

decanted after 15 - 20 min incubation at 20 - 25 °C. 

Reagents 

1. Calcitonin 0 standard 

BSA-borate buffer with sodium azide (0.25%) added (lyophilized). The standard 

was reconstituted with 10 mL of deionized distilled water, mixed and allowed to 

stand for 15 - 20 min until the contents were completely dissolved. The 

reconstituted sample is stored at -l5°C. 

2. Calcitonin II standard 

Human synthetic calcitonin, at a nominal concentration of 1,000 pg/mL, was 

diluted in BSA-borate buffer with sodium azide (0.2 %) and other stabilizers 

added (lyophilized). Exact concentration values were assigned with each lot. The 
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lyophilized standard was reconstituted with 1. 0 mL of deionized distilled water, 

mixed and allowed to stand for 15 - 20 min on crushed ice until the contents were 

completely dissolved. In order to obtain the entire standard curve, serial dilutions 

were made by adding 500 J.lL of standard to 500 J.lL of 0 standard. 

3. Calcitonin Antiserum 

Goat anti-calcitonin serum was diluted in BSA-borate buffer with sodium azide 

(0.1 %) and blue dye added (lyophilized). The blue dye was reconstituted with 

14 mL of deionized distilled water, mixed and allowed to stand for 15 - 20 min 

until the contents were completely dissolved. 

4 4. 1251 Calcitonin 

Synthetic human calcitonin was labeled with iodine-125 (1.5 !J,Ci/55.5 k:Bq) and 

diluted in BSA-borate-EDTA buffer with sodium azide (0.4%) and red dye added 

(lyophilized). The lyophilized sample was reconstituted with 7 mL of deionized 

distilled water, mixed and allowed it to stand for 15 - 20 min until the contents 

were completely dissolved. 

5. Calcitonin precipitating complex 

Normal goat serum, pre-precipitated with donkey anti-goat serum and 

polyethylene glycol (PEG), was diluted in BSA-borate buffer with sodium azide 

(0.1%) 

6. Calcitonin control (Levell) 

Human serum was spiked, if necessary, with the appropriate amount of synthetic 

human calcitonin to obtain a concentration within a specified range. Sodium azide 

(0.1%) and other stabilizers are added (lyophilized). The lyophilized control was 

II 
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reconstituted with 1.0 mL ofdeionized distilled water, mixed and allowed to stand 

for 15 - 20 min until the contents are completely dissolved 

Materials 

Calcitonin standard, Calcitonin II standard, Calcitonin antiserum, 1251 

calcitonin, Calcitonin precipitating complex, Calcitonin control (Level 1 ), Calcitonin 

control (Level2) and disposable borosilicate glass tubes. 

Assay Procedure 

1. The sample was thawed and kept in an ice tray. 

2. The tests were performed in duplicate 

-+ 3. The rack tubes along with the borosilicate tubes were kept in crushed ice. 

4. The tubes were divide into 

a. Total count tubes 

b. Non specific binding (100 ~ ofO standard) 

c. 0 standard ( 100 J..LL ofO standard and 200 ~of calcitonin antiserum) 

d. Calcitonin standards (1 00 ~ of calcitonin standard, 200 J..lL of calcitonin 

antiserum) 

e. Quality control and unkno\vn samples ( 100 ~ of serum, 200 J..lL of calcitonin 

antiserum) 

5. The tubes were gently vortexed without foaming and incubated for 16 - 24 hours 

at 2- 8 ac. 

6. 100 J..1L of125I calcitonin was added to all tubes 

7. The tubes were gently vortexed without foaming and again incubated for 16 - 24 

hours at 2 - 8 ac 
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8. The samples were mixed vigorously and 500 J..IL of the precipitated complex was 

added to all tubes except the total count tubes. 

9. The tubes were vortexed and incubated for 15- 25 min at 20- 25 °C. 

10. The samples were then centrifuged at 760 x g for 20 min at 20- 25 °C. 

11. Immediately the supernatant was decanted from all the tubes except the total 

count tubes by inverting them for a maximum of 2 min. The tubes were blotted 

with an absorbent paper to remove any drops of supernatant that may be 

remaining on the rims before turning the tubes upright. 

12. Using a gamma scintillating counter, the precipitate of each tube and the total 

count tubes were counted for a sufficient time (30 sec) to achieve statistical 

accuracy. 

Calculation 

1. The average CPM for each standard, control and unknown sample was calculated. 

2. The average CPM was subtracted for the NSB tubes from all counts. 

3. Then divide the corrected CPM of each standard, control or unknown sample by 

the corrected CPM of the 0 standard. 

CPM of standard or unknown sample - CPM ofNSB 
B/Bo % = ------------------------------------------------------------------- x 1 00 

CPM of standard - CPM ofNSBs 

11.5.16 STATISTICAL ANALYSIS 

The data were statistically analyzed and expressed as Mean ± Standard Error 

ofMean (SEM). The SEM was calculated by the following formula (Ostle, 1966). 
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SEM= 
n (n-1) 

where x = individual observations, and 

n = number of observations 

Students 't' test was used to compare the mean value of two groups, 't' values 

were calculated by the following formula: 

t = 

Where 's' is the standard deviation, which is calculated as follows: 

S = ~ :Ex~- (:Ex,) 2 / n, <Ex.'- (:Exj~ 
( n1 + n2)- 2 

Where n1 and n2 stand for the number of observations in the two classes being 

compared. The value of probability was obtained from the degree of freedom by using 

the standard table given by Fisher and Yates (1948). If the calculated value was 

greater than the table value, it is significant at the probability level. 

The levels of significance used are as follows: p < 0.001, p < 0.01 and p 

< 0.05 were considered as significant while values above p < 0.05 was considered to 

be non-significant. 
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Ill. Material Characterizations 

111.1 Material Characterizations- Results 

111.1.1 Scanning Electron Microscopy (SEM) 

Ill- 1 

SEM of the porous HA granules (Figure ill.l A) showed dense surface with 

an average pore size of approximately 100- 150 J.lm; BGS granules (Figure III. I B) 

revealed rough surface with pore size ranging from 30 to 50 J.lm in size and HABGS 

granules (Figure 111.1 C) showed dense rough surface with pore size of 10- 30 J.lm. 

111.1.2 Transmission Electron Microscopy (TEM) 

TEM showed submicron crystallites of tibia bone (Figure ill.2 A), HA, 200-

400 nm in size (Figure ill.2 B), BGS (Figure ill.2 C) and HABGS approximately 

lf..lm in size (Figure ill.2 D). 

111.1.3 X-Ray Diffraction (XRD) 

XRD spectra of HA, BGS and HABGS powders revealed crystalline peaks 

(as observed by means of JCPDS file). The major peaks observed in the HA 

spectrum (Figure TII.3) were assigned to apatite and few brushite peaks. In BGS 

(Figure III.4), apatite and wollastonite were observed as major peaks with a few 

whitlockite peaks. HABGS (Figure ill.S) revealed whitlockite, apatite and 

wollastonite as major peaks. 

111.1.4 Fourier Transform-Infrared Spectroscopy (FT -IR) 

FT -IR spectrum of HA powder (Figure ill.6 A) revealed the presence of the 

hydroxyl groups ("OH), a sharp peak at 3569 cm-1 with a bend at 3435 cm-1. The v3 

phosphate (P04) peaks (antisymmetric stretching) were observed at 1092 and 960 cm-

1 and V4 P04 peaks (antisymmetric bending) at 600 cm-1 and 568 cm-1. The peak at 

476 cm-1 was assigned to v2 P04 groups. Some carbonate (C03) absorption was 

observed at 1410 cm-1. The stretch observed between 1700-1614 cm-1 could be 

assigned to the C=O/C=C. The peak at 631 cm-1 could be due to the -oH liberational 

I 
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mode of the hydroxyl ion. Two peaks at 2076 cm·1 and 1988 cm·1 could be assigned 

to the P-0 vibrations. 

FT-IR spectrum of BGS (Figure III. 6 B) powder revealed the absence of the 

·oH peak. The peaks at 1117 to 1022 cm·1 could be due to the Si-0 stretch of the 

wollastonite. The Si-0-Si stretch were observed between 1117 -716 cm·1. The three 

peaks observed at 1117, 1051, 1022 and the peak at 938 cm·1 could be assigned to v3 

and Y4 vibration of the phosphate. The peaks at 587-554 cm·1 could be assigned to the 

Y4 and the peak at 554-429 cm·1 could be due to the Si -0-Si (bend). 

FT-IR spectrum of the HABGS (Figure III. 6C) powder did not show any -

OH. The peaks at 1118 to 1020 cm·1 could be due to the Si-0 stretch of the 

wollastonite. The Si-0-Si stretch was observed between 1118 to 716 cm·1. The Y3 

P04peaks were observed at 1118, 1053, 1020 and the Vt P04peaks at 938 cm·1 The 

peaks at 610-551 cm·1 could be assigned to v 4 of P04. The Si-0-Si (bend) was 

observed between 551-430 cm·1. The peaks observed at 1700-1579 cm·1 could be 

assigned to the C-H (bend) or N-H (bending). 

111.1.5 Energy Dispersive X-ray Analysis (EDAX) 

EDAX analysis of the raw sample of HA revealed the presence of calcium 

(Ca), phosphorous (P) as the major inorganic components (Figure III.7 A). BGS 

showed Ca, P and silica (Si) as major minerals, Ca and Si was comparatively high 

than P (Figure III. 7 B). HABGS granules showed Ca, P and Si as major inorganic 

components. In HABGS, Ca and P was comparatively higher than Si (Figure III. 7 C). 
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F i g u r e - I I I - 2 
T r a n s m i s s i o n e l e c t r o n m i c r o g r a p h s o f r a w p o w d e r 

s a m p l e s : A - t i b i a b o n e ; B - H A ; C - B G S a n d 
D - H A B G S . 
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A= Apatite 
B =Brushite 
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Figure - tn-3 
X- ray diffraction .spectrum of HA sintered granule powder: 

The major peaks were apatite an.d few brushite peaks. 
A· denotes apatite (Ca1o (P04)6 O;H2) •nd B·denotes 

brushite peaks (CaHP04 •. 2=H20) • 
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X- r-ay diffraction spectrum of BGS sintered granule powder: The major peaks were apatite, 
whltlockite and wollastonite pea.ks. Blue bar denotes- whltlocklte (Ca3 (PO~t)z ); 
brown bar- wollastonite (CaSlOs); purple bar- apatite on the x-axls of the scale. 
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Fourier transform infrared (FT .. IR) spectra Of raw ceramic granules: 
A· 'JYpical spectrum of Hydroxyapatite (HA); B .. spectrum of Bioactive 
glass system (BGS) ·AW type and C - spectrum of Triphasic bioactive 
composite system (HABGS). The spectra revealed the presence of the 
hydroxyl (OH) in HA and the phosphate PO• groups in HA, BGS &HABGS. 
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Ill - 9 

Energy Dispersive X...-ay Analysis (EDAX.) spectra of bioactive ceramics: 
A .. HA ; B .. BGS & C .. HABGS raw sintered granule powder. The major 
peaks of HA, BGS & HABGS are Calcium (Ca) & Phosphorous (P) and 
Silicate (Si) peaks of BGS & HABGS. Other minor elements were also 
identified. . ' 
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111.2. Material Characterizations- Discussion 

Ceramic materials are the most biologically acceptable of all materials. They 

are fully oxidized or chemically stable compounds and because of their chemistry, 

ceramics are less likely to produce any adverse effects compared with metals and 

polymers, which are not as chemically, stable. Concern has been expressed in 

literature regarding the use of many alloys due to the production of wear particles 

and the release of ions by corrosion or, in the case of synthetic polymers, due to 

leaching of oligomer or plasticizer constituents (Williams 1981 and Smith and 

Williams 1982). The argument in support of ceramics or glasses as biomaterials is 

that, chemically ceramics degrade in comparison to metals and organic-carbon-based 

compounds and are more wear resistant. The chemical inertness of ceramics is 

greater than that for organic or metallic materials since the overall bond strength of 

the three-dimensional covalent/ionic structure is greater. Enough literature evidence 

exists to show that ceramic and glass composition can bond to bone (Hench, 1988). 

The major advantage of ceramics as biomaterials is that they can be produced 

almost completely inert or bioactive with the potential of varying degrees of 

interaction within the physiological environment. Thereby, the surface and bulk 

chemistry of ceramic materials can be easily controlled. 

XRD of HA, BGS and HABGS revealed that the ceramic granules were 

crystalline. HA showed apatite (Ca10 (P04)6 (OH)z) as the major phase with few 

brushite phases (dicalcium phosphate dihydrate- Ca HP04.2HzO). The identification 

of the brushite peaks at an angle of 21.3°, 36.6°, 35.5°, 37.5° and 40.5° in the 

hydroxyapatite powder is not clear. It is understood that if the calcium phosphate 

(Ca/P) ratio is 1.67, only HA phase will be visible in the XRD and IR spectra. HA 

upon sintering above 900 °C revealed dicalcium phosphate anhydrous (DCP-
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CaHP04). However, DCP is not stable at these temperatures and gets transformed to 

~-TCP and calcium pyrophosphate (Ca2P20 7) (de groot et al.l990). 

XRD spectrum of BGS and HABGS share apatite and wollastonite 

(CaO Si02/Ca0 Si03) as the major phase, but the whitlockite (~-tricalcium 

phosphate - Ca3 (P04)z) phase is more conspicuous in HABGS. If the Ca/P is higher 

than 1.67, calcium oxide (CaO) will be present with the HA phase. If the Ca!P is 

lower than 1.67, ~ - TCP and other phases such as tetracalcium phosphate (TTCP) 

will be present with the HA phase in the sintered material, depending on the 

temperature and condition of sintering (Le Geros 1993). 

FT-IR of HA revealed the material is crystalline and contained trace amounts 

of Col-, which is evident from theIR peak observed at 1410 cm·1• This could be due 

to the apatite prepared from highly alkaline solution in the presence of air 

(LeGeros 1993). Stoichiometric synthetic HA apatite showed peaks due to ·oH and 

Pol- groups only. The sharp ·oH peak at 3569 cm·1 is due to the ·oH stretching 

vibration, confirming the presence of OH ions in the apatite crystal lattice. This peak 

is due to the characteristic 0-H stretching mode of the hydroxyl ion vibration in the 

crystal. The -oH liberational mode at 631 cm·1 is present only in the synthetic HA, 

but absent in the bone. Most of the intense peaks associated with the P04 3-vibrations 

in calcium phosphate materials are the antisymmetric stretching mode at 1092 -

1044 cm·1 (v3 band) (Termine 1973). Synthetic stoichiometric apatites showed three 

bands for each of the v3 (1092, 1044 and 958 cm-1) and v4 (631, 600 and 568 cm-1) 

modes (Ben-Nissan et al. 1980,). 

BGS material and HABGS material shared the same functional groups. The 

·oH peak was absent in both BGS and HABGS material. No C032- peak was 
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observed. The peaks between 1117- 1022 crn-1 in BGS and 1118 -1020 in HABGS 

revealed the Si-0 stretch. The Si-0-Si stretch in BGS was observed between 1117 to 

716 crn-1 and in HABGS the peak was observed between 1118-716 crn-1. The 

phosphate modes appeared as four peaks assigned to phosphate v3 1117, 1051, 1022 

and 938 crn-1 in BGS and in HABGS the v3 mode is observed at 1118, 1053, 1020 

and 938 crn-1. Minor peaks of P-0 crystalline were observed at 610 - 588 crn-1 in 

HABGS granules whereas, in BGS granules the P-0 crystalline peak was absent. The 

amorphous P-0 peaks was observed at 588- 551 crn-1 in HABGS granules while, in 

BGS it was observed between 587- 554 crn-1. The Si-0-Si bend was observed at 

551- 430 crn-1 in HABGS and in BGS it was observed at 554- 429 crn-1. 

One approach to improved interfacial stability is the use of a porous implant. 

Bone will grow into pores> 100!-Lrn diameter and maintain a blood supply necessary 

for cell maintenance (Hulbert et al., 1974; Hench and Ethridge, 1982 and Holmes et 

al., 1984). HA granule has a porosity of approximately 100 11m and it is anticipated 

that this would enhance the process of bone ingrowth. Soft tissues will grow into 

pores of smaller diameter. This method of tissue attachment is often called biological 

fixation. The interconnected pores can exist throughout the implant; however, large 

pores severely degrade strength and toughness (Holmes et al., 1984; and Hench 

1991). Porous ceramics cannot be used for load bearing devices but are suitable for 

space filling applications (Holmes et al., 1984; and Hench 1993). The A-W type 

glass ceramic is the only ceramic that has higher mechanical strength than cortical 

bone (Nakamura, 1996). HABGS and BGS granules, the pore size is less than 30 11m 

in diameter and hence bone infiltration into the material is very unlikely. However, 

the bioactive nature of these materials release Ca2+ and P043- ions necessary for the 
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mineralization process at the defect site favoring a chemical bonding with the host 

bone (Hench et al., 1972; Grosset al., 1988; Kokubo et al., 1990). 

Conclusion 

The indigenously synthesized bioactive ceramics were of 300 - 350 11m size 

granules were confirmed by sieving and measured using SEM. The porosity of HA 
/ 

was roughly around 100 - 120 11m and BGS and HABGS showed pore size of 30 11m. 

HA, BGS and HABGS granules were crystalline as observed under XRD. FT-IR 

analysis of the bioactive ceramic powders confirmed the presence of hydroxyl (OH -) 

and phosphate (Pol-) groups in HA and a carbonate peak (C03) peak at 1410 cm-1• 

The hydroxyl peaks were absent in BGS and HABGS, prominent Si-0 stretching 

(may be wollastonite) was observed in BGS at 1117 - 1022 cm-1 and in HABGS at 

1118- 1020 cm-1• EDAX observations confrrmed the presence of silica (Si) in BGS 

and HABGS apart from calcium and phosphorous, in HA only calcium and 

phosphorous was observed. The physicochemical evaluation confrrmed the bioactive 

property of HA, BGS and HABGS ceramic granules. 
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IV. IN VITRO STUDIES 

IV.1lN VITRO- SIMULATED STUDIES: Results 

IV.1.1 Scanning Electron Microscope (SEM) 

IV. 1.1.1 Surface topography of Hydroxyapatite (HA) 

IV-1 

The surface of the HA granules (Figure IV.1 A & B) in acetate buffer did not 

show any change after 12 h, such as cracking, pits etc. But the pores and the 

periphery of the granules showed the opening of the grain boundaries due to 

dissolution. After 24 h, the surface of the granules cracked and showed apatite-like 

deposits (> 1 J..lm in size to <1 J..lm) on the material surface. The pores and the 

periphery of the granules showed ruflled appearance. 

After immersion in Tris-HCl, HA surface (Figure IV.1 C & D) showed flake­

like in the pore zone and on the periphery, fine deposition of apatite-like (> 1 J..lm in 

size) substances could be seen on the surface after 12 h. After 24 h the surface 

showed few cracks and fine deposition of apatite-like substances ( > 1 J..lffi in size) on 

the pore zone and on the periphery of the granules. 

HA immersed in SBF (Figure IV. I E & F) showed dense, intact surface and 

no cracks were observed. Fine deposition of apatite-like substances could be seen 

(> 5 J..lffi to < 1 J..lffi in size). After 24 h the granules surface was intact and did not 

show any cracks in the pore and on the periphery of the material. Apatite-like 

substances of< 2 J..lffi could be seen. 

HA immersed in MEM (Figure IV.l G & H) after 12 h did not show any 

significant change in the surface morphology. But; fine deposition of apatite-like 

substances of less than 2 J..lm were seen on the material surface. The material was 

intact even after 24 h and did not show any change in the surface morphology. 

HA immersed in foetal calf serum (Figure IV. I I & J) after 12 and 24 h 

I 
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showed thick deposition of serum proteins, and large flakes of the HA (> 20 11m in 

size) were seen with cracks of less that 2 11m width. Apatite-like depositions could be 

seen on the material surface covered by the protein matrix. 

HA immersed in rabbit serum (Figure IV. 1 K) showed large > 2 11m cracks 

in the pore zone and on the periphery. A thick coating of protein matrix on the 

material could be seen. Apatite-like depositions ( < 2 11m) were seen on the protein­

adsorbed surfaces after 12 h. The surface showed cracks(> 211m) in the pore and on 

the periphery. Very few deposits of apatite-like substances were observed after 24 h 

(image not included). 

IV.1.1.2 Surface topography of bioactive glass system composite-AW 

type (BGS) 

BGS granules immersed in acetate buffer (Figure IV.2 A & B) after 12 h 

showed opening up of the surface pores and aggregates of apatite-like on the material 

surface could be seen. Few cracks were seen on the periphery and the center of the 

material (> 15 J.tm). Even after 24 h the material surf~ce showed the same surface 

topographical features as that of 12 h. 

BGS granules immersed in Tris-HCl buffer (Figure IV.2 C & D) after 12 h 

showed intense opening up of the intergranular interface/ boundaries. Pores of > 2 

11m could be seen. After 24 h, the material surface showed intense opening up of the 

intergranular interface and showed ruffied like surface with pores of> 5 11m in size. 

BGS granules immersed in SBF (Figure IV.2 E & F) after 12 h showed 

surface with large number of pores > 5 Jlm with apatite-like deposition. The 

intergranular interface has completely opened up. After 24 h, the intergranular 

interface is reduced and fine~deposits of apatite-like substances could be seen. Very 

. few cracks could be seen on the periphery of the material. 
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BGS surface, after immersion in MEM (Figure IV.2 G & H) after 12 h seems to be 

intact with very few cracks of< 5 flm. The intergranular interface has opened up. 

Fine apatite-like deposits could be seen sparsely. After 24 h, the material surface has 

opened up completely and a thin coating of MEM is seen on the surface and within 

the pores. Apatite-like depositions were not seen. 

BGS granules immersed in foetal calf serum (Figure IV. 2 I & J) after 12 h 

showed opening up of the pores with large cracks of > 10 Jlm on the periphery of the 

material. A thin coating of the protein could be seen on the material surface and 

within the pores> 5 Jlm. No apatite-like growth is seen on the material surface. After 

24 h, the material surface showed large cracks of> 5 to 10 Jlm, with a thin coating of 

the protein on its surface and within the pores. But no apatite-like growth is seen on 

the material surface. 

The surface of the BGS (Figure. IV.2 K & L) in rabbit serum showed cracks 

of > 10 flm and the opening of the intergranular interfaces, and a fine deposit of the 

apatite-like substances could be seen on the material surface and with in the pores of 

> 5 flm. After 24 h, the material surface showed intense cracking up of > 15 flm, and 

a thick coating of the protein could be seen. on the material and within the pores of 

< 5Jlm. Apatite-like deposits could be seen with a thin coating of the protein matrix. 

IV.1.1.3 Surface topography of Triphasic bioactive glass composite 

system (HABGS) 

HABGS granules immersed in acetate buffer (Figure. IV.3 A & B) after 12 h, 

the intergranular interface on the surface had opened up. No large cracks could be 

seen on the surface after 12 h. Apatite-like deposits could be seen on the smooth 

phase of the material and not on the granular phase of the material. After 24 h, the 

intergranular interface of the material surface had opened up completely with few 



I V - 6 

F i g u r e - I V - 3 
S c a n n i n g e l e c t r o n m i c r o g r a p h s o f H A B G S g r a n u l e s s u b j e c t e d t o I n vitro 

d i s s o l u t i o n s t u d i e s a f t e r 1 2 h ( A , C , E , G , I & K ) & 2 4 h ( B , D , F , H , J & L ) 
T h e a r r o w s i n d i c a t e t h e s u r f a c e c h a n g e s a f t e r i m m e r s i o n . 



IV- 7 

apatite-like deposits on the smooth phase of the material and with few cracks 

< 15 Jlm. The granular phase of the material also showed fine apatite-like deposits 

< 1 Jlm. 

HABGS granules immersed in Tris-HCl (Figure.IV.3 C & D) after 12 h 

showed that the granular surface and the intergranular interface of the material had 

completely opened up, signifying that the material had undergone surface 

degradation. The pores of the granular phase were 10 to 20 Jlm in diameter, with few 

cracks on the smooth phase of the material. After 24 h, the granular phase of the 

material had also completely opened up. The pores were of the range of 5 to 20 Jlm. 

The smooth phase of the material showed a pit-like surface while the granular phase 

showed a ruffled-like surface. 

HABGS granules immersed in SBF (Figure.IV.3 E & F) after 12 h showed no 

change in the smooth phase of the material except for a few pit-like surfaces. The 

granular phase of the material showed the intergranular interface has opened up, 

which could be due to active degradation of the material. The pores were of 5 Jlm to 

20 Jlm. After 24 h the smooth phase of the material showed ruffled-like appearance 

on the periphery of the material. The granular phase of the material was normal and 

did not show much change. Fine deposits of apatite-like substances were seen on the 

surface of the material. 

HABGS immersed in MEM (Figure.IV.3 G & H) after 12 h did not show any 

change on the smooth phase of the material. The intergranular interface of the 

material has opened up with large pores within the range of 10 to 20 Jlm. After 24 h 

the smooth phase of the material showed ruffled surfaces with cracks. The granular 

phase of the material remained the same as observed after 12 h. Apatite-like deposits 

could be seen on the material surface. 
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HABGS granules immersed in foetal calf serum (Figure.IV.3 I & J) after 12 h 

showed the smooth phase of the material with a thin coating of protein on the 

surface, and no cracks or pits were observed on the surface. The granular phase of the 

material did not show opening of the intergranular interface due to the protein deposit 

that had already penetrated the pores. Apatite-like deposits could be seen covered by 

a thin protein coat of 2 to 10 ~m in diameter on the granular phase of the material. 

After 24 · h the smooth phase of the material showed a thin coating of protein, and few 

cracks were seen on the periphery and at the boundaries between the smooth and 

granular phases. Apatite-like deposits were also observed. The pores of the granular 

phase of the material had opened up, but a thin protein matrix is seen on its surface, 

which might be preventing the degradation. The pores were of 2 to 20 ~m in size. 

HABGS in rabbit serum (Figure.IV.3K & L) after 12 h showed the smooth 

phase of the material with a thick coat of protein on the surface with apatite-like 

deposits. Pitting of the smooth surface was not seen. The intergranular spaces were 

filled with protein and large cracks were seen on the periphery of the material. After 

24 h the smooth phase of the material showed a thick coating of the protein matrix on 

the surface. Apatite formation is seen sparsely. The granular phase of the material 

remained the same as observed at 12 h. But, the cracking of the material was 

observed only on the periphery of the material; with few pores of 2 to 5 ~ in size on 

the surface. 

IV.1.2 Biochemical Evaluation 

IV.1.2.1 The pH of the simulated media before and after dissolution 

Significant change in the pH was observed with HA, BGS and HABGS 

granules subjected to different media after 12 and 24 h (Table IV.l ). 
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Table IV.l 

I HYDROGEN ION CONCENL•,_,:._TION OF THE MEDIUl'J 

ACETATE 'IRIS-HCI + SBF 

I 
SBF FC 

I 
MEM I RABBIT 

Cetamics I 
Used fur 

+SBF i SER1JM 

Study ltitial 12l:tt- 24J:tt- Initial !2hr 24hr 1 Joihal 12hr 24hr bi~a! I urr 24hr Initial 12hr 124 hr I lnilial 12hr 24hr 

I I 
I 

HA 5.2 4.67 5.57 7.3 

1 

6.42 6.23 7.1 6.49 7.51 86 I 6.67 80 3.12 8.58 I 8.43 j 7.2 

I I 
17.58 8.48 

BGS 5.2 7.43 5.98 73 6.34 7.741 7.' 6.75 7461 86 1754 8.32 8.12 8.68 l 846 ! 7.2 7.58 8.54 
I I 

I I I 

HABG 5.2 7.83 5.63 7.3 706 7.69 I 7.1 6.82 746 86 8331848 8.12 sJ2 I 8.69 I 7.2 8.64 8.53 

s I l I 

Table IV.2, shows the sequence of the increase and decrease of pH after 12 and 

24 h with HA, BGS and HABGS granules in different media. The difference in the 

pH observed was calculated by subtracting the pH value observed at 12 and 24 h 

from the initial pH value (before immersion). The value thus obtained would give 

possible information with regard to the decrease/increase in the pH/hour. This data 

could be considered for understanding the initial changes that are expected to take 

place with the bioactive ceramic granules in an in vivo situation. 

After immersion of HA, BGS and HABGS granules in acetate buffer (pH 

5 .2), significant change in the pH of the acetate buffer was observed, which could be 

due to the bioactive nature of the materiaL HA. in acetate buffer after 12 h showed 

decrease in pH from the initial pH to 4.67 \\-i.th an approximate decrease of 0.04 

pH/hour and after 24 h the pH again increased to 5.57 at the rate of 0.07 pH/hour. 

BGS showed increase in the pH to 7.43 after 12 h, an increase of 0.18 pH/hour. After 

24 h the pH dropped from the initial increase of 7.43 to 5.98, a decrease of 0.12 

pH/hour. HABGS immersed medium showed an increase in the pH to 7.83 after 12 h, 

an increase of0.21 pH/hour. And after 24 h the pH dropped down to 5.63 a decrease 

of0.18 pH/hour (Table IV.2 A). 
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The initial pH of the Tris-HCl with SBF medium was 7.3. HA after 

immersion showed a decrease in the pH after 12 h to 6.42, a decrease of 0.07 

pH/hour and after 24 h the pH continued to decrease to 6.23 at the rate of 0.01 

pH/hour. BGS granules immersed medium also showed a decrease in the pH after 12 

h to 6.34, a decrease of 0.08 pH/hour and after 24 h the pH increased to 7.74, an 

increase of 0. 116 pH/hour. With HABGS granules the pH reduced marginally to 7. 06 

after 12 h, a decrease of 0.02 pH/hour and after 24 h the pH increased to 7.69, an 

increase of0.052 pH/hour (Table IV.2 B). 

The initial pH of the simulated body fluid (SBF) medium was 7.1. After 12 

hrs of immersion with HA, the pH decreased to 6.49, a decrease of0.50 pH/hour and 

after 24 h the pH increased to 7.5, an increase of 0.084 pH/hour. BGS also showed 

decrease in the pH after 12 h to 6.75, a decrease of0.029 pH/hour and after 24 h the 

pH increased to 7.46, an increase of 0.059 pH/hour HABGS granules immersed 

medium also showed decrease in the pH after 2 h to 6.82, a decrease of 0.023 

pH/hour and after 24 h the pH increased to 7.46, an increase of0.053 pH/hour (Table 

IV.2 C). 

The initial pH of Minimum Essential Medium (MEM) was 8.12 before 

immersion of the granules. After immersion of HA, the pH increased to 8.58 after 

12 h, an increase at the rate of 0.03 pH/hour and after 24 h the pH dropped 

marginally to 8.43, a decrease of 0.01 pH/hour. BGS immersed medium also showed 

an increase in the pH after 12 h to 8.68, an increase of 0.04 pH/hour and after 24 h 

the pH dropped down to 8.46, a decrease of 0.01 pH/hour. After 12 h of immersion 

ofHABGS in MEM, marginal increase in the pH from 8.12 to 8.32 was observed, an 

increase of0.01 pH/hour and after 24 h the pH further increased to 8.69, at the rate of 

0.03 pH/hour (Table IV.2 D). 
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The initial pH of foetal calf serum was 8. 6. After 12 h of immersion of HA in 

the foetal calf serum the pH of the medium decreased to 6.67, a decrease of 

0.160 pH/hour and after 24 h it increased to 8, an increase of 0.11 pH/hour. BGS 

after immersion showed the same trend, as HA where the pH dropped to 7.54 after 12 

h, a decrease of 0.08 pH/hour and after 24 h the pH was 8.32, an increase of 0.06 

pH/hour. With HABGS granules the pH showed a marginal decrease after 12 h to 

8.33, a decrease of0.02 pH/hour and after 24 h the pH was 8.48, an increase of0.01 

pH/hour (Table IV.2 E). 

The initial pH of the rabbit serum was 7. 2 before immersion. HA after 12 h 

immersion in the medium showed an increase in the pH to 7.58, an increase of 

0.03 pH/hour and after 24 h the pH increased further to 8.48, at the rate of 

0.07 pH/hour. BGS showed an increase in the pH as that of HA, after 12 h the pH 

increased to 7. 58, an increase of 0. 03 pH/hour and after 24 h the pH showed further 

increase of 8.54, an increase of 0.08 pH/hour. HABGS granules after immersion 

showed an increase in the pH to 8.64 after 12 h, an increase of0.12 pH/hour and after 

24 h the pH decreased to 8.53, at the rate of0.009 pH/hour (Table IV.2 F). 

IV.1.2.2 Protein 

There were significant changes in the protein content in the media with foetal 

calf serum, minimum essential medium and rabbit serum before and after immersion 

of 12 and 24 h (Table IV.3). 

The initial protein content of MEM was 2.17 g/dL. After 12 h of immersion 

with HA, the protein content in the medium decreased to 1.41 g/dL and remained 

stable at 1.44 g/dL after 24 h. BGS granules immersed in MEM medium showed 

decrease in the protein content in the medium to 1.22 g/dL after 12 hand remained 

stable after 24 hat 1.26 g/dL. HABGS granules immersed in the ME~ also showed 
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the same trend as that of HA and BGS, where the protein content dropped to 1.21 

g/dL after 12 h and thereafter remained stable at 1.11 gldL after 24 h. This decrease 

in the protein concentration is directly proportional to the adsorption of the proteins 

on the material. 

Table IV.3 

Material with Medium Initial 12 hours 24 hours 
(g/dL) (g/dL) (g/dL) 

HA + Minimum Essential Medium 2.17 1.41 1.44 
HA + Foetal Calf Serum 7.57 3.84 3.45 
HA + Rabbit Serum 6.23 8.05 7.9 
BGS + Foetal Calf Serum 7.57 3.86 3.6 
BGS + Minimum Essential Medium 2.17 1.22 1.26 
BGS + Rabbit Serum 6.23 7.07 6.21 
HABG + Foetal Calf Serum 7.57 4.25 2.89 
HABG + Minimum Essential Medium 2.17 1.21 1.11 
HABG +Rabbit Serum 6.23 6.83 6.18 ... 

The m1t1al protem content of the foetal calf serum was 7.57 gldL. After 12 h 

of immersion with HA the protein content was 3.84 gldL and after 24 hit showed 

3.45 gldL. BGS granules immersed in foetal calf Serum after 12 h showed 3.86 g/dL 

of protein in the medium and after 24 h the protein content in the medium was 

3.6 g/dL. HABGS granules after immersion in foetal calf serum also showed 

decrease of the protein content to 4.25 gldL after 12 h and after 24 h the protein 

content in the medium further reduced to 2.89 gldL. The decrease in the protein 

content in the medium can be construed to the adsorption of the protein on the 

materiaL 

The initial protein content of the rabbit serum was 6.23 gldL. After 12 h of 

immersion in HA, the protein content of the medium was 8.04 gldL and after 24 h it 

showed 7.9 gldL. The decrease in the protein was very marginaL BGS granules 

immersed in rabbit serum showed 7.07 gldL of protein after 12 h, and after 24 h the 

protein content in the medium was 6.21 gldL. There was a gradual decrease in the 
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protein content observed after 24 h with BGS. HABGS granules immersed in rabbit 

serum showed a protein content of 6.83 g/dL after 12 hand after 24 h the protein 

content in the medium was 6.18 g/dL. HABGS showed continued adsorption of 

protein on the material even after 24 h. 

IV.1.2.3 Calcium and Phosphorus 

Significant change in the calcium and phosphorous content in the media 

(Table IV. 4) were observed before and after immersion. pH definitely influenced the 

release and uptake of calcium and phosphorous from/on HA (Figure IV. 4), BGS 

(Figure IV. 5) and HABGS (Figure IV. 6) granules into/from the media. 

Table IV.4 

Material in Calcium Calcium Calcium Phosphorous Phosphorous Phosphorous 
Medium Before Before 

immersion 12 hrs 24 hrs immersion 12 hrs 24 hrs 
(mg%) (mg%) (mg%) (mg%) (mg%) (mg%) 

HA+Ac+SBF 4.65 1.95 5.95 2.18 Not detected 0.04 
HA + Tris + 0.125 5.57 3.62 2.7 1.8 Not detected 
SBF 
HA+SBF 9.81 8.39 3.6 2.56 3.14 1.75 
HA+FC 12.45 9.3 10 5.62 4.81 4.81 
HA+MEM 9.03 5.99 4.99 0.199 3.62 3.75 
HA+RS 18.88 4.9 9 6.54 11.73 5.65 
BGS+Ac+SBF 4.65 26.86 30.03 2.18 0.86 0.7 
BGS +Tris+ 0.125 14.98 19.05 2.7 1.29 0.58 
SBF 
BGS+SBF 9.81 5.99 8.99 2.56 2.19 2.17 
BGS+FC 12.45 10.1 11.46 5.62 4.97 4.15 
BGS+MEM 9.03 5.22 11.42 0.199 3.89 2.89 
BGS+RS 19.41 12.12 10.38 4.46 8 4.17 
HABG+ 4.65 27.87 28 2.18 1.08 2.33 
Ac+SBF 
HABG+Tris+ 0.125 11.8 19.86 2.7 1.16 0.9 
SBF 
HABG+SBF 9.81 15.4 7.45 2.56 2.23 2.23 
HABG+FC 12.45 11.25 9.4 5.62 3.7 3.72 
HABG+MEM 9.03 4.79 9.79 0.199 2.72 2.39 
HABG+RS 17.3 27.87 9.93 4.49 8.6 4.05 
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c o n t e n t o f I n vitro s i m u l a t e d m e d i a , a f t e r i m m e r s i o n w i t h BGS 
i n A - A c e t a t e b u f f e r ; B - T r i s - HC I b u f f e r ; C- S i m u l a t e d b o d y 
f l u i d (SBF) ; D - M i n i m u m e s s e n t i a l m e d i u m ( M E M ) ; E- F o e t a l 

c a l f (FC) s e r u m a n d F - R a b b i t s e r u m (RS), t o s t u d y t h e 
e x t e n t o f m a t e r i a l d i s s o l u t i o n a f t e r 1 2 a n d 2 4 h o u r s . 
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F i g u r e - I V - 6 
E s t i m a t i o n o f p H , c a l c i u m (Ca), p h o s p h o r o u s (P), a n d p r o t e i n 
c o n t e n t o f In v i t r o s i m u l a t e d m e d i a , a f t e r i m m e r s i o n w i t h H A B ­
GS i n A - A c e t a t e b u f f e r ; B - T r i s - HC I b u f f e r ; C- S i m u l a t e d b o d y 
f l u i d (SBF) ; D - M i n i m u m e s s e n t i a l m e d i u m (MEM) ; E- F o e t a l 

c a l f (FC) s e r u m a n d F- R a b b i t s e r u m (RS), t o s t u d y t h e 
e x t e n t o f m a t e r i a l d i s s o l u t i o n a f t e r 1 2 a n d 2 4 h o u r s . 
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Calcium and phosphorous uptake or release was slow with HA and faster 

with BGS and HABGS granules. BGS and HABGS granules showed quick release of 

calcium in acidic medium (Acetate buffer- pH 5.2), whereas HA showed a slow 

release. 

SBF buffered with Tris-HCl (pH 7.3) showed increased calcium release with 

BGS and HABGS granules after 24 h, whereas HA showed slow release of calcium 

·even after 24 h. 

HA immersed in SBF (pH 7.1) showed stable calcium content and increased 

phosphorous release into the media after 12 h. But, after 24 h more calcium and 

phosphorous uptake was observed. BGS showed increased uptake of calcium after 12 

h and release of calcium after 24 h without much change in the phosphorous content. 

HABGS showed increased calcium release into the medium after 12 hand uptake of 

calcium after 24 h, the phosphorous content in the medium remained unaltered even 

after 24 h. 

HA, BGS and HABGS immersed in MEM showed a similar trend of calcium 

uptake and phosphorous release after 12 h, and after 24 h a moderate release of 

calcium and uptake of phosphorous was observed. HA, BGS and HABGS immersed 

in foetal calf serum showed moderate uptake of calcium and phosphorus from the 

medium at 12 and 24 h. In rabbit serum calcium uptake was more after 12 and 24 h 

with HA and BGS, whereas HABGS showed high calcium release after 12 hand 

uptake of calcium after 24 h. The phosphorous release was high with HA, BGS and 

HABGS granules immersed in rabbit serum after 12 hand after 24 h more uptake of 

phosphorous from the medium was observed. 

I 
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IV.1.3 Fourier Transform Infrared Spectroscopy (FT -IR) 

TheIR spectra of HA (Table IV.5), BGS (Table.IV.6) and HABGS (Table. 

IV.7) after 24 h of immersion in the simulated media are summarized below. The 

changes in the spectra after immersion were conspicuous with respect to the 

functional groups. Silicate peaks were observed only with BGS and HABGS 

granules, while carbonate and phosphate peaks were observed with HA (Figure. IV.7 

A-F), BGS (Figure IV.8 A-F) and HABGS (Figure.IV.9 A-F) granules. 

IV .1.3.1 Hydroxyapatite 

(Table IV.S) 

Functional HA-Cont:rol HA-Acetate HA- Tris- HA- SBF HA-J:.!EM HA-FCS HA-RS 
GrouJ>s& Buffer HQ 

(Vibrational) (cm·l ) (cm·1 ) (cm-1 ) (cm-1) (cm-1) (cm-1 ) (cm-1 ) modes 

OH 3570 3569 3568 3570 3569 3568 3570 
630 3429 3432 3430 3432 3432 3441 

630 631 631 631 
C=O 1622 1622 1627 1637 1638 

c~2- 1592 1588 1461 1410 1461 1399 
1455 1400 1405 

\13 1380 1378 
\12 803 

POl 1092 1047 1103 1096 1091 1102 1088 

\13 
1044 1045 1045 1045 1042 1045 

\11 960 969 957 957 959 958 960 
939 945 
907 

\14 600 643 600 600 600 668 599 
568 580 567 567 569 600 568 

560 568 
\12 476 469 469 472 469 472 

425 
C-H 2960 2957 2924 2923 2923 2923 

2924 2925 2853 2853 2853 2853 
N-H 784 781 777 
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Figure -IV-7 

OH C-H 

-
fT .. IR spectra of HA granules subjected to in vitro simulated studies 
at 24 hours: A- Acetate buffer, B .. TrhrHCI buffer; C· simulated body 
fluid (SBF); D .. mintmPm essential med,lum (MEM); E • foetal calf 
$arum 11nd F .. rabbit serum~ Change in the hydroxyl group {OH), and 
phosphate groups (P04) andtheappe•ance of ·c·H group, carbonate 
{C03 ) were observed after immersion. 
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IV .1.3.2 Bioactive glass system 

(Table IV. 6) 

Functional BGS- BGS- BGS- Tris- BGS-SBF BGS-:MEM BGS-FCS BGS-RS 
Groups a. Control Acetate buffer HQ 

(Vilmtioilal) (cm·l) (cm·l) (cm-1) (cm-1) (cm·l) (cm·l) (cm·l) 
OH 3433 3426 3424 3432 3415 3420 

~..,() 11\?4 16?'i 16?R 1619 164R 16'i0 

c~" 1480 1433 1430 1538 1540 
1462 1451 

\1:3 1445 1401 
v2 853 853 875 799 

Pol· 1117 1138 1060 1055 1051 1052 1085 
1051 1058 1024 1023 1024 1023 1075 

v3 1022 1026 969 976 977 976 1024 
1005 976 

vl 938 935 939 938 938 938 939 
941 906 907 907 906 906 
908 

v4 581 610 683 683 683 683 683 
554 600 644 625 644 643 644 

569 618 553 555 554 625 
508 588 519 518 595 

557 555 
525 513 

~ 429 477 477 478 477 477 
C-H 2923 2924 2924 2924 2925 2923 

2824 2853 2852 2853 2854 2853 
N-H 780 

Si-0-Si 1117 -716 1138-778 
(str) 

Si-O(str) 1117-1051 1138-1026 

2NBO 1022-938 1005-935 1024-939 1026-938 1024-938 1023- 1024-
938 939 

P-0 610-600 
(crystallin 

e) 
P-0 (bend 581-554 600-559 588-525 595-555 
amorphou 

s) 
Si-0 554-425 557-477 553-477 555-478 554-425 555-477 

(bend) 
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Figure ·IV-8 
FT .. IR spectra of BGS granules subjected to in vitro simulated studies 
at 24 hours: A· Acetate buffer, B • Tris-HCI buffer; c .. simulated body 
fluid (SBF); D .. minimum essential medium (MEM); E .. foetal calf 
serum and F .. rabbit serum. Change in the :hydroxyl group (OH), and 
phosphate groups (P04) andtheappearance of C·H group, carbonate 
(C03 ) were observed after immersion. 
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IV.1.3.3 Triphasic bioactive glass composite system (HABGS) 

(Table IV.7) 

Functional HA.BGS- HABGS- HA.BGS- HABGS- HABGS- HABGS HA.BGS 
Groups Control Acetate Tris- SBF MEM. -FCS -RS 

& Buffer Ha {Vibrational) 
mode& (Cm-1) (Cm-1) (Cm-1) (Cm-1) (Cm-1) {Cm-1) (Cm-1) 

OH 3421 3432 3431 3431 3432 3432 

C=O 1726 1738 1626 1626 1637 1637 
1627 1627 

C9J2- 1447 1447 1447 1446 1452 1459 
1)-

v3 .Y,~ «- "' A h-

PO.? 8'52 ' 8)1 825 857 
va 1118 1054 1050 1064 l 1053 1048 1068 

1053 1022 1024 1020 1020 1024 1021 
VJ 1022 976 976 l 976 976 976 
VI 938 941 940 938 i 937 938 937 

906 904 905 I 906 904 905 
v4 610 681 680 675 672 669 682 

588 669 670 669 646 648 669 
551 649 648 645 553 555 645 

550 557 555 510 500 554 
525 510 

v2 430 476 475 476 476 475 476 

C-H 2924 2922 2923 2923 2924 2926 
2852 2853 2853 2853 2854 2872 

N-H 
Si-0- 1118-716 
Si(str) 

Si-O(str) 1118 -1053 

2:NBO 1022-938 1022-941 1024-940 1020-938 1020-937 1024- 1021-
938 937 

P-0 
(crystalline) 

P-0 (bend 588-551 
amorphou;) 

Si-0 551-430 550-476 557-475 555-476 553-476 555-475 554-476 
(bend) 
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Figure ... y .. g 
fT .. IR spectra ofHABGSgranules subjected to In vifrflisimulated studies 
at 24 hours: A· Acetate buffer, 8- Tris--HCI buffer; c .. simulated body 
fluid (SBF); D .. minimum essential medium (MEM); E .. foetal calf 
serum and F .. rabbit serum. Change in the hydroxyl group (OH), and 
phosphate groups (P04) andtheappearance of ·c .. H group, carbonate 

. (CO::s) were observed after immersion. 
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IV .1.4 Image Analysis 

No significant change m the granule morphology (size) was observed 

between the control granules (before immersion) and the granules immersed in 

different media after 24 h. The surface changes that occurred after 12 and 24 h after . 

dissolution did not produce any significant change in the size of the granules. 

(Table.IV.8). 

Table IV.8 

Medium 

Acetate+SBF 

Tris-HCl +SBF 

SBF 

:MF.:M 

FC 

RS 

HA 

Control 
(0.526 ± 0 07) 

24hours 
0.4669 ± 0.05 

0 4943± 0 03 

0.4829 ± 0.02 

0.5526 ±0.005 

0.5107 ± 0.06 

0.4929 ± 0.009 

BGS HABG 

Control Control 
(0.462 ± 0.005) (0 5273 ± 0.02 

24hours 24hours 
0.4601 ± 0.007 0.509 ±0.03 

0 5286 ± 003 0 5012 ± 002 

0.4745 ± 0 045 0 4875 ± 0.001 

0.439 ± 0.027 0.4995 ±O.D13 

0.4795 ± 0.011 0.5142 ± 0.05 

0.4925 ± 0.02 0.5932 ± 0.02 
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IV.1.5/n Vitro- Simulated Studies: Discussion 

The sequence of physicochemical changes that occur when materials are 

subjected to an in vitro environment that are destined to occur on a material surface 

in vivo are expected to coincide with the changes (Hayakuna et al., 1990; 

Daculsi et al., 1989). This would in tum enlighten all possibilities to meticulously 

modify the "nearly-ideal" material to withstand the conditions in the hostile 

biological environment. 

Formation of a biologically equivalent apatite surface, which is a common 

characteristic of bioactive materials, can be reproduced in vitro by immersion 

experiments using a simulated physiological solution that mimics the typical ion 

concentrations ofbody fluids. 

This study observed the interaction of HA, BGS and HABGS materials in 

various physiological solutions. We designed a simulated body fluid, with different 

pH such as acidic, less alkaline and highly alkaline media in which the material 

response towards apatite formation was studied. Using this method, considerable 

evidence has been obtained revealing the mechanisms of surface reactions, which 

include dissolution, precipitation and ion exchange of calcium and phosphate 

accompanied by adsorption and incorporation of biological molecules as reported by 

Kokubo et al., (1990) and El-Ghannam et al., (1997). 

The changes understood from these studies would immensely help in 

identifying and ascertaining the material response in the physiological media during 

their initial hours of contact and the influence of the pH and protein concentrations. 

After immersion of HA in acetate buffer ffris-HCI/SBF the pH showed some 

increase or decreased. This could be due to the slow reaction of the HA with the 
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medium. The continued proton consumption (Ir) and calcium deposition may lead to 

an undersaturated medium and hence the decrease in the pH. The increase in the pH 

might be due to the dissolution of HA, which is evident from the increase in the 

calcium and phosphate in the medium. de Groot et al., (1987) has reported that 

regardless of the crystalline phase, HA will continue to dissolve as long as it is 

subjected to an undersaturated environment. Surface topography of the material 

remained intact with exceptions of degradation only in the pore regions and edges of 

the granules. 

Combination of X-ray diffraction, infrared and chemical analyses of synthetic 

and biological apatites showed that the co3 in biological apatites is incorporated in 

the structure principally as C03 for P04 coupled with Na for Ca substitution (Elliot 

1974 and Le Geros 1981). Thus, biological apatites can be better described as 

carbonate hydroxyapatite (CHA) approximated by: (Ca, Mg, Na, X) 1o (P04 , HP04, 

C03) 6 (OH, F, Cl) 2 (Karg et al., 1981 and Le Geros et al., 1991). 

FT-IR spectrum ofHA prior to immersion in the acetate ffris-HCII SBF, after 

24 h showed the -oH peaks were observed around 3569 cm-1• The hydroxyl peak 

present in the spectrum of carbonated apatite is weaker in intensity than that in 

commercial HA powders (Rehman and Bonfield 1997). 

C-H peaks were observed in all the HA material after immersion in the 

medium between 2853 to 2960 cm-1 and their function is not clear. 

Theoretically, there are four vibrational modes for carbonate and phosphate 

ions, Vt. v2, V3, and v4 and all these modes are Raman and Infrared active and are 

observed for all the spectra of carbonated apatite and hydroxyapatite powders 

(Nelson and Featherstone, 1982). The carbonate V4 peaks have very low intensity and 

are seldom seen in theIR spectrum (Ei Feki et al., 1991) and v2 and v3 have strong 
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vibrational modes in the IR spectra of bone and carbonated apatites (Rehman and 

Bonfield 1997). The carbonate apatite peaks (C03) of HA were observed between 

1622 cm·1 to 1378 cm·1 were assigned to V3 mode of carbonate and the peak at 

803 cm·1 observed only with acetate buffer was assigned to v2 mode of carbonate. 

The intense V3 peaks were thought to be responsible for totally obscuring the v1 

carbonate peaks (Nelson and Featherstone, 1982). Hence, the V1 carbonate peaks 

were not observed with any of our material after dissolution experiments. 

The V3 and v2 vibrational mode of the carbonate ions were assigned to surface 

carbonate ions, rather than to carbonate ions in the lattice of phosphate ions and the 

distribution of the carbonate V3 sites depending on the maturation and formation of 

apatite crystals (Rehman and Bonfield 1997). Phosphate v4 peaks of HA were 

observed at 600 cm·1 and 560 cm·1. Shifts in the phosphate peaks were directly 

proportional to the changes observed in the medium, which might have formed some 

complex with different functional groups of material. 

The spectrum of synthetic carbonated hydroxyapatite has two well defined 

peaks for the V3 sites centered at 1649 cm·1 and 1470 cm·t, whereas synthetic 

commercial hydroxyapatite has three sites for V3 vibrational mode centered at 

1648 cm·t, 1454 cm·1 and 1419 cm·t, for the carbonate ions (Rehman and Bonfield 

1997). 

In the carbonated apatite spectra a single intense V3 peak for the P04 3- is 

present at 1046 cm·1, whereas in the hydroxyapatite spectra, the v3 peak has three 

different sites present at 1096 cm·1, 1085 cm-1 and 1056 cm·t, for the Pol· ions 

(Rehman and Bonfield 1997). HA immersed in the simulated media without protein 
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and protein rich media after 24 h revealed P04 peaks from 1047 - 1042 cm·1. Which 

directly correlates with the observations made for carbonated apatite material. 

The occupancy of the Y2 sites is considered to occur competitively between 

the ·oH and carbonate groups at the interface of the growing crystal, whereas 

occupancy of the Y3 sites depends on competition between the phosphate and 

carbonate ions (Le Geros et al., 1987; Elliot et al., 1985). Biological mineralization 

leads to substitutions i.e. carbonate substitutions in the synthetic apatites are 

classified as Type A: C03 for OH or Type B: C03 for P04 (Bonelet al., 1964; Le 

Geros et al., 1971; Elliot 1974). 

This splitting of the v 4 vibrational peak indicates the low site symmetry of 

molecules, as two and three observed peaks confirm the presence of more than one 

distinction site for the phosphate group (Young, 1974). This observation directly 

correlates with HA after immersion shows more than one phosphate peak. 

The presence of Y2 and Y3 vibrational modes of carbonates in carbonated 

apatite may contribute to the decrease of hydroxyl ions in the spectrum, which is 

evident from the spectrum after 24 h. Hence, C03 substitution for phosphate (Type -

B) is ruled out for HA in acetate /Tris-HCIJ and SBF and the apatite formed after 24 

h in these media is hydroxycarbonate apatite (HCA). 

The pH of the medium increased with HA after 24 h in MEM and rabbit 

serum, whereas in the alkaline, protein rich FCS the pH continued to decrease even 

after 24 h. The decrease or increase in the pH did not alter the protein adsorption on 

the material surface with MEM, FCS or rabbit serum even after 24 h, confirmed by 

the biochemical evaluation. The protein adsorption on the material surface is further 

confirmed by the SEM and FT -IR analysis, which revealed thick depositions of 

protein matrix as small and large flake-like deposits and some amide peaks were 
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peaks were identified at 1655 to 1555 cm-1 and the peak at 781 cm·1 could be 

assigned to N-H peak suggesting that protein adsorption on the material surface. The 

FT-IR spectra revealed apatite peaks at 1637 cm-1 to 1378 cm-1, which could be due 

to the V3 vibrational mode of carbonate ion (Le Geros et al., 1987). The v 3 has peak 

split in four peaks centered at 1637, 1461, 1405 and 1378 cm·1 respectively. The v2 

carbonate peak was not observed. The presence ofv3 vibrational modes of carbonates 

in carbonated apatite did not contribute to the decrease of hydroxyl ions in the 

spectrum, which is evident from the spectrum after 24 h. The high -oH and the 

carbonate apatite peaks suggest that the apatite formed could be an amorphous 

hydroxycarbonate apatite. 

The presence of proteins did not inhibit apatite formation, and the apatite 

formation is observed as early as 24 h with HA in FCS, MEM and rabbit serum. 

Several theories have been put forward to explain the protein adsorption on the 

material and apatite formation or inhibition on HA Freely dissolved negatively 

charged proteins such as serum albumin and osteocalcin are known as crystallization 

inhibitors (Hardy and Furedi 1979; Hauschka and Carr 1982) in bone and are also 

known to bond to HA 

The inhibiting effect of serum proteins on HA nucleation and growth in vitro 

has also been described extensively (Martinet al., 1994). Non-collagenous proteins 

could bind selectively to different faces of the crystal, preventing further growth of 

these faces while allowing others to grow at a rate limited only by the solution 

activity of the participating ions (Addadi and Weiner 1985;Boskey, 1996). In fact, 

these proteins could control crystal growth by binding phosphorylated amino acid 

groups to the Ca2+ ions on the surface of HA These inhibitor agents could 

bind to crystal faces if the strereochemical structure were 
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compatible between the crystal and the inhibitors (Addadi and Weiner 1985). Recent 

results have indicated that acidic proteins are adsorbed preferentially on the (100) 

face of HA crystals and thus regulate the shape and size of the precipitates. 

Hence, the composition of any solids deposited on the surface of calcium 

phosphate implants would largely be determined by the surrounding media (Jarcho 

1981). It has been reported that the dissolution-reprecipitation behaviour was typical 

of most synthetic calcium phosphate ceramics (CPCs) immersed in protein-free 

solution with ion content similar to that of plasma (Radin and Ducheyne, 1993 & 

1994). 

Moreover, the concentration of calcium and phosphorous in the media and 

the availability of nucleation sites on the material are essential factors for the 

precipitation on less soluble HA. Furthermore, according to Radin and Ducheyne 

(1996), the precipitate that formed on the surface is not a biologically equivalent HA, 

but a precursor phase with lower calcium and phosphorous ratio than 1.67 and the 

initiation for precipitation reactions on HA is a slow process impeded by protein 

adsorption on the material surface (Radin and Ducheyne, 1993). This could explain 

why in an in vivo situation, the formation of bone mineral surface layer is delayed on 

HA. 

FT-IR data suggests that, when serum proteins adsorbs on the coating surface 

it is likely that the adsorbed proteins may prevent degradation of sintered crystals, 

which is required for formation of new phases via solution-mediated 

physicochemical reactions. 

II 
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Differences in the sintering temperature of HA ceramic will cause differences 

m crystallinity (crystal size), which will also affect its dissolution process and 

differences in in vivo performance (Niwa eta/., 1980). 

The acid environment will cause partial dissolution of the macrocrystals of 

the Ca-P materials. This dissolution will raise the level of concentrations of calcium 

and phosphate ions in the microenvironment causing precipitation, the extent of 

dissolution being influenced by the composition of the ceramic and the size of micro­

and macroporosity which influences the surface area supporting the theory of 

dissolution. 

Microcrystals of co3 apatite may form directly by precipitation or indirectly 

by initial formation of other Ca-P phases, e.g. dicalcium phosphate dihydrate, DCPD, 

CaHP04.2HzO; Octacalcium phosphate, OCP, CasHz (P04)6. 5Hz0; amorphous 

calcium phosphate, ACP; and subsequent transformation of any of these non-apatitic 

phases to apatite (Le Geros eta/., 1983; Le Geros eta/., 1989; Le Geros, 1990). 

Materials prepared by a sol-gel process are more bioactive than the materials 

of the same compositions prepared by other methods (Li et al., 1994). BGS was 

prepared by a sol-gel route and has the following chemical composition BGS-A W 

type -CaO 45 %, Si02 34 %, PzOs 16 %, and MgO 5 %. Certain hydroxyl groups such 

as SiOH and TiOH remaining in the sol-gel prepared materials are assumed to 

promote hydroxyapatite generation by providing sites for calcium phosphate 

nucleation (LiP et al., 1992). 

For glasses with up to about 53 mole% of SiOz, HCA crystallization occurs 

very rapidly on the glass surface within 2 h while glasses with SiOz content between 

53' and 58 mole % of Si02 require two to three days to form both the amorphous 

calcium phosphate layer and to crystallize HCA. Compositions with > 60% SiOz do 



IV- 33 

not form a crystalline HCA layer even after four weeks in SBF (Hench and LaTorre, 

1992). 

Even the PzOs free CaO, SiOz binary glasses formed the apatite layer in vitro 

as well as in vivo (Ohura et al.,), whereas the CaO, P20 5 -based glasses did not. This 

behaviour is in contrast to the conventional expectation, at least within the glass­

forming compositional region. 

In spite of it, only the CaO, Si02 based glasses formed the apatite layer, 

which decreased the ionic activity product of the fluid. This behaviour is due to a 

peculiar surface structure of the CaO, Si02-based glasses, which provides favourable 

sites for apatite nucleation. The CaO, SiOz-based glasses form a silica hydrogel layer 

prior to the formation of the apatite layer. It is probable that this hydrated silica 

induces apatite nucleation. This is confirmed by the observation that a pure silica gel, 

prepared by the sol-gel method, formed bone-like apatite on it when soaked in 

simulated body fluid at pH 7.4 (Li et al., 1992). 

The increase in pH of BGS in acetate buffer, Tris-HCl and SBF after 24 h 

coincided with the increase in calcium release whereas the phosphorous was 

comparatively lower. The increase in the pH could be due to the proton uptake from 

the medium on to the material and followed by release of calcium ions by the 

material into the medium. pH defmitely plays a significant role in the formation of 

different ionic complexes. BGS immersed in acidic and alkaline pH showed different 

calcium phosphate release rates. It has been reported that cations enhance the 

formation of silica phosphate complex (Murashov and Leszcynski 1999). Although 

calcium and phosphate ions can be adsorbed on the silica surface at pH 7.4, calcium 

adsorption was stronger than phosphate adsorption on BGS, because phosphate 

content remained unchanged even after 24 h. 
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ller eta/., (1975) proposed that one W is released for each Ca2+ adsorbed. 

Ca2+ could be attracted by the negative charge of the silanol and the W would be 

liberated when the Ca2+ is adsorbed. Calcium adsorption increases when the pH and 

Ca2+ concentration in the suspension increase. According to Li and Zhang (1990), the 

negatively charged surface of a glass attracts calcium ions from the solution, leading 

to their accumulation within the glass solution interface. 

The BGS granules showed surface cracks of -15 11m and the intergranular 

interface has opened after immersion in acetate, Tris-HCI and SBF. These surface 

changes are due to the influence of pH on the BGS leading to increased release of 

calcium into the medium. These observations are confirmed by the works of 

Regi eta/., (2000) reported that glass soaked in SBF released high amount of Ca2+ 

during the first 24 h reaching values of 410 ppm. A significant decrease in Ca2+ 

concentration in SBF occurred, showing values of 65 ppm for Ca2+ at 3 days and 

after 1 week the Ca2+ concentration reached 35 ppm. 

The CaO, SiOz based glasses release an appreciable amount of calcium, 

whereas the CaO, P20s based glasses releases phosphates. Both types of ions 

increase the ionic activity product of the apatite in the surrounding fluid. The 

magnitude of the increase is almost equal between the CaO, Si02 based glasses and 

the CaO, P20s based glasses (Ohtsuki eta/., 1992) (Figure.IV.11). 

The solution surrounding the surface is, therefore, supersaturated and causes 

nucleation of apatite. It is also reported that pores present in pure silica, prepared by 

the sol-gel method, are nucleation sites for apatite (Pereira et a/., 1995). Carbonate 

peaks were observed between 1480 and 1445 cm"1 and were assigned to v3 mode and 

the v2 carbonate peaks were observed only in SBF at 853 cm·1. The peak at 780 cm"1 

could be due to the vz vibrational modes for the carbonate ions (Walters eta/., 1990), 
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STAGE Reaction stages of a bioactive glass implant 
1 Rapid exchange of Na* or K* with H* or H3O* for solution: 

Si - O - Na+ + H + + O H - — • Si - OH* + Na* (solution) + OH" 

2 Loss of soluble silica in the form of Si(OH)4 to the solution, resulting front breaking 
of Si -O- Si bonds and formation of Si-OH (silanols) at the glass solution interface: 

Si - O - Si + H 2 0 — • Si - OH + OH-Si 

Condensation and repolymersiation of a Si02-rich layer on the surface depleted in 
3 alkalis and alkal ine-earth cations: 

9 9 9 9 
O - S i - O H + H O - p i - O — * 0 ^ - 0 - 0 - ^ - 0 + HjO 

O O O O 
4 Migration of Ca 2* and P0 4 3 - groups to the surface through the SiO, rich layer forming a 

CaO-P 20 5 rich film on top of the Si0 2 rich layer, followed by growth of the amorphous 
CaO-P 20 5 -rich film by incorporation of soluble calcium and phosphates from solution 

5 Crystallisation of the amorplious CaO-P 20 5 film by incorporation of OH*, C0 3 2 * or 
F anions from solution to form a mixed hydroxyl, carbonate, fluorapatite layer. 

Adoptedfrom Larry L JfeiiclhJntroduction to bioce ramies 
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which was observed only in acetate buffer and not in Tris-HCl or SBF. The apatite 

formed with BGS may be Type - B apatites, where the P04 groups were substituted 

by C03. This is confirmed by the biochemical changes observed in the medium after 

immersion for phosphate and peak shifts observed in the phosphate group after 

immersion in acetate, Tris-HCl and SBF media. 

The v3 phosphate mode appeared as three peaks at 1117, 1051 and 1022 em -l. 

The peak observed at 935 - 905 cm·1 were assigrted to VI mode of phosphate. Minor 

peaks ofP-0 crystalline were observed at 610- 600 cm·1 and 569- 508 cm·1 in BGS 

immersed in acetate buffer. This could be due to the addition of P20s to the glass was 

shown to eventually cause the amorphous calcium phosphate film to develop into a 

crystalline hydroxyapatite layer (Grosset al., 1998). The crystalline P-0 peaks were 

not observed in BGS subjected to Tris-HCl or SBF media, only amorphous P-0 

peaks were observed between 600 - 525 cm·1. 

FT-IR spectra on the BGS revealed sharp ·oH peak at 3433 cm·1 after 24 h 

whereas, the ·oH peak was not observed in raw BGS samples. The presence of 

the ·oH group signifies the formation of Si-OH complex. The peaks at 1138 to 1026 

cm·1 could be due to the Si-0 stretch of the wollastonite (CaO.Si03), which showed a 

significant shift from the original control peak at 1117 - 1022 cm·1. The Si-0-Si 

stretch was observed in BGS before immersion between 1117 to 716 cm·1 is shifted 

to 1138 to 778 cm·1. This change was observed only with BGS in acetate buffer. The 

Si-0 bend was observed between 557- 425 cm·1. The significance of the stretch and 

bend is not clear and extensive FT -IR studies have to be carried out to understand the 

chemical stability of these bonds under different physiological solutions. 
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The pH of BGS in FCS and rabbit serum showed decrease in pH after 12 h 

and after 24 h the pH started increasing. Whereas in MEM there was an increase in 

the pH after 12 h and remained unaltered even after 24 h. The increase or decrease in 

the pH did not influence the calcium ions release or adsorption. Glass ceramic, 

immersed in a simulated physiological solution, caused· an increase in calcium and 

phosphate concentration in solution prior to the subsequent decrease associated with 

t}).e calcium-phosphate precipitation (Kokubo et al., 1990). This decrease in pH and 

the stable calcium and phosphate ions in the medium suggest that, the proton W) 

release and calcium adsorption was slow and the protein adsorption on the material 

surface might have prevented further release of calcium and phosphate from the 

material surface. Effect of proteins on the formation of surface reaction layers on 

bioactive glass was analyzed using atomic force microscope (AFM) in bioactive 

glass 45S5 surface during immersion in protein-free buffer solution and protein 

containing culture medium. When immersed in serum free solutions, AFM showed 

that the surface of bioactive glass reacted non-uniformly. After 5 min of immersion, 

the glass surface showed a rough texture due to the formation of particles on the 

surface. With increasing immersion time, the particles increased in size and number. 

Unlike the reaction on the substrates immersed in serum-free solution, a uniform 

layer of globules, presumably proteins covered the substrates immersed in serum 

containing solutions. As the immersion time increased, the density of globules 

increased and the layer thickened. 

SEM of the material surface showed surface-cracks on the periphery and in 

the center of the material and thin glossy protein coatings appeared on the surface 

and as well as within the pores (> 5 to 10 f.Uil). Apatite-like deposits of< 1 J.lm could 

be seen on the material surface, that was confirmed by the FT -IR spectra of BGS 
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immersed in MEM, FCS and rabbit serum. The V3 C03 peaks between 1648 and 1400 

cm-1 and Vz peaks between 853 - 875 cm-1 confirmed the apatite formation by 24 h. 

Serum proteins adsorbed on the BGS surfaces at the early stages of the solution-

mediated BGS reactions. Formation of a crystalline carbonated HA layer was 

delayed up to three or more days in solution with plasma ions. And again, in the 

presence of serum, only amorphous surfaces composed of Si, Ca and P were 

observed for any time up to seven days of immersion (Radin et al., (1997). 

The -oH peaks were observed between 3420- 3415 cm-1 after 24 h for BGS 

immersed in MEM, FCS and rabbit serum. The presence of the -oH group signifies 

the formation of Si-OH complex. Using in vitro modeling results, it was suggested 

that this phenomenon was related to the presence of hydroxyl (Si-OH and Ti-OH) or 

carbonyl groups (C-OH) at the material surfaces (Li et al., 1994). 

Si-0 bend was observed in all the samples after immersion between 555 -

477 cm-1• C-H peaks were seen at the 2923 and 2824 cm-1 region and their 

significance is not clear. 

The V3 P04 peaks were observed between 1117 to 976 cm-1 and v 1 peak 

between 938 - 906 cm-1• The v4 P04 peaks were observed between 610 - 513 cm-1 

and the v2 peaks are seen between 429 - 477 cm-1• Amorphous P-0 peaks were 

observed between 595-555 em -1 in rabbit serum but not in MEM or FCS immersed 

BGS. FT-IR analysis showed that, in the serum free solution, crystalline 

hydroxyapatite was formed by transformation from the initially formed amorphous 

calcium phosphate. In contrast, immersion in serum-containing solutions only 

produced an amorphous calcium phosphate. 

However, given that the in vitro modeling studies did not address the 

mechanisms by which Ca and P containing phases form on hydroxylated surfaces, 
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definitive word as to whether this question can be reduced to a purely inorganic 

I 

event, is still needed. In fact, it would appear than an event without intervening 

biological components is a strained concept for, essentially, an organic reaction 

sequence at the surface of bioactive glasses (Figure IV.1 ). In fact, serum proteins do 

have a major effect on the. properties of the surface reaction layer. 

Radin et al., (1997) already demonstrated, using one-parametric variations in 

solution composition that the surface reactions .on bioactive glass 45S5 were 

exquisitely dependent upon the modeling conditions. The solutions used were tris 

buffer, tris buffer complemented with plasma electrolyte and or serum and serum. 

After a short immersion (3 h) a crystalline, carbonated hydroxyapatite (c-HA) layer 

formed only in tris. Reaction surfaces of different structures, morphology and 

composition were observed in all other solutions after either short-and long -term 

immersions. They comprised two layers with the layer in contact with the bulk 

consisting mainly of Si; the outer layer was composed of Si, Ca, and P, was 

amorphous and had a Ca/P ratio of about ·1. 

Given the repeated observation of the absence of crystalline hydroxyapatite 

when proteins co-adsorb, it is unlikely that, in vivo, adsorption of biological 

mole<?ules will take place subsequent to the transformation of an amorphous calcium-

phosphate rich layer to carbonated apatite Qfench, 1991). The observation suggests 

that serum proteins adsorb in tandem with the occurrence of solution-mediated 

reactions leading to formation of a silica gel. Amorphous calcium-phosphate phases 

accumulate in this Si-rich matrix. 

A significantly different behaviour between immersion in serum protein free 

and serum protein containing solutions was also observed in experiments intended to 

model silicon dissolution from bioactive glass particles (Radin et al., 1999). 
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Bioactive glass granules can be internally hollowed out leading to shells of calcium 

phosphate in which osteogenesis can be observed (Schepers et al., 1991). 

Bioactive glass granules were immersed under integral (no solution exchange 

during the experiment, thereby simulating stagnant fluid conditions) or differential 

conditions (conditions simulating continuous fluid flow in vivo) in tris-buffered 

solution complemented with either plasma electrolyte (TE) or with electrolyte and 

10% serum (TES-1 0). Only when solution was ~ontinuously replenished, thereby 

avoiding Si saturation in solution, and only when the solution contained serum 

proteins, was full Si dissolution from the core of the granules observed (Radin et al., 

1999). This result was ascribed to the different structure and composition of the 

surface reaction layer that formed in the presence of serum. In the serum free 

solution, the carbonated hydroxyapatite surface protects the glass from further 

corrosion. In contrast, the reaction layer formed in serum containing solutions does 

not offer sufficient protection from continued corrosion. This surface reaction layer is 

slightly porous and comprises proteins, silica and amorphous calcium phosphate 

(Radin et al., 1999). In the presence of serum proteins, the apatite formation 

extensively delayed, a finding, which is consistent with other data on the effect of 

proteins on nucleation and crystal growth of apatite (Martin and Brown 1994; Radin 

and Ducheyne 1996). 

Solutions more closely approaching the physiological state, the maturation of 

amorphous calcium phosphate to crystalline hydroxyapatite does not take place 

readily. The proteinaceous layer, which adsorbs onto the glass interfaces with the 

solid to liquid interaction of the amorphous calcium phosphate layer. Whereas, 

amorphous calcium phosphate can form exclusively as the result of physicochemical 

phenomena in the solid glass phase, it is suggested here that adsorbed serum proteins 



impede the nucleation and growth reactions by which it would transform to 

carbonated apatite. The reactions in the glass are not blocked, however, as Ca and P 

diffusion leads to a continuously thickening of the Ca-P rich zone under the adsorbed 

protein layer. The adsorption of the protein layer may also be critical in terms of 

providing attachment sites for bone cells such as osteoblasts and their progenitors. 

The concentration of serum proteins at the glass surface transformed to 

calcium phosphate, served to enhance the expression of the osteoblast phenotype. 

Measurement of protein that adsorbs from the tissue culture medium, a greater 

quantity of serum proteins adsorbed onto the calcium phosphate coated glass than 

,.,.,. onto the untreated BGS. However, a yet larger amount absorbed onto stoichiometric 

M which was used concurrently (El-Ghannam et al., 1999). This was surprising, as 

in vivo results clearly documented a more intense bioactive effect for BGS than HA 

(Hench 1988; Schepers et al., 1991). Thus, we reasoned that the effect of the serum 

protein adsorption treatment was related to the species that adsorbed and found, in 

fact, significantly different absorption profiles for untreated BGS, calcium phosphate 

coated BGS and stoichiometric HA (El-Ghannam et al., 1999). 

The time required for formation was shortest with the two glass ceramics, 

longer with TCP and longest with HA. It can therefore be assumed that the formation 

rate corresponds to the dissolution rate of the materials. This result is consistent with 

the results for bioglass (Hench et al., 1971). 

Triphasic Bioactive Composite System (HABGS) 

HABGS is a novel material synthesized in our Institute and literature 

evidence for this composite material is not available and hence, the interpretations 

were made based on the comprehensive understanding of individual materials (HA 

and BGS) of the composite. 
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HABGS in acetate buffer+ SBF showed an increase in the pH from 5.2 to 

7. 83 which could be due to the rapid release of ions into the medium, which is 

evident from the increase of calcium and decrease of phosphorous at 12 h. The high 

release of the Ca2+ could be due to the biphasic nature of the material. The BGS 

material in acetate buffer also showed the same trend of high calcium release and 

phosphate uptake. Whereas, in the acetate buffer of HA at 12 h, the Ca2+ and Pol­

uptake increased rather than the release, with a decrease in pH. This suggested that 

the HABGS composite material released more Ca2+ as that of BGS while uptake of 

. Pol- was less and this change in the calcium and phosphate might have favoured the 

increase in pH. The pH at 24 h reduced this change, which is online with that of the 

BGS immersed in acetate buffer at 24 h. The decrease in the pH of the buffer could 

be due to the supersaturation, precipitation and deposition of the ions that was 

released from the material at 12 h on the composite material. However, the 

Ca2+ !Pol- ions continue to be stable at 28 mg% and 2.33 mg%. This suggested that 

the material is still continuously releasing Ca2+ and Pol- ions into the medium, due 

to the acidic nature of the medium. SEM of the ceramic granules revealed that the 

intergranular openings and few apatite-like substances ( < 1 urn) were seen on the 

smooth phase of the material while the granular surface opened up at 12 h. By 24 h, 

further opening of the material surface was observed with few cracks < 15 Jlm in 

width and apatite-like deposits of < lt-tm are seen both in the smooth surface and 

granular surface. Supersaturation and precipitation of the ions from the medium led 

to deposits on the surface, and the large cracks on the material surface indicated areas 

from where the ions must have been released continuously into the medium. FT-IR 

of the granules showed a high absorption peak for -oH at 342lcm-1, whereas the OH 

peak is absent in HABGS control material. This confirmed the water absorption by 
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the material and the formation of Si-OH complex. The v3 carbonate peaks were 

observed at 1627 and 1447 cm-1• The presence of the- OH peak and col- confirmed 

that the apatite formed is a HCA. The v2 of col- were not observed in HABGS, 

whereas the v3 peaks were more prominent. Control peaks at 1118 to 716 cm-1 were 

assigned to the Si-0-Si stretch. After immersion the peak at 1118 cm-1 was not 

detected. So it could have formed complexes with Na+ or K+ from the acetate-SBF 

medium. The peak at 716 cm-1 showed a peak shift to 795 cm-I, which could be due 

to the hydrolysis reaction and could have also formed a complex with the Si-OH 

(silanol). The v3 phosphate modes appeared as three peaks at 1054,1022, 941 and v 1 

P04 peak was observed at 906 cm-1• A peak split has occurred into 941 and 906 cm-1 

after immersion at the v1 of the Pol- in control at 938 cm-1. This may be due to the 

release of the phosphate ions from the material at 24 h and formation of complexes 

with the newly formed apatite, which is usually seen in HCA layer on a 45S5 

bioglass (Nelson and Featherstone 1982). The v4 phosphate peak at 588 (P-0 bend 

amorphous) in control was not observed after 24 h of dissolution, rather three new 

peaks were observed at 681, 669 and 649 cm-1and there was a small shift of 551 (P-0 

bend amorphous) in control to 550cm-1• The phosphate v 1 peak was observed in the 

region of 476cm-1 and is a stronger peak than v4 as observed in HA with acetate 

buffer at 24 h. The peak that is observed at 551-430cm-1 in control could be assigned 

to Si-0 (bend) has shifted to 550-476 cm-1 after 24 h. C-H peaks were observed in 

HABGS granules subjected to dissolution in all the buffers between 2852-2926 em -l. 

In HABGS subjected to Tris-HCl + SBF, the pH decreased from 7.3 to 7.06 at 

12 h. The decrease in the pH was minimal when compared to the HA and BGS. The 

change in the pH did not inhibit the calcium and phosphate release from the material, 

as calcium (11.8 mg%) and phosphorous (1.16 mg%) were estimated at 12 h. Surface 



IV·44 

topography revealed that the material had completely opened up with pores of 10 to 

20 J.Ull and a few cracks were seen on the smooth phase of the material. At 24 h, the 

pH increased to 7. 69, which was in parallel to the observations made with BGS 

material but not with HA. The simultaneous release of Ca2+ and the uptake of Pol-

might have favoured this increase. SEM of the surface depicted the reduction of the 

pore size to 5-20 Jlm. FT-IR of the granules after dissolution confirmed the presence 

of the high absorption peak for OK at 3432cm-1 and at 1280 cm-1. This could be due 

to the water absorption by the material and formation of Si-OH complex. The V3 

carbonate peaks were observed at 1627 and 1447 cm-1. The presence of the OK peak 

and co3 2- confirmed that the apatite formed is a RCA. The Y2 of co3 2- were not 

observed in HABGS, whereas the V3 peaks are more prominent. Control peaks at 

1118 to 716 are assigned to the Si-0-Si stretch. After immersion the peak at 1118 

cm-1 was not detected and 'must have formed complexes with Na + or K+ from the 

Tris-HCl + SBF medium and the peak at 716 showed a peak shift to 784 cm-1. This 

could be due to the hydrolysis reaction and could have formed a complex of Si-OH 

(silanol). The V3 phosphate modes appeared as three peaks at 1050, 1024, 976 and 

two vrpeaks at 940 and 904 cm-1. This may be due to the nucleation of the phosphate 

ions from the medium on to the material after 24 h and formation of complex with 

the newly formed apatife, which is usually seen in RCA layer on a 45S5 bioglass 

(Nelson and Featherstone 1982). The P-0 bend amorphous peak was not observed 

between 588 - 551 cm-1 after immersion. The phosphate v2 peak was observed in the 

region of 475 cm-1 and has a stronger peak than V4. The peak that is observed at 551-

430 cm-1 in control could be assigned to Si-0 (bend) has shifted to 525 - 475 cm-1. 

~ 

HABGS subjected to SBF showed a decrease of pH at 12 h, which was 

observed for HA and BGS materials also and could be due to the proton consumption 
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·arid Ca2+ release. The Ca2+ release from the material was confirmed from the amount 

of Ca2+ in the medium. Whereas, the PO/- concentration did not decrease even after 

12 h. There were no significant changes on the surface topography of the granules at 

12 h (pores of 5-20 J.UD) indicating dissolution of ions. The pH at 24 h increased and 

could be due to the supersaturation and precipitation of the ions, but the calcium 

decreased to 7.45 mg% while phosphorous ions was stable at 2.23 mg% at 24 h. This 

trend was also observed in BGS subjected to SBF at 24 h and suggested that parallel 

events are occurring between the BGS and HABGS. The material surface at 24 h 

revealed a ruftled-like appearance on the smooth surface and fine apatite-like 

deposits on the entire surface of the material. FT-IR of the granules showed a high 

absorption peak for Off at 3431cm-1, whereas the -on peak is absent in HABGS 

control material. This confirmed that water absorption by the material and formation 

of Si-OH complex. The V3 carbonate peaks were observed at 1626- 1300 cm-1 and 

these peaks could be assigned to the surface co3 2- ions, rather than to co3 2- ions in 

the lattice of phosphate ions. The major peak was stationed at 1626 cm-1 and several 

minor peaks from 1626 to 1300 cm-1. The distribution ofthe C032- Y3 sites depends 

on the ma~ration and formation of apatite crystals (Rehman and Bonfield 1997). The 

presence of the -oH peak and C03 z- confirmed that the apatite formed is a HCA. The 

v2 of col- were observed in HABGS at 852 cm-1. It is suggested that the v 2 sites are 

considered to competitive between the -on and co3 2- at the interface of the growing 

crystal, whereas occupancy of the V3 sites depends on competition between the 

phosphate and carbonate ions (Le Geros et al., 1987; Elliot et al., 1985). Control 

peaks at 1118 to 716 are assigned to the Si-0-Si stretch. After immersion the peak at 

1118 cm-1 was not detected and could have formed complex with Na + or K+ from the 

SBF and the peak at 716 cm-1 showed a peak shift to 783 cm-1 and small peak at 725 

I 
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cm-1. This could be due to the hydrolysis reaction and could have formed a complex 

ofSi-OH (silanol). The V3 phosphate modes appear as three peaks at 1064, 1020, 976 

and Vt P04 peaks at 938 and 905 cm-1. The P-0 bend crystalline and P-0 bend 

amorphous peaks were absent after the immersion ofHABGS in SBF medium. 

The V4 P04 were observed at 675, 669, 645, 555 and 510 cm-1. The splitting 

of the v 4 vibrational peaks indicated the low site symmetry of molecules, confirm the 

presence of more than one distinction site for the phosphate group (Young 1974). 

The phosphate v2 peak was observed in the region of 476 cm"1 and has a stronger 

peak than V4. The peak that is observed between 555, - 476 cm"1 could be assigned to 

Si-0 (bend). 

In HABGS subjected to FCS, the initial pH of the medium reduced 

marginally from 8.6 to 8.33 at 12 h. But, the pH ofHA in FCS reduced to acidic 6.67 

while BGS remained at pH 7.54. This decrease in the pH in HA may be due to the 

increased adsorption of protein and reduced Ca2+ release and phosphate uptake from 

the medium on to the material. The BGS and HABGS showed almost the same trend 

in calcium release whereas, the Pol- release from the BGS was more than from 

HABQS at 12 h. The surface of the HABGS showed a thin protein coating, but the 

intergranular space did not open up much perhaps due to the covering of the protein 

matrix. Apatite-like deposits of 2-10 lJ.m in size were observed covered by a thin 

matrix of protein. At 24 h, the pH continued to increase to 8.69, Whereas, in HA and 

BGS at 24 h the pH reduced from the pH value at 12 h. The Ca2+ r~uced to 9.4 mg% 

at 2~ h, which indicated precipitation and deposition of the Ca2+ on to the material 

surface. The Pol-level remained same as that observed at 12 h. The decrease in the 

Ca2+ ion release and the continued protein adsorption onto the material from the 

I 
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medium might have favoured the increase in the pH, since HA is formed at pH 

values greater than pH 8 (Bako and Kotsis, 1992). 

FT-IR of the granules after immersion showed a high absorption peak for ·oH 

at 3432cm·1, whereas the OH peak is absent in HABGS control material. This 

confirmed that water absorption by the material and formation of Si-OH complex. v3 

Carbonate peaks were observed at 1637 to1300 cm·1. The presence of the ·oH peak 

and co3 2" confirmed that the apatite formed is a HCA The Y2 of co3 2" was observed 

in HABGS at 825 cm·1, these peaks could be assigned to the surface col· ions, 

rather than to C032- ions in the lattice of phosphate ions and the V3 has a major peak 

at 1637 cm·1 and several minor peaks from 1637 to 1300 cm·1. The distribution ofthe 

co3 2" VJ sites depends on the maturation and formation of apatite crystals (Rehman 

and Bonfield 1997). It is suggested that the v2 sites are considered to competitive 

between the Off and C03 2- at the interface of the growing crystal, whereas 

occupancy of the V3 sites depends on competition between the phosphate and 

carbonate ions (Le Geros et al., 1987; Elliot et al., 1985). Control peaks at 1118 to 

716 are assigned to the Si-0-Si stretch. After immersion the peak at 1118 cm·1 was 

not detected and the peak at 716 cm·1 showed a peak shift to 784 cm·1 and small peak 

at 705 cm·1. This could be due to the hydrolysis reaction and could have formed a 

complex of Si-OH (silanol). The phosphate modes appeared as three V3 peaks at 

1048, 976 and v1 peaks at 938 cm·1 and 904 cm-1. The peak at 1118 cm·1 is lost after 

immersion in buffer and could have formed complex with Na + or K+ from the FC · 

medium. The P-0 bend amorphous and P-0 bend crystal were absent in HABGS 

after immersion in FCS. The phosphate v2 peak was observed in the region of 475 

cm·1 and has a stronger peak than v4. The peak that is observed between 500 - 475 

em -l could be assigned to Si-0 (bend). 
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In HABGS subjected to MEM showed an increase in the pH, online with the 

HA and BGS at 12 h. The increase in pH followed the decrease in the Ca2+ ions in 

the medium and an increase in the Pol· ions in HA, BGS and HABGS materials at 

12 h. The protein concentration in the medium reduced by 50% in the medium as 

observed in HA, BGS and HABGS. ~he intergranular spaces on the surface of the 

material opened up with pores of 10 to 20 J..lm in width. At 24 h the pH increased 

from 8.32 to 8.69. This increase in the pH is followed by release ofCa2+ ions into the 

medium (9.79 mgO/o) and Pol· uptake from the medium (2.29 mgO/o) at 24 h. But in 

BGS and HA at 24 h the pH reduced from 12 h. The protein concentration in the 

medium did not show much change at 24 h. This confirmed that protein adsorption 

had ceased once the medium attained supersaturation. FT -IR of the granules showed 

a high absorption peak for ·oH at 3431cm·1 and at 1275 em·\ whereas the OH peak 

is absent in HABGS control material. This confirmed the water absorption by the 

material and formation of Si-OH complex. V3 carbonate peaks were observed at 1626 

tol300 cm·L The presence of the "OH peak and COt confirmed that the apatite 

formed is a RCA The v2 of C03 2- was observed in HABGS at 851 cm·1, whereas the 

v3 peaks are more prominent at 1626 tol300 cm·1, these peaks could be assigned to 

the surface C03 2- ions, rather than to C03 2- ions in the lattice of phosphate ions. The 

distribl!tion of the C03 2- V3 sites depends on the maturation and formation of apatite 

crystals (Rehman and Bonfield 1997). It is suggested that the v2 sites are considered 

to competitive between the Off and C03 2~ at the interface of the growing crystal, 

whereas occupancy of the V3 sites depends on competition between the phosphate 

and carbonate ions (Le Geros et al., 1987; Elliot et al., 1985). Control peaks at 1118 

to 716 are assigned to the Si-0-Si stretch. After immersion the peaks at 1118 and 716 

cm"1 were not detected. The peak at 1118 cm"1 is lost after immersion in buffer, and 

I 
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could have formed complex with Na+ or K+ from the MEM medium. The v3 

phosphate modes appeared as three peaks at 1053, 1020, 976, and the v1 P04 peaks at 

93 7 and 906 cm-1. A peak split has occurred at the V3 of the Pol- in control at 93 8 

cm-1. Phosphate V4 peaks were observed at 672, 646, 553 and 510 cm-1. The splitting 

of the v4 vibrational peaks indicated the low site symmetry of molecules and 

confirmed the presence of more than one distinction site for the phosphate group 

(Young 1974). The phosphate Vz peak was observed in the region of 476 cm-1 and 

has a stronger peak than v4. The peak that is observed at 553 - 476 cm1 could be 

assigned to Si-0 (bend). 

HABGS subjected to rabbit serum showed increase in the pH from 7.2 to 8.64 

at 12 h. Whereas in HA and BGS a marginal increase in the pH after 12 h immersion 

in rabbit serum was observed. The increase in the pH is due to increased release of 

Ca2+ ion and Pol- uptake. In HA and BGS the Ca2+ uptake and Pol- release was 

more and hence the pH was less alkaline. The protein adsorption on the material 

surface after 12 h in HA, BGS and HABGS material was less and suggested that 

specific protein molecules alone were adsorbed on to the material surface. In in vitro 

the protein adsorption on to the material surface at the physiological pH was very 

less and than in vivo the reason for this dissimilarity is yet to be fully understood. 

Morphologically, the surface of the material showed a thick coating of protein with 

apatite-like deposits and presence of large cracks. After 24 h the pH showed a 

moderate decrease to 8.53. But, in HA and BGS granules subjected to rabbit serum 

after 24 h showed an increased pH. The decrease in the pH was parallel to the 

decrease in the Ca2+ and P04 3- ions in the medium. This suggested that calcium and 

phosphate ions had undergone supersaturation in the medium and deposition of the 

ions onto the material surface has started. The same mechanism was observed for HA 
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and BGS granules after 24 h in rabbit serum. The protein concentration in the 

medium decreased moderately after 24 h. The surface of the material did not change 

much when compared with the 12 h material surface. FT-IR ofthe granules showed a 

high absorption peak for ·oH at 3432cm·1, whereas the OH peak is absent in HABGS 

control material. This confirmed that water absorption by the material and formation 

of Si-OH complex. Carbonate peaks was observed at 1637- 1300 cm-1, these peaks 

could be assigned to the V3 peaks of the col-. The presence of the -oH peak and 

co3 2" confirmed that the apatite formed is a HCA. The V2 of co3 2" was observed in 

HABGS at 857 cm·1, whereas the v3 peaks are more prominent at 1637- 1300 cn1\ 

these peaks could be assigned to the surface co3 2" ions, rather than to co3 2" ions in 

the lattice of phosphate ions. The distribution of the C03 2- V3 sites depends on the 

maturation and formation of apatite crystals (Rehman and Bonfield 1997). It is 

suggested that the v2 sites are considered to competitive between the Off and C03 2-

at the interface of the growing crystal, whereas occupancy of the v3 sites depends on 

competition between the phosphate and carbonate ions (Le Geros et al., 1987; Elliot 

et al., 1985). Control peaks at 1118 to 716 are assigned to the Si-0-Si stretch. After 

immersion the peak at 1118 cm-1 was not detected and the peak at 716 cm-1 showed a 

peak shift to 791 cm·1. This could be due to the hydrolysis reaction and could have 

formed a complex of Si-OH (silanol). The V3 phosphate modes appear as three peaks 

at 1068, 1021, 976 and v1 P04 peaks at 937 and 905 cm-1. The peak at 1118 cm·1 is 

lost after immersion in buffer, which could have formed complex with Na + or K+ 

from the rabbit serum. The P-0 (bend crystal) and P-0 (bend amorphous) peaks were 

absent after the immersion in rabbit serum. The phosphate v2 peak was observed in 

the region of 476 cm-1 and had a stronger peak than v4. The peak that is observed at 

554-476 cm·1 could be assigned to Si-0 (bend). 
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CONCLUSION 

Hydrogen ion concentration (pH) has definitely played an important role in 

understanding the inert/active nature of the material in different media with different 

pH and ionic concentrations with the protein free medium and protein containing 

medium. This preliminary investigation on the three materials revealed the possible 

cascade of reactions that it might undergo in an in vivo situation. The influence of 

pH on the material in different media directly depended on the materials 

physicochemical property. This is evident from the changes observed at 12 and 24 h 

in the medium by biochemical analysis, on the material surface by SEM, and from 

the FT -IR analysis. Hypothesis of the possible cascade of reactions that might take 

place in apatite formation with glass/glass-ceramic materials is given in Figure.IV.l2. 

The change in the pH after immersion of HA, BGS and HABGS materials in 

Acetate Buffer, Tris-HCl buffer, Simulated Body Fluid, Foetal Calf Serum, 

Minimum Essential Medium, and Rabbit Serum, showed increase and decrease of pH 

at 12 and 24 h irrespective of the type of material. Except for HA in Acetate (12 hrs) 

and Tris-HCI buffer (24 hrs), the gross changes in the pH were same for all the three 

materials in all the medium. But, the increase or decrease in the pH values between 

the three materials immersed in same medium at different time interval was not the 

same only the trend in increase and decrease of the pH was corresponding. The 

influence of the pH contributed to the release or uptake of calcium and phosphate 

ions from the material to the medium or from the medium to the material. The release 

of calcium and phosphate varied with different buffers and with different materials. 

HA was the least dissoluting material when compared to BGS and HABGS in all the 

medium. This is in support of the observations made by several other investigators. 

Even though BGS and HABGS are two different materials with different calcium 
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phosphate ratios, the initial degradation and release of calcium and phosphate and the 

change in the pH was identical. The influence of protein on the material was definite 

in all the three materials. But, the release and uptake of calcium and phosphate from 

the material did not reduced significantly in HA, BGS lllld HABGS even when the 

protein adsorption was 500/o in FC and MEM. and only 10% in rabbit serum on to the 

material surface. It is hypothesized that protein adsorption on the material surface 

will not change or inhibit the release of calcium and phosphate. This is confirmed by 

our experiments also. But, the major finding is that different material responds to 

these proteins in different way. This is evident from our observations that, the 

amount of calcium and phosphorous released or adsorbed was different from 

different material with the same type of serum at different time intervals. The surface 

apatite formation was observed in SEM and· confirmed by our FT -IR studies that the 

type-B carbonated apatite was formed in all the material surface. But, the 

crystallization of the HCA is prominent only in BGS and HABGS material in all the 

media. The mechanism of apatite formation is sChematically explained in 

(Figure.IV.12). 

From these observations we conclude that: 

a) Material property has a definite role in bringing out changes in the pH of the 

surrounding media during the initial periods and the pH also influenced the 

material to be less active or to react vigorously. The sequence of material 

response to different pH are as follows: 

i) Acid pH: HA<BGS<HABGS 

ii) Physiological pH: HA<BGS<HABGS 

iii) Highly alkaline pH: HA<BGS<HABGS 
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The pH influence on the material favored the release or uptake of the ions. 

Based on the release and uptake of ions in different pH they are categorised as 

follows: 

i) Acid pH :HA<HABGS<BGS 

ii) Physiological pH :HA<BGS<HABGS 

iii) Highly alkaline pH: HA< HABGS< BGS 

Surface "Hydroxyl Carbonate Apatite" was formed in all the three materials 

subjected to different media. Based on these initial changes one can predict the 

early response of these materials in an in vivo situation. 



IV.2 In Vitro- Cell Culture Studies 
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IV.2 IN VITRO -CELL CULTURE STUDIES 

IV.2.1 Cytotoxicity: MTT assay (Cell viability) 

With MTT assay 80 % of the L929 fibroblast cells in contact with the HA, 

BGS and HABGS material extract showed good viability similar to that of the 

control 

IV.2.2 Cells in direct contact with materials 

HA, BGS and HABGS granules did not show any signs of toxicity 

· embarrassment after 24 h in contact with L929 cells. Cells spread centripetally from 

the granules to form a monolayer on the glass coverslip. They showed the same 

morphology in comparison with the negative control (Figure.IV.13A-D). 

IV.2.3 Cytocompatibility 

SEM examination of HA seeded with L929 fibroblast cells (Figure.IV.l3 E) 

revealed good anchorage, attachment, adhesion, spreading and cell growth (cell 

phenemenelegy) in the vicinity of the granules. Cells were elongated, cuboidal or 

polygonal in shape and actively colonized the surface either in singles or in rosettes. 

Cells were aligned in a way that the long axis is either parallel or at right angles to 

the edge, being thickly populated at the edges of the glass coverslip. The surface of 

HA under SEM showed the material to be intact and the intergranular interface has 

opened up in few areas and dicalcium phosphate dihydrate (DCPD) -like crystals 

were seen on the surface as rosettes after 48 h. 

SEM revealed very few elongated fibroblast cells adhered on the BGS 

material (Figure.IV .13 F) surface after 48 h. The cells were more concentrated only 

on the smooth surface of the material but not on the rough surface. 
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P h o t o m i c r o g r a p h s of L 9 2 9 f i b r o b l a s t c e l l s - A - seeded o n c o v e r s l i p ; i n d i r e c t 
c o n t a c t w i t h - B- HA; C- BGS a n d D- HABGS g ranu les a f t e r 4 8 h o u r s . 
Scann ing e l e c t r o n m i c r o g r a p h s o f b i o a c t i v e c e r a m i c d i s c s seeded w i t h L929 
f i b r o b l a s t c e l l s : E - HA; F- BGS and G - HABGS a f t e r 48 hours . A r r o w s d e n o t e 
f i b r o b l a s t c e l l s . 
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The surface of the BGS was found to be deposited with extracellular matrix 

forming an interlace of fibers on the surface. Prior to immersion in the culture 

medium the surface of the BGS showed intact grain boundaries. Macrocracks of 30 

Jlm were observed on the surface. These macrocracks may be due to the non­

uniformity in the particle packing during the green compaction. After subjecting to 

the culture medium, the material surface showed micropores, which may be due to 

the release of the calcium and phosphate ions from the material. The material seeded 

with the L929 fibroblast cells showed opening up of the grain boundaries and 

recrystallization of calcium phosphate on the surface of the material after 48 h. 

HABGS seeded with L929 fibroblast cells (Figure.IV.l3G) showed a 

monolayer of cells that adhered on to the material surface after 48 h. The material 

surface was intact and did not show any macrocracks. Micropores observed on the 

material surface upon immersion in the medium showed the widening of the surface 

-- pores~ Celis that spread well on the material were observed only on the smoother 

phase of the material, but not adjacent to the opened up pores. Few crystal deposits 

were observed on the smooth surface of the material. 

IV .2.4 Osteoblast cells 

MG 63 osteoblast cells seeded on the HA, BGS and HABGS discs showed 

distinct cell attachment patterns on the surface of the materials after 48 h. Osteoblast 

cells were seen well adhered and spread on the glass coverslip, and the cell 

boundaries were clearly visible (FigurelV.14 A). Osteoblast cells on HA surface 

(Figure.IV.14 B) had completely merged with the surface after 48 h except for a few 

nodule-like protrusions of 20 J.lm were observed, the cell boundaries were not clearly 

visible and the material surface is intact, without any surface cracks. 
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Figure - IV -14 

S c a n n i n g e l e c t r o n m i c r o g r a p h s o f o s t e o b l a s t c e l l s ( M G - 6 3 ) s e e d c 
o n A - c o v e r s l i p ; B- H A ; C- BGS a n d D- H A B G S d i s c s a f t e r 4 8 h o u 
O n H A a n d H A B G S d i s c s o s t e o b l a s t c e l l s ( O B ) s h o w e d g o o d adh 
i o n c o m p a r e d t o c e l l s o n BGS d i s c . A r r o w h e a d s s h o w t h e spr< 
d i n g o f o s t e o b l a s t c e l l s o n t h e m a t e r i a l s u r f a c e . 
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Cells seeded on BGS (Figure.IV.14C) showed intense cracks of 10- 20 J.lm 

in diameter and the surface pores had opened up and very few osteoblast cells were 

seen adhered to the material surface. The osteoblast cells that adhered on to the 

material surface showed elongated spindle morphology. Osteoblast cells seeded on 

the HABGS (Figure.IV.14D) material had merged with the surface completely and 

very few interconnecting cell processes could be seen. The material surface was 

intact without any macro cracks but showed surface pores of 5 to 6 J.lm in diameter 

after immersion into the medium. 
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IV.2.5 In Vitro- Cell Culture Studies: Discussion 

In vitro models have proven to be valuable tools for testing and screening 

candidate biomaterials. The ideal material should act as a good scaffolding material 

and the material should degrade with time in a controlled fashion without leaving any 

toxic residue and must be excreted by normal physiological mechanism. Since, 

different types of calcium phosphate materials are required for different application 

such as resorbable materials for endosseous dental implants and load-bearing type for 

vertebral pro~thesis, the physicochemical property of these materials will be highly 

variable. Hence, in vitro studies are essential to test the materials before in vivo 

application for their cytocompatibility and cytotoxicity. 

In ex~mining tissue responses to orthopaedic and dental implant materials, 

many in vitro studies of cell/substrate interactions have been done with fibroblast 

cells (Neupert and Vogel, 1984; Inoue et al., 1987), chondrocytes (Rahn et al., 1980), 

bone marrow cells (Verrier etal., 1996), human osteoblast cells (Anselme et al., 

1997),macrophage (Fukuchi and Akao, 1995; Osyczka et al., 1997). 

Two mechanisms -cell mediated and dissolution- participate in the 

biodegradation and resorption of hydroxyapatite in the body, which is directly related 

to implant surface area. So porous HAP undergoes a significant degree of resorption. 

Cell-induced resorption or dissolution of the HAP ceramic crystals is frequently 

observed in vitro and in vivo (Daculsi et al., 1989; Orly et al., 1989). HA proved non­

cytotoxic, as confirmed by the MTT assay, where 80% of L929 fibroblast cells 

showed good cell viability with HA extract even after 24 h. The fibroblast cells 

seeded on the material surface showed good adhesion and proliferation. 
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HA surfaces appear to be compatible with several cell types. The cells cause 

the dissolution of the HA ceramic crystals intra-cellularly by phagocytosis or 

extracellularly by producing an acid environment (Baronet al 1985, Le Geros et al., 

1991, Daculsi et al 1989) which causes the partial dissolution of the HA ceramic 

crystals. HA allows the proliferation of fibroblasts (Orly et al., 1989) and cell do not 

seem to distinguish between HA and bone surfaces which indicates a significant 

similarity in the surface chemistry. 

Cell ~dhesion comprises a sequence of events following cell attachment, cell 

spreading, organization of an actin cytoskeleton and formation of focal adhesions 

(Richard and Kyriacos, 2000). With cell adhesions on material surfaces the beneficial 

interactions vyith surfaces can be understood and in turn we are able to predict their 

behaviour to materials in an osseous site. HA mimics the extracellular matrix (ECM) 

by providing a structural component that will physically sustain tissue genesis. Cells 

adhered and proliferated on these discs and organized the ECM which conveyed 

mechanical and chemical stimuli, and other signals influencing cellular shape, actin 

cytoskeleton organization and transcription activity (Blaschke et al., 1994; Lelievre 

et al., 1998; Chen et al., 1997) and consequently will engineer a functional tissue. 

This possibly may promote integration of the material with host tissue and potentially 

enhance tissue remodeling in vivo. 

On the crystal level the dissolution of the ceramic HA crystals is non-site 

specific, i.e. dissolution is observed both on the surface and at the crystal core. In 

comparison, dissolution of biological apatite crystals is site specific, showing 

preferential dissolution of the crystal core (Le Geros and Le Geros, 1993). 

The formation of carbonate-apatite crystals on HA surfaces is believed to be a 

dissolution-precipitation process of calcium and phosphate ions (Le Geros and Le 
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Geros, 1993). The role of bioactive ceramics is not a passive one but participatory, 

contributing to the formation of the carbonate apatite on surfaces and promoting the 

adhesion of matrix-producing cells and organic molecules as a result of surface 

chemistry and surface charges. 

But for BGS, hydrated silica-gel layer forms on their surface by dissolution 

and polycondensation followed by precipitation of calcium and phosphate ions to 

form calcium phosphate (CaP) rich layer. In vitro the CaP layer is located on top of 

the silica ge~ whereas in vivo it .is formed within the gel layer; This is ensued by 

crystallization into hydroxyl carbonate·apatite. (Hench and Anderson, 1993, 

Hench,1991); The rate of formation of HCA is very rapid for BGS than HA among 

the present g~neration of bioactive materials (Hench 1994;. Hench and West, 1996), 

which is responsible for the faster bone formation process in BGS. Reactions on 

material surf~ces, including the formation of carbonate-apatite may be important in 

establishing the strong "bonding zone" at the bone-material interface unique to 

bioactive materials. 
li 
' 

The material seeded with the cells showed opening up of the grain i 

boundaries, perhaps due to the leaching of the substantial concentration of soluble 

silica followed by calcium and phosphate ions from the material which subsequently 

lead to dissolution, precipitation and crystallization of complex calcium phosphate 

precursor phases on the surface of the BGS disc in the cell culture medium. Another 

possibility is that cell induced acidification of the microenvironment may have 

occurred as a reaction to the presence of the calcium phosphate material (Evans et al 

1984; Davies 1990) and the release of calcium and phosphate ions into the medium 

perhaps initiated the process of local degradation of the material and lead to 

precipitation and crystallization later. 
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BGS leaches rapidly at lower pH 3 to 5 and it is reported that pH of BGS 

surface remains high around 7.6 when in contact with the body fluids or in contact 

with the cells leading to less cell response on the material. So in normal body fluid at 

pH 7 .24, the material leaches initially in vitro due to its bioactive nature but becomes 

stable once the supersaturation is attained (Matsuda et all987). 

In short, the nature of the material (Klein et al1990), the action of cells on 

the material (van der Meulen and Koerten 1994), the body fluids and pH (Matsuda et 
l 

al 1987) infitence the dissolution of-the material.- The pH change on the material 

surface contributes prominently to cell•. attachment and the expression of cells 

depended o~ the preparation of the glass-ceramic surface and a better cellular 

response int vitro was achieved when· the -glass surface was less reactive 
! 

(Vrouwenvelder et al1992; 1994). Hence, the process of cell spreading is influenced 

by the natur~ of the underlying substrate as reported by Maroudas (1975). All these 

possibilities, could be the reasons why· only a small population of elongated 

fibroblast and osteoblast cells were seen adhered on the surface of the BGS material 

specifically noted more on the exposed regions of the grain boundaries of the disc. 

L929 fibroblast and MG 63 osteoblast""like cells spread centripetally from the 

granules to form a monolayer on the glass coverslip. 

Reduced cell attachment on the BGS does not mean toxicity to the cells, since 

the MTT assay in our study did not indicate a loss of cellular viability (80% viability) 

with the BGS extract and the adhered cells on the BGS disc surface showed no 

growth retardation, confirming that the material is biocompatible. Besides, BGS 

granules did not show any signs of toxicity embarrassment after 24 h in contact with 

L929 cells and even when maintained in culture for 6 days (data not shown). 
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HABGS material with L929 fibroblast cells and MG 63 osteoblast-like cells 

showed good adhesion and spreading after 48 h. MTT assay proved that, more than 

80% of cells were viable with HABGS. 

The fibroblast cells were seen only on the smoother phase of the material but 

not in the rough surface. Hence, material surface also plays a major role in 

determining the cell adhesion. The rough surface may be due to the influence of the 

medium. Os~eoblast cells after 48 h on HABGS disc were seen well spread and 
i 

merged with ~he surface. This may be due to the smooth surface of the HABGS disc. 

The material ~urface was intact and. did not change on the influence of the medium or 

cells even aft~r 48 h. 

The ~icropores seen on the material surface could be due to the influence of 

medium on the material. These micropores on a bioactive material may favour apatite 

formation. Material characteristics influence surface-related phenomenon such as cell 

adhesion and/or ingrowth and material degradation and these are often important 

parameters to monitor in biomaterial evaluation (Matlaga and Salthouse 1983; Taylor 

and Gibbons 1983). 

Bioactivity may be related to the formation of carbonate apatite crystals in 

vitro (Hench and Andersson 1993; Hyakuna et al 1990) which may be related to 

biodegradation and in tum to solubility (LeGeros and Daculsi 1990; LeGeros et al 

1991). This scenario mimics the in vivo situation of initiation of the biomineralization 

process by host cells for osteogenesis (Hench 1991b; 1994). So the formation of a 

biologically equivalent apatite on the ceramic surface, followed by adsorption and 

incorporation of biological molecules (Hyakuna et al 1989 and El-Ghannam et al 

1999), for cell attachment, proliferation, differentiation and extracellular matrix 
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formation (Schepers et al1993; Matsuda and Davies 1987, El-Ghannam et al 1995) 

comprise the events leading to the healing of the defect. 

Studies of protein adsorption/desorption kinetics in bioactive substrates 

indicate that surface charge is an important variable (Lobel and Hench 1996, 1998). 

The rapid adsorption of calcium and phosphate ions on the silica gel layer of 

bioactive glasses shifts isoelectric points at physiological pH, anq could implicate the 

process of osteoprogenitor cell differentiation and proliferation in in vivo. 

cm"1 
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IV.2.6 Conclusion 

Based on the in vitro studies, bioactive ceramic granules HA, BGS and 

HABGS were proven non-toxic, and cytocompatible. The material cell and material 

medium influence will determine the cell adhesion and proliferation .. L929 mouse 

fibroblast and MG 63 human osteoblast-like cells showed better adhesion and 

spreading on HA and HABGS, whereas with BGS very few cells were seen. From 

this observation it is· understood that material property definitely influenced the 

adhesion of tp.e cells. If the material is highly reactive, the time required for the cells 

to adhere, spread and proliferate will increase. The protein concentration in the 

medium would also decide on the fate of the material surface and the cell adhesion. It 

is hypothes~d that in the cell culture medium definite protein concentration and cell 

seeding density has to be studied in broader aspect to understand the material - cell 

interaction, which may give some information with regard to the initial events of 

tissue-material response in vivo. 



CHAPTERS-V 

IN VIVO STUDIES 



V.1 In 'Vivo- Heterotopic Implantation 



V. IN VIVO STUDIES 

V.1 In Vivo - Heterotopic Implantation: Results 

V.1.1 Scanning Electron Microscopy 

V-1 

Scanning electron micrographs showed the presence of macropores and 

micropores on the material surface. The porosity of HA is > 100 J.lm; BGS < 30 J.lm; 

HABGS < 30 J.lm and size of the granules were in the range of 300 to 350 J.lm 

(Figure.V.IA, D & G). FG coated HA granules showed a homogeneous coating of 

FG and the pores ofthe granules showed interconnecting FG matrix (Figure.V.IB & 

C). FG coated BGS (Figure.V.lE & F) and FG coated HABGS (Figure.V.lH & I) 

granules exhibited prominent interconnecting woven FG matrix on the surface and 

within the macropores and micropores of the granules. Cracks were observed on the 

surface of the coated granules. 

V.1.2 Radiography 

Calcium phosphate ceramics were opaque to X-rays and hence, new bone 

formed around the granules in the quadriceps muscle was not detected 

(Figure.V.2A). Hence, image analysis of the X-ray was performed to quantify the 

area of opaqueness with that of the FG coated granules and uncoated granules, which 

revealed that FG coated HA, BGS and HABGS surface area, had increased 

(Figure.V.2B) after implantation when compan~d to the uncoated granules. 

V .1.3 Gross Appearance 

The in situ position of the implant materials was maintained. There was no 

gross evidence of inflammation or. necrosis around the implant sites and healing of 

the tissue was apparent. 
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F i g u r e - V -1 
S c a n n i n g e l e c t r o n m i c r o g r a p h s o f b i o a c t i v e c e r a m i c g r a n u l e s , 
c o a t e d w i t h f i b r i n g l u e (FG): A , D & G a r e u n c o a t e d HA, BGS 
a n d HABGS ( c o n t r o l ) c e r a m i c g r a n u l e s . B, E & H a r e HA, BGS 
a n d HABGS c o a t e d w i t h 2 .5 m g o f FG; C, F & I a r e HA, BGS a n d 
HABGS c o a t e d w i t h 5 m g o f FG. A r r o w s s h o w t h e f i b r e s o f FG 
o n t h e m a t e r i a l s u r f a c e a f t e r c o a t i n g . 
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A 

B 

H A B G S H A B G S 

F i g u r e -V-2 
X- r a y p h o t o m i c r o g r a p h s o f c e r a m i c g r a n u l e s i m p l a n t e d in 
m i c e q u a d r i c e p s m u s c l e a f t e r 2 8 d a y s : A - HA, BGS a n d H A B ­
GS u n c o a t e d a n d FG c o a t e d g r a n u l e s , t h e i m p l a n t a r e a is 
m a r k e d b y a n a r r o w ; B - Q u a n t i t a t i v e i m a g e a n a l y s i s d a t a o f 
t h e X - r a y p h o t o m i c r o g r a p h . 



V .1.4 Histological Evaluation (after 28 days) 

V .1.4.1 Fluorescence Microscopy 

v- 4 

FG coated BGS and HABGS showed active mineralizing yellow (tetracycline -

Day 15) fluorescence areas and green (calcein blue -Day 24) fluorescence areas on 

post-implantation (Figure.V.4.C-F). However, this was not observed in FG coated 

HA (Figure.V.4.A & B). Fluorochrome labeled controls (HA, BGS and HABGS) 

(Figure.V.3.A-C) did not show any active fluorescence sites or mineralizing areas. 

V .1.4.2 Light Microscopy 

The geometry of the uncoated HA material (Figure.V.5A) is intact without 

any surface cracks (Figure.V.7B). The granules were surrounded by a thick 

connective tissue (Figure.V.5A, Figure.V.7A & B) around the material in some 

histological sections and loose connective tissue in other sections. The arrangement 

of the thick connective tissue was parallel to the ceramic surface, with close 

apposition against the ceramic granule. The pores of the ceramic granules were 

infiltrated by polymorphic cells and few fibroblast cells (Figure. V. 7B). No foreign 

body giant cells were observed around the material except for few occasional 

monocytic macrophages. Osteoblast-like cells were seen around the material in areas 

where material surface are rough with small pits of > 30 J.lm in size. Nee­

vascularization around the implant granules was observed. Cells are also seen 

adhered on to the surface of the ceramic granules. No osteoid deposition could be 

observed around the material. 

Hydroxyapatite coated v.ith 2.5 mg fibrin glue showed apparent difference in 

the tissue response when compared to the uncoated granules. The geometry of the 

granules was intact. The tissue response to the FG coated granules varied with regard 

to the amount of protein content coated on the granules. 
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Figure-V-3 
F l u o r e s c e n c e m i c r o g r a p h s o f u n c o a t e d b i o a c t i v e c e r a m i c s 
i m p l a n t e d i n m i c e q u a d r i c e p s m u s c l e a f t e r 2 8 d a y s : A - H A ; 
B - B G S ; a n d C - H A B G S . M i l d f l u o r e s c e n c e w a s o b s e r v e d w i t 
B G S a n d H A B G S ( a r r o w s ) , w h e r e a s n o f l u o r e s c e n c e w a s s e e i 
w i t h H A . 
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F i g u r e - v - 4 
F l u o r e s c e n c e m i c r o g r a p h s o f b i o a c t i v e c e r a m i c s c o a t e d w i t h 
FG i m p l a n t e d i n m i c e q u a d r i c e p s m u s c l e , a f t e r 2 8 d a y s : A & B -
H A c o a t e d w i t h 2 . 5 m g a n d 5 m g FG; C & D - B G S c o a t e d w i t h 
2 . 5 m g a n d 5 m g F G ; E & F - H A B G S c o a t e d w i t h 2 . 5 a n d 5 m g 
F G . T h e f l u o r e s c e n c e a r e a s a r e m a r k e d b y a r r o w s . 
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The 2.5 mg FG coated HA granules showed thick fibrous reaction around the 

material (Figure.V.5B, Figure.V.8A & B). No inflammatory reaction was observed in 

any of the sections. Few multinucleated foreign body giant cells were observed in 

close proximity to the implant surface. The arrangement of the connective tissue is 

parallel to the ceramic surface. Few polymorphic cells and fibroblast cells were seen 

around the granules. The pores of the ceramic granules are infiltrated with loose 

fibrous connective tissue. Nee-vascularization was observed away from the implant. 

No osteoblast-like cells were seen around the granules and no bone formation or 

mineralizing· areas were observed in any of the sections. 

HA coated with 5 mg FG showed better tissue response when compared to 

2.5 mg FG. No thick fibrous capsules were seen around the granules, only loose 

conriectivetissue was seen parallel to the ceramic surface without apposition to the 

granules (Figure.V.5 C, Figure.V.6 A). A20 J..Lm gap was observed between the loose 

connective tissue and the granules. The gap was lined by mesenchymal cells and few 

osteoblast-like cells (Figure,V.S C). No foreign body giant cells or inflammatory 

reaction were observed in any of the sections. Few fibroblast ceils were observed in 

close proximity to the rough surface of the granules and within the pores of the 

ceramic granules. Nee-vascularization was observed adjacent to the implants and 

away from the implants (Figure.V.6A, Figure.V.8D). No osteoid deposition was 

observed. 

The uncoated BGS granules had completely disintegrated (Figure. V.5D, 

Figure.V.7C & D) and did not show any well-defined woven bone. But, osteoid 

depositions (Figure.V.5D) were visible at the periphery of the implant. 

II 
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F i g u r e - V - 5 
L i g h t m i c r o g r a p h s o f FG a n d u n c o a t e d b i o a c t i v e c e r a m i c g r a n u l e s , a f t e r 
2 8 d a y s . A - H A u n c o a t e d , B- H A c o a t e d w i t h 2 . 5 m g FG, C- H A c o a t e d w i t h 
5 m g FG, D - BGS u n c o a t e d , E - BGS c o a t e d w i t h 2 . 5 m g FG, F - BGS c o a t e d 
w i t h 5 m g FG, G - H A B G S u n c o a t e d , H - H A B G S c o a t e d w i t h 2 . 5 m g FG a n d 
I - H A B G S c o a t e d w i t h 5 m g FG. G r a n u l e s (g ) ; o s t e o i d (O); n e w b o n e ( N B ) & 
s o f t t i s s u e (s ) . A r r o w s d e n o t e c r a c k s o n t h e m a t e r i a l s u r f a c e . 
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F i g u r e - V - 6 
P h o t o m i c r o g r a p h s o f FG c o a t e d c e r a m i c g r a n u l e s s h o w i n g t h e t i s s u e 
a r c h i t e c t u r e a f t e r i m p l a n t a t i o n i n m i c e q u a d r i c e p s m u s c l e a f t e r 28 d a y s . 
A & B - H A c o a t e d w i t h FG, t h e i m p l a n t ( l ) i s s u r r o u n d e d by t h i n c o n n e ­
c t i v e t i s s u e , t h e t i s s u e m a t e r i a l i n t e r f a c e a n d t h e p o r e (P) i s i n f i l t r a t e d 
w i t h m e s e n c h y m a l c e l l s ( w h i t e a r r o w ) ; C & D - BGS c o a t e d w i t h FG; 
E & F - HABGS g r a n u l e s c o a t e d w i t h FG. N e w b l o o d v e s s e l s (Bv ) , w e r e 
o b s e r v e d i n t h e v i c i n i t y o f t h e i m p l a n t s . D e g r a d e d i m p l a n t s a r e s h o w n 
i n b l u e a r r o w a n d n e w b o n e (NB) is s e e n c l o s e l y a p p o s e d w i t h t h e 
i m p l a n t ( Y e l l o w a r r o w ) . 
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F igure -V-7 
P h o t o m i c r o g r a p h s o f HA, BGS a n d HABGS u n c o a t e d g r a n u l e s 
i m p l a n t e d in m i c e q u a d r i c e p s m u s c l e a f t e r 2 8 days . A & B - HA 
i m p l a n t (I) w e l l a p p o s e d (a r row) t o t h e m u s c l e t i s s u e (M), w i t h 
i n f i l t r a t i o n o f c e l l s w i t h i n t h e p o r e s (P); C & D - BGS, d i s i n t e g r ­
a t e d s m a l l p a r t i c l e s o f BGS g r a n u l e s a r e a p p o s e d t o t h e m u s c ­
le t i s s u e , D- s h o w m e s e n c h y m a l c e l l s a n d f e w y e l l o w m i n e r a l i ­
z ing zones; E & F - HABGS g r a n u l e s w i t h a t h i n c o n n n e c t i v e t i ­
ssue , m i n e r a l i z i n g zones w e r e n o t o b s e r v e d . 



F i g u r e - V - 8 
P h o t o m i c r o g r a p h s o f HA (A-D) & BGS (E-H) c o a t e d w i t h FG i m p l a n t e d in mic 
q u a d r i c e p s m u s c l e a f t e r 2 8 days. A & B - HA c o a t e d w i t h 2.5 m g FG and C & 
H A c o a t e d w i t h 5 m g FG; E & F - BGS c o a t e d w i t h 2 .5 m g FG a n d G & H - BG 
c o a t e d w i t h 5 m g FG. N o adverse i n f l a m m a t i o n o r f i b r o u s t i s s u e e n c a p s u l a t 
w a s o b s e r v e d a round t h e s e m a t e r i a l s . 
( I - I m p l a n t , NB - N e w bone, M - M u s c l e ) 
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Implants underwent active degradation exhibiting large cracks, which were 

infiltrated by few fibroblast cells and osteoblast-like cells. No inflammatory reaction 

was observed around the granules. Nee-vascularization was observed in the vicinity 

of the implants. Osteoblast-like cells were seen in close proximity with the newly 

formed blood vessels. A 20 !J.m thick gel layer was observed around few BGS 

granules. Polymorphic cells around the implant could be seen with few foreign body 

giant cells and monocytic macrophages. Mesenchymal cells were seen lining the 

ceramic .granules in close apposition as well as inside the cracks. A loose connective 

tissue is seen parallel in apposition to the ceramic granules, no fibrous tissue was 

observed in any of the sections observed. 

Bone formation was observed with BGS coated with 2. 5 mg of FG. The 

newly formed bone is an immature woven bone with osteoblast-like cells lining the 

implant and the newly formed bone (Figure.V.SE, Figure.V.8E & F). Mesenchymal 

cells were seen within the disintegrated BGS granules and on the periphery of the 

granules. The degradation of the granules is from the periphery to the center 

(Figure.V.8F). The connective tissue is arranged parallel to the implant surface. Few 

foreign body giant cells were seen around the implant where the degradation of the 

material is high. New bone is formed in close apposition with the granules and also 

seen as 'bone-islands' adjacent to the implant. Bone is not formed throughout the 

granule but is seen randomly, always associated with new blood vessels around them. 

BGS granules coated with 5 mg of FG showed pronounced new bone 

formation around the material and in close apposition to the material (Figure.V.S F, 

Figure.V.8 G & H). The granules had undergone active degradation and were 

completely disintegrated into bits, infiltrated by mesenchymal cells, macrophages 

and foreign body giant cells (Figure.V.6 C). A thick loose connective tissue has 
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encapsulated the granules at 2 - 3 cell distance. The gap between the connective 

tissue and the granules is filled with loose matrix with degraded granules and cells. 

The bone is seen in close apposition with the granules and as bone islands 

(Figure.V.6 C & D) as observed with 2.5 mg FG. Nee-vascularization (Figure.V.6 D) 

is observed adjacent to the implant and also near the bone islands. Osteoblast-like 

cells were seen lining the newly formed bone (Figure.V.6 D). 

The uncoated HABGS granules were intact in the middle without any cracks 

and the degradation of the granules was observed only on the periphery 

(Figure.V.5G). The granules were seen in close proximity to one another with loose 

connective tissue infiltrating the cracks on the periphery (Figure. V. 7E & F). The 

connective tissue is seen in close apposition to the blunt phase of the ceramic 

granules. Degranulated areas were seen on the periphery of some granules indicating 

active degradation but no osteoclast-like/foreign body giant cells were seen in close 

proximity around these areas. No inflammatory cells were seen around the implanted 

granules. Few monocytic macrophages were observed around the granules. with 

fibroblast cells. Osteoblast-like cells were not observed. Nee-vascularization was 

observed away from the ceramic granules but not in close proximity to the ceramic 

granules. Mineralizing areas were observed at the close proximity of the implant 

without any well developed bone (Figure.V.7 F). 

The HABGS granules coated with 2.5 mg FG showed cracks on the 

periphery. Thin loose connective tissue was seen encapsulating and infiltrating into 

the cracked surface of the granules (Figure.V.5H). The granules were not seen 

apposed with the loose connective tissues. There were 10 - 25 !lm gap between the 

ceramic granules and loose thick connective tissue capsule. This gap is occupied by 

mesenchymal cells, osteoblast-like cells and few macrophages. 
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F i g u r e - V - 9 

P h o t o m i c r o g r a p h s o f H A B G S c o a t e d w i t h FG i m p l a n t e d i r 
m i c e q u a d r i c e p s m u s c l e a f t e r 2 8 d a y s . A & B - H A B G S c o a 
t e d w i t h 2 . 5 m g FG ; C & D - H A B G S c o a t e d w i t h 5 m g FG, 
s e e n c l o s e l y a p p o s e d w i t h t h e m u s c l e (M ) t i s s u e ( b l u e a n 
o w s ) a n d t h e b l a c k a r r o w s d e n o t e s t h e b o n e a p p o s e d t o 
t h e i m p l a n t ( I ) a n d b o n e i s l a n d s ( B l ) . 
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Bone is seen formed in close apposition with the ceramic granules and also as 

'bone islands' (Figure.V.9A & B). The newly formed bone was immature woven 

bone. No osteocytes were observed within the mineralized matrix. Only osteoblast-

like cells and few fibroblast cells were seen lining the newly formed bone. No 

inflammatory reactions were observed in any of the sections. Nee-vascularization is 

observed adjacent to the implant with the newly formed bone as well as away from 

the implant (Figure.V.6 E, Figure.V.9 B). 

HABGS coated with 5 mg FG showed better tissue response than 2.5 mg FG 

coated HABGS granules. The material has degraded and loose thin fibrous 

connective tissue is seen encapsulating the granules, and the newly formed 'bone 

islands' (Figure.V.5I, Figure.V.9C & D). \Vithin and surrounding the capsule, 

mesenchymal cells, osteoblast-like cells and few macrophages were observed. Neo-

osteogenesis was observed with 5 mg FG. The newly formed bone is immature 

woven bone, seen in close apposition with the granules and as 'bone islands'. The 

'bone islands' were seen more in number when compared to the bone in apposition 

with the granules. Blood capillaries were seen around the implant and the bone 

islands (Figure.V.6 F). 

V.1.5 QUANTITATIVE IMAGE ANALYSIS 

V.1.5.1 Radiography 

Image analysis of the implant zone revealed a significant difference between 

\ the uncoated ceramic granules and the FG coated ceramic granules (Figure.V.2B). 

The opaqueness of the implanted site was quantified with respect to the total area of 

the X-ray exposed. HA coated with 2.5 mg FG showed significant difference of 

P < 0.01 and 5 mg FG coated HA showed P < 0.001 when compared to the uncoated 

HA granules. BGS coated with 2.5 mg FG showed significant difference of P < 0.10 
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and 5 mg FG showed P < 0.02 when compared to the uncoated BGS granules. 

HABGS granules coated with FG also showed significant difference with 2.5 mg FG 

p < 0.01 and with 5 mg FG coated HABGS P < 0.01 to that of uncoated HABGS 

granules (TableV.1). 

Table V.l 

Material Control(%) I 2.5 FG(%) 5FG(%) I I 

HA 8.26 ± 0.20 I 10.3 ± 0.17 10.16 ± 0.08 I I 
BGS 10.56 ± 0.08 I 10.2 ± 0.11 13.83 ±0.80 I 
HABGS 8.56 ± 0.33 I 10.46 ± 0.08 13.33 ± 0.63 

I ! 

V.1.5.2 Stained Sections 

Image analysis of the uncoated HA, BGS and HABGS granules and fibrin 

glue (FG) coated granules were carried out to quantify the percentage of new bone 

formed after 28 days post-implantation in the mice quadriceps muscle. 

Quantitative image analysis of HA implanted in mice quadriceps muscle with 

and without FG after 28 days (Figure.V.lO A), revealed that the percent area of 

implant zone in uncoated HA was 32.92 ± 9.25, however some fibrous area of 

9.09 ± 1.28 was observed around the implant. The implant zone with 2.5 mg FG 

coated HA was 40.33 ± 6.08 and with 5 mg FG coated HA 35.20 ± 6.19. No 

mineralizing areas were detected with HA uncoated and FG coated HA granules. The 

fibrous tissue was not detected with FG coated ceramic granules. Statistically no 

significant change was observed between the implant zone (IZ) and the soft tissue 

(ST) ofHA uncoated and FG coated HA granules (Table.V.2) 

i.il l; 
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Table V.2 

Material IZ ST MZ FZ 
(%) (%) (%) (%) 

HA-Control 32.92 ± 9.25 63.65 ± 8.38 0 9.09 ± 1.28 
HA-2.5 FG 40.33 ± 6.08 59.67 ± 6.08 0 0 

HA-5FG 35.20 ± 6.19 63.73 ± 5.60 0 0 

The percent area of the implant zone with uncoated BGS granules 

(Figure.V.lO B) was 49.82 ± 4. 70 and the implant zone was comparatively less with 

2.5 mg FG coated BGS granules 35.43 ± 3.14 and 5 mg FG coated BGS granules 

39.72 ± 5.33. Statistically no significant change was observed between the implant 

zone (IZ) and the soft tissue zone (ST) of FG coated and uncoated BGS granules. 

\Vhereas, BGS coated with 2.5 mg FG and 5 mg FG mineralizing zone (MZ) showed 

statistically significant change compared to the uncoated BGS granules. The percent 

area of the mineralizing zone (MZ) with 2.5 mg FG coated BGS granules was P < 

0.10 and with 5 mg FG coated BGS granules the significance was P < 0.05. No 

fibrous tissue (FZ) was detected with the uncoated BGS and FG coated BGS granules 

(Table.V.3). 

Table V.3 

! .Material IZ I ST 
I 

MZ I FZ 
l (%) (%) (%) ' (%) I 

! BGS-Control 49.82 ± 4.70 46.21 ± 5.81 I 1.25 ± o.44 I 0 
i BGS-2.5 FG 35.43 ± 3.14 57.u ± 4.n I 7.45 ± 2.37 I 0 I 
I BGS-5 FG 39.72 ± 5.33 46.84 ± 4.91 l 9.83 ± 1.94 I 0 

FG coated HABGS granules after implantation showed a marked reduction in 

the percent area of the implant zone (IZ) when compared to the uncoated HABGS 

granules (Figure.V.10. C). The implant zone for uncoated HABGS granules was 

55.48 ± 11.6, without any mineralizing zones and with 2.5 mg FG coated HABGS 
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granules the implant zone was 38.80 ± 4.62 and the mineralizing zone was 10.29 ± 

2.87. HABGS coated with 5 mg FG had an implant area of 33.41 ± 6.23 v.ith a 

mineralizing zone of 18.57 ± 5.80. The percent area of mineralizing zone was more 

in HABGS coated with 5 mg FG than 2.5 mg FG coated granules .. Fibrous zone for 

uncoated HABGS granules was 8.74 ± 1.46, 2.5 mg FG coated granules also showed 

fibrous zone of 11.9 ± 1.22 and no fibrous zones were observed with 5 mg FG coated 

HABGS granules. No statistically significant change was observed for the percentage 

of new bone formed between 2.5 mg and 5 mg FG coated HABGS granules 

(Table.V.4). 

Table V.4 

Material IZ ST l\lZ FZ 
(%) (%) (%) (%) . 

HABGS-Control 55.48 ± 11.6 j37.60 ±13.49 0 8.74 ± 1.46 
HABGS-2.5 FG j38.80 ± 4.62 !38.36 ± 5.07*\10.29 ± 2.87 11.9 ±1.22 
HABGS-5 FG 33.41 ± 6.23 155.45 ± 5.80 18.57 ±8.50 0 

V.1.5.3 Fluorescence Sections 

Quantitative image analysis of the fluorescence sections was performed to 

analyze the percentage of mineralizing zone after tetracycline administration at Day 

15 (Figure.V.ll ). RJ\ uncoated and FG coated samples did not show any 

mineralizing zone. BGS uncoated showed a mere 0.922 ::' 0.276 percent area of 

mineralizing zone. Whereas, 2.5 mg FG coated BGS granules showed 5.808 ::: 0.35 

and 5 mg FG coated BGS granules showed 4.629 ± 0.645 percent of mineralizing 

zone. HABGS uncoated granules showed mineralizing area of 2.746 ± 0.302 and 2.5 

mg FG coated HABGS showed 2.545 ± 0.49 and 5 mg FG coated HABGS granules 

showed mineralizing areasof7.275 ± 1.695 percent (Table.V.S). 
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IZ= IMPLANT ZONE 
ST=SOFT TISSUE ZONE 
MZ= MINERALIZING ZONE 
FZ= FIBROUS TISSUE ZOh 

17 ST M7 F7 

• B G S - C o n t r o l 

• B G S - 2 . 5 F G 

• B G S - 5 F G 

M Z F Z 

• H A B G S - C o n t n 

• H A B G S - 2 . 5 F C 

• H A B G S - 5 F G 

• 
I Z S T M Z F Z 

F i g u r e - V - 1 0 
i m a g e a n a l y s i s or b i o a c t i v e c e r a m i c g r a n u l e s i m p l a n t e d i n m i c e 
q u a d r i c e p s m u s c l e w i t h a n d w i t h o u t FG a f t e r 2 8 d a y s : A - HA; B -
BGS a n d C - H A B G S g r a n u l e s . C o n t r o l ( u n c o a t e d FG) i s c o m p a r e d 
w i t h 2 . 5 m g FG a n d 5 m g FG c o a t e d g r a n u l e s f o r t h e p e r c e n t a g e 
o f b o n e f o r m e d . N o t e : * = p < 0 .05 
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F i g u r e - V - 1 1 

H A - H A - H A - B G S - B G S - B G S - H A B G S - H A B G S - H A B G S -
c o n t r o l 2 .5mgFG 5 m g F G a lone 2.5FG 5 m g F G C o n t r o l 2 .5mgFG 5 m g F G 

Q u a n t i t a t i v e i m a g e a n a l y s i s o f t h e p e r c e n t a g e o f m i n e r a l i z i n g z o n e s 
o b s e r v e d a t d a y 1 5 ( t e t r a c y c l i n e ) w i t h u n c o a t e d a n d FG c o a t e d H A 
i m p l a n t e d i n m i c e q u a d r i c e p s m u s c l e a f t e r 2 8 d a y s . U n c o a t e d H A an 

FG c o a t e d H A d i d n o t s h o w a n y m i n e r a l i z i n g a r e a s b u t , u n c o a t e d an< 
FG c o a t e d B G S a n d H A B G S s h o w e d a c t i v e m i n e r a l i z i n g z o n e s a t d a y 
1 5 a f t e r i m p l a n t a t i o n . N o t e : * * = p < 0 . 0 1 ; * * * = p < 0 . 0 0 1 

T a b l e . v . 5 

Material 
HA-control 

IZ 
54.157 ±0.793 

MZ 
0 

ST 
48.364 ±3.135 

HA-2.5mgFG 54.186 ±0.264 0 45.813 ±0.264 
HA-5mgFG 53.3 ± 1 .55 0 46.693 ±1.55 
BGS-control 58.63 ±2.54 0.922 ±0.276 37.739 ±0.193 
BGS-2.5FG 32.199 ±1.29 5.808 ±0.35 61.087 ±1.39 
BGS-5mgFG 64.017 ±1.68 4.629 ±0.645 30.491 ±0.944 
HABGS-Control 73.605 ± 1 .7 2.746 ±0.302 23.422 ±1.522 
HABGS 2.5mgFG 75.291 ± 6 .3 2.545 ±0 .49 20.692 ±5 .44 
HABGS5mgFG 62.394 ±4.74 7.275 ±1.695 31.636 ±2.72 

T a b l e s h o w t h e q u a n t i a t i v e i m a g e a n a l y s i s d a t a o f 
t h e s t a i n e d s e c t i o n s o f HA , BGS a n d H A B G S u n c o a t e d 
a n d FG c o a t e d g r a n u l e s i m p l a n t e d i n m i c e q u a d r i c e p s 
m u s c l e a f t e r 2 8 d a y s . 
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Statistically significant difference in the mineralizing zone was observed with 

2.5 mg FG coated BGS (P < 0.001), BGS coated with 5 mg FG (P < 0.01) and 

HABGS coated with 5 mg FG (P < 0.10). 

V.1.6 Optical Surface Analysis (3 0- Luminance) 

V .1.6.1 Material-Tissue Interface 

Uncoated HA revealed rough interface between the tissue and the implant in 

the bonding zone (Figure.V.12 A). Whereas, HA coated with 2.5 mg FG and 5 mg 

FG showed smooth bonding surface without any gap (Figure.V.l2 B & C). Uncoated 

BGS granules showed normal bonding with the tissue (Figure.V.l2 D), whereas, the 

2.5 mg and 5 mg FG coated granules showed large gap at the interface of the tissue 

and the implant (Figure.V.12 E & F), with HABGS coated and uncoated granules the 

bonding of soft tissue to the ceramic granules appeared to be normal 

(Figure.V.l2 GI). 

V .. 1.6.2 Bone-Tissue-Implant Interface 

BGS uncoated granules were seen in close apposition with the newly formed 

osteoid, where a step-like appearance could be noticed (Figure. V.13 A). The FG 

coated (2.5 and 5 mg) BGS granules showed smooth bone apposition to the granules 

(Figure. V.l3 B & C). R>\BGS control granules did not show any mineralized zones 

and hence the surface analysis was performed only for FG coated HABGS granules. 

The FG coated HABGS granules showed stable smooth interface (Figure.V.l3 D), 

where the bone is seen in close apposition vvith the granules. But a gap was observed 

between the newly formed bone and the soft tissue (Figure.V.14 A). 

V.1.6.3 Bone-Island Surtace 

The bone island is isolated from the soft tissue without any direct surface apposition 

(Figure.V.l4 B). 
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F i g u r e - V - 1 2 

3 - D s u r f a c e l u m i n a n c e ( O p t i m a s I m a g e A n a l y s i s S o f t w a r e ) o f t h e 
m a t e r i a l t i s s u e i n t e r f a c e a f t e r i m p l a n t a t i o n in m i c e q u a d r i c e p s 
m u s c l e , p o s t - i m p l a n t a t i o n - 2 8 d a y s . A - HA u n c o a t e d ; B - 2 .5 mg 
FG c o a t e d & C - 5 m g FG c o a t e d HA; D, E & F - BGS u n c o a t e d a n d 
2.5 a n d 5 m g FG c o a t e d s u r f a c e ; G, H & I - HABGS u n c o a t e d a n d 
2.5 a n d 5 m g FG c o a t e d s u r f a c e . T h e i n t e r f a c e o f t h e t i s s u e (T) & 
t h e b i o a c t i v e c e r a m i c i m p l a n t (I ) is s h o w n . 
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F i g u r e - V - 1 3 
3 - D s u r f a c e l u m i n a n c e i m a g e o f B G S a n d H A B G S g r a n u l e s i m p l a n t e d 
i n m i c e q u a d r i c e p s m u s c l e a f t e r 2 8 d a y s . A - B G S u n c o a t e d ; B - B G S 2 . ! 
m g FG c o a t e d ; C - 5 m g FG c o a t e d a n d D - H A B G S - 5 m g FG c o a t e d , s1 
a i n e d s e c t i o n s . T h e i m p l a n t - b o n e - s o f t t i s s u e i n t e r f a c e i s s h o w n . 
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A 

HABGS - 2 .5 FG 

F igu re - v -14 
3 - D s u r f a c e l u m i n a n c e i m a g e o f H A B G S g r a n u l e s i m p l a n t e d i n m i c e 
q u a d r i c e p s m u s c l e a f t e r 2 8 d a y s . A & B - H A B G S 2 . 5 m g FG c o a t e d ; 
s t a i n e d s e c t i o n s . T h e i m p l a n t - b o n e - s o f t t i s s u e i n t e r f a c e a n d t h e 
i n t e r f a c e b e t w e e n t h e s o f t t i s s u e a n d b o n e i s s h o w n . 
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V.1.71n Vivo- Heterotopic Implantation: Discussion 

Synthetic grafts like hydroxyapatite (HA), tricalcium phosphate (TCP) and 

bioactive glass and glass ceramics (BG) are extensively studied for their bioactive 

property in in vitro and in vivo situations in order to understand the bioactive nature 

of these materials. The in ·vitro evaluation includes simulated body fluid studies, 

intended cell-material interaction studies while in vivo studies small and large 

animals are used for material evaluation, for its bioactive property at heterotopic and 

orthotopic sites. 

Material response of HA, TCP and BG on the systemic influence, toxicity 

immunological action (Anderson, 1971), bonding (Hench, 1988), 

mechanical property (Roland eta/., 1985, Nakamura eta/., 1985), biodegradation, 

and its limited tissue response has been extensively investigated (de Groot, 1983; van 

Raemdonck et al., 1984; Ducheyne and Lemons, 1988). This combination of in vitro 

and in vivo studies has led to a better understanding of surface reactions of bioactive 

ceramics in the body and their effects on bone formation and cell function. 

Osteoconductive property of bioceramics in bone is well established but most 

investigators believe that calcium phosphates are devoid of intrinsic osteoinductive 

properties. The varied possible factors involved in this biological mechanism, of 

heterotopic osteogenesis phenomenon include the type of ceramics, porous structure, 

phase composition, implantation site, the animal species, and therefore this 

phenomenon is not constantly observed. 

X-ray images of HA, BGS and HABGS did not reveal much change after 

implantation. Calcium phosphate ceramics are opaque to X-rays and hence if any 

bone formed around could not be detected. Image analysis of the X-rays was done to 
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identify any change. The changes were compared with the initial or zero day of the 

ceramic granules implanted in the mice. The surface area for the BGS and HABGS 

granules alone ~howed some change whereas HA did not. This could be due to the 

material degradation or new bone formed around BGS and HABGS. 

The difference between the bioactive and bioinert implants is their response 

to tissue in in vivo, by forming a bond with the host tissue. Bioactive implants 

showed stronger chemical bonding, whereas inert implants showed weaker 

mechanical bonding (Heimke, eta/., 1980). For glass ceramics, bonding with bone is 

dependent on the phosphorous concentration in the bulk material. A phosphorous 

concentration of between 2 and 6 % gave good bonding whereas, less phosphorous 

was associated with the presence of macrophages, and too high a concentration is 

thought to cause ectopic calcification (Clark eta/., 1976). 

The in vitro simulated studies on HA, BGS and HABGS revealed that 

phosphate leaches more from the material by 12 hours in rabbit serum. After 28 days 

it was observed that HA granules implanted in the mice revealed thick connective 

tissue around the material that may favour strong bonding with the tissue and prevent· 

micromotion. The absence of inflammatory reaction around the material suggests that 

the material is compatible with the host tissue. BGS and HABGS granules showed 

thin loose connective tissue bonding with the material, with a - 10 - 15 J.tm gap 

between the thin loose fibrous capsule and the implant. This could be due to the 

glassy phase observed around the material. This glassy phase is seen well integrated 

with the newly formed connective tissue. Where there is no glassy phase the 

connective tissue were seen bonded with the granule surface. 

When the implant is successfully immobilized in the soft tissue during the 

experimental period, soft tissue adhesion to 4585 was observed (Hench and Paschall, 
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1973). Crystalline glass ceramic Ceravital does not bond to soft tissues. Previous 

experiments have shown soft tissue-Bioglass00 adhesion in sheep (Wilson and 

Nolletti), dogs (Wilson and Merwin, 1988), monkeys (Wilson et a/., 1987) and rats 

(Wilson et al., 1981). 

HA did not show any bone formation within the pores and only loose 

connective tissue with mesenchymal cells was observed, which suggested that 

osteoinduction has not taken place ti1128 days. The pore size (100 to 120 J..llll) did not 

contribute to the early osteoinduction. The delay or absence of osteoinduction in HA 

could be due to the implantation duration. Whereas, BGS and HABGS granules are 

non-porous and the random pore size in these materials were in the range of 30 J..lm to 

40 J..lm. Scanty mineralizing areas were observed in apposition to the implant and on 

the surface in some sections with BGS and HABGS granules. The material has 

cracked and fibroblast cells and few macrophages were observed without any 

osteoblast cells within the pores. 

The observations made by early investigators revealed that porous material 

evoked different response based on the size of the pores. Pores lesser than 5 J..lm did 

not allow tissue ingrowth, pores that are 25 J.Uil showed fibrous and vascular tissue, 

40 J..lm pores showed limited mineralized bone ingrowth, pores of more than 100 J..lm 

led to variably deep ingrowth of bone, and pores larger than 500 J..lffi showed rapid 

but incomplete filling with bone (van Blitterswijk eta/., 1986). Heughebaert eta/., 

(1988) reported that porous HA implanted in soft tissue in hamsters for 12 months 

favored bone formation by osteoinduction. Yamasaki et a/.,(1990) reported that 

porous HA ceramic granules implanted in abdomen of dog resulted in heterotopic 

bone after 3 months. 
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HA, BGS and HABGS did not evoke any chronic inflammatory reaction, 

which is evident from the histological observations. The materials were seen well 

tolerated by the host tissue, with good tissue material bonding. It is well known that 

all implanted biomaterials encounter inflammation caused by the wound inflicted 

during surgery. 

The first phase of wound reaction is the stage of hemostasis, followed by 

acute inflammation with dilatation of blood vessels, leukocyte infiltration and 

fibroblast proliferation. In the absence of any foreign body, the wound is eventually 

filled with scar tissue and regains approximately 70 % of its original strength after a 

period of 6 months and 2 years. Foreign body reaction is characterized by the 

presence of a capsule formed by parallel collagen fibers that encompasses a 

concentration of macrophages and foreign body giant cells (Coleman et al., 1974). 

The severity of implant-associated chronic inflammation depends on several factors. 

The prime concern is the physicochemical property of the implant material. Some 

authors have reported that an implant material can affect the number of macro phages 

and foreign body giant cells at the site of implantation (Geret et al., 1986). 

Unfortunately, it is not always clear whether these differences originate from 

structural or chemical characteristics, surface roughness (Salthouse and Matlaga, 

1980), surface tension (Hench and Ethridge, 1982; Schakenraad et al., 1986), 

chemical composition (Clark et al., 1976), implantation site (van Blitterswijk and 

Grote, 1989). The implantation site is known to affect the inflammatory response to a 

biomaterial (van Blitterswijk et al., 1985) due to micromotion (Hench and Ethridge, 

1982; van Blitterswijk et al., 1985), while vascularity and elastic modulus are also 

thought to play important roles in eliciting or minimizing the inflammatory response. 
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Surgical incision leads to breaking of the vessels and release of blood leading 

to a cascade of reactions in initiating a clot. Hence, the first blood-material 

interaction will be the adsorption of the protein molecules on the implant surface. 

HA, BGS and HABGS showed equal amounts of protein adsorption on the material 

surface as observed in our in vitro dissolution experiments. In the alkaline pH, the 

foetal calf serum protein adsorption was 50 % on HA, BGS and HABGS granules, 

whereas at normal pH in rabbit serum, the protein adsorption was 10% and all the 

three materials showed apatite formation by 24 hours as confirmed by FT-IR studies. 

From this study it is understood that pH definitely played a preferential role in 

deciding the adsorption of the type and amount of proteins irrespective of the 

material surface. But, the adsorption of the protein did not retard the release or uptake 

of calcium and phosphate ions but could possibly change surface properties which 

influences cell adherence (Schakenraad et al., 1986). Protein adsorption might also 

influence ceramic degradation upon implantation, and significantly slow down the 

formation of a bone mineral surface layer (Radin and Ducheyne, 1994; 1996). Klein 

et al., (1984) demonstrated a decrease of phagocytosis of hydroxyapatite and 

tricalcium phosphate by neutrophils after coating the material with serum, albumin or 

a- 2HS- glycoprotein. Subcutaneous implantation ofHA has revealed the presence of 

serum protein fibronectin and IgG in guinea pig. Serum proteins adsorbed on the BG 

surface favored only an amorphous surface composed of S~ Ca and P until 7 days in 

serum (Radin et al., 1997). Therefore, in the presence of serum proteins, the apatite 

formation is extensively delayed, a finding consistent with other data on the effect of 

proteins on nucleation and crystal growth of apatite (Martin and Brown, 1994; Radin 

and Ducheyne 1996). 

II,, .. 
I• 
l-
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With respect to the three materials implanted intramuscularly in the 

quadriceps muscle the healing of the tissue was normal. No chronic inflammation 

was observed around the material after 28 days with HA, BGS and HABGS granules. 

Few macrophages, neutrophils and foreign body giant cells were seen around the 

implant where the degradation of the material was prominent which is in conjunction 

with normal cell response after a wound infliction. This confrrmed that the materials 

were less toxic and evoked minimal inflammatory reaction. Drobeck et al.,(l984) 

reported that hydroxyapatite discs and particles implanted subcutaneously in the rat 

showed only isolated macrophages at 7 and 24 days. Misiek et al.,(1984) gave a 

contradicting report to the earlier report by Drobeck (1984). He observed that the 

inflammation was seen even at 2 weeks after implantation with multinucleated cells 

in the granulation tissue enveloping both kinds of specimen. Furthermore, the 

particles were rimmed with macrophages. Similar inflammatory signs were observed 

even after 6 weeks. This differential inflammatory response to the ceramics could be 

due to the type of ceramics, the implant dimensions, the site of implantation, and the 

animal species. There seems to be no indication that the severity of the inflammation 

is correlated with the kind of ceramic used. The absence of any significant 

inflammatory reaction after long-term implantation is reported by several 

investigators for hydroxyapatite (Klein et al., 1983; van Blitterswijk et al., 1985), 

tricalcium phosphate (Klein et al., 1983), glass ceramics (Hench and Ethridge, 1982; 

Hench, et al., 1984; Ono et al., 1990). 

Neo-vascularization was observed around HA, BGS and HABGS granules. 

Thick connective tissue was observed in close apposition with HA granules, with 

I 
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new capillaries and venules. BGS and HABGS also showed new capillaries and 

venules in close proximity to the implant granules. 

HA, BGS and HABGS showed good cellular morphology and no necrosis 

was observed in all the sections observed. HA did not reveal any osteoblast or 

osteoblast-like cells even after 28 days of intramuscular implantation. BGS and 

HABGS granules showed osteoblast-like cells lining the granules where apatite- like 

deposits (approximately 15 1-1m) were formed. In the mineralizing zones these 

osteoblast- like cells were observed, but not in close apposition with the mineralizing 

zone. These mineralizing zones are seen in close apposition with the material surface. 

This could be due to the active reaction that is going on between the granule surface 

and the newly mineralizing area. The presence of the capillaries and venules around 

the material or in close proximity to HABGS and BGS granules might have favored 

the induction. Osteoblast cells seen around the implants might have originated either 

from the proliferation, differentiation and migration of the perivascular pericytes and 

endothelial cells or the mesenchymal stem cells or committed osteoprogenitor cells 

as observed in periosteal osteogenesis and bone fracture repair (Urist et al., 1983; 

Brighton and Hunt, 1991; Diaz Flores et al., 1992; and Ripamonti et al., 1993). A 

delayed osteoinduction is observed in HABGS and BGS granules but not in HA 

granules. 

Bonding of the tissue to the material surface decides the biocompatible, 

bioactive property of the material, which would ensure the mechanical stability of the 

implant in vivo. 

Bioactive implants showed stronger chemical bonding whereas, inert implants 

showed weaker bonding (Heimke, et al., 1980). The porosity of the material and the 

surface roughness of the material could decide the tissue attachment. HA being 
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porous showed loose fibrous tissue infiltration into the granules. Since the pores of 

the granules are not interconnected it is obvious that the penetration of the tissue will 

be only to the pore surface. The thick/thin fibrous connective tissue seen around the 

implanted HA is in close apposition with the surface of the granules, supported by 

the in vitro experiments where a thick monolayer of fibroblast cell/thin monolayer of 

osteoblast cells was observed attached on the HA surface. So it is obvious that 

fibroblast cells adhere more on the HA surface which perhaps depends on the type of 

protein that was adsorbed from the serum on to the material surface and also to the 

less reacting HA surface in the physiological media. 

BGS and HABGS materials have almost similar tissue responses. Loose 

fibrovascular connective tissue was observed around the granules. The apposition of 

this connective tissue was observed only in the regions were there is no glassy phase 

or apatitic surface. The material has cracked and thin fibrous connective tissue could 

be seen infiltrating these cracks and prevented the movement of these granules. This 

is confirmed by the less inflammatory reaction in the vicinity of the materials. 

HA, BGS and HABGS are known for their bioactive property due to the close 

chemical similarity to the bone tissue. The dissolution studies performed on these 

granules in various buffers indicated that the material response is broadly in favor of 

the pH. And it is well known that pH of the microenvironment plays a definite role in 

altering the bioactive property of the material which in turn will elicit an appropriate 

cell or tissue response. 

The pH in turn should be stable to evoke a proper response, if not then there 

could be an aggressive reaction of the medium and the cells around the material. 

From our observations, the materials subjected to various pH, influenced the pH 

change by complex chemical reactions and evoked apatite deposition. This apatite 



V-33 

deposition is very crucial in evoking a proper cell response in in vitro and in vivo. 

The rate of bioactivity is directly proportional to the tissue response seen around the 

material in vivo. HA showed thick, loose connective tissue around the material 

surface in close apposition whereas, in BGS and HABGS the tissue bonding was 

observed in the areas where apatite deposition or "reactive zone" is not occurring. 

Reactive Zone: It is the interface between the reacting bioactive material 

surface and the active extra cellular matrix. 

For glass ceramics, bonding with bone is dependent on the phosphorous 

concentration in the bulk material. A phosphorous concentration of between 2 and 6 

% gave good bonding. Bioglass® compositions containing from 42 to 52 mol% of 

Si02 can bond to soft tissues, in a sheep model, between 1 and 3 months. The 

composition containing 45 mol% has been previously bond to soft tissue (Wilson 

and Merwin, 1988). Substitution of CaF2 for some of the CaO in 45S5 Bioglass® did 

not affect this ability. Hence it is concluded that chemical bonding to the tissue 

occurred initially via protein adsorption followed by the materials intrinsic property. 

It is important to know the biodegradation property of the material before 

subjecting the material for the intended application. The sintering temperature, the 

chemical composition, the mechanical property of the material and the type of 

protein adsorption and cell response are the deciding factors in the biodegradation of 

the QJ.aterial. 

The results from our dissolution studies revealed that HA material is less 

degrading in all the media at different pH. BGS and HABGS granules showed the 

same trend of material release of calcium and phosphate and the surface morphology 

and apatite formation after 12 and 24 hours. This is just an initial response of the 

Ill 



V-34 

material to various media in in vitro. From these observations, the material 

degradation at an early period can be pictured in an in vivo situation. 

Hydroxyapatite did not show any material degradation. BGS granules showed 

cracks and was completely disintegrated into particles of 50 to 60 ~m in size. 

HABGS granules did not break up but the periphery of the granules showed intense 

degradation, and the center of the granules showed few cracks, infiltrated by cells. 

The behaviour of the granules in vivo correlated to the in· vitro situation of the 

granules in different pH and protein concentration. 

HA being granular, porous, irregular, moderately smooth did not evoke any 

chronic inflammatory reaction. Foreign body giant cells and macrophages could be 

seen where the surface of the material is irregular and rough and have small pits that 

are of 2 to 3 cell diameter. BGS and HABGS material showed cracks on the material 

surface, which could be due to the active degradation of the granules by the cells and 

the material itself breaks down after interacting with physiological fluid. BGS and 

HABGS granules are not macroporous and they have pores in the order of 30 to 

40 ~m in size, which is seen infiltrated by mesenchymal cells and few macrophages. 

No aggressive inflammatory action was observed around these pores and surface of 

the granules ti1128 days. 

It is well accepted that implant shape and surface structure have a direct 

influence on the biological performance of a biomaterial. Size is an important 

parameter, because above a certain size, particles can no longer be phagocytosed 

as a whole, which leads to frustrated phagocytosis. Surface texture affects tissue 

reactions, making them more severe for rough than for smooth surfaces 

( Salthouse and Matlaga, 1980). Implant shape definitely affects the tissue 

response. Round particles induce less unfavorable reactions than angular 
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materials (Salthouse and Matlaga, 1980; Misiek et al., 1984). Another factor is the 

ratio of volume to surface area, which influences the reaction where a particulate 

induces a more severe reaction than a solid body. The effect of implant porosity has 

two lines of action: porosity has less effect on the natural course of a wound reaction 

(Krizek, 1983), on the contrary, porous implant has an unfavorable volume/surface 

ratio, which can lead to a more severe tissue reaction. Particulate ceramics cause 

more severe inflammatory response than a solid or macroporous body as observed 

with hydroxyapatite (Misiek et al., 1984) and tricalcium phosphate. No significant 

increase in inflammatory response was observed when macroporous hydroxyapatite 

ceramic was compared with dense hydroxyapatite (van Blitterswijk et al., 1985; 

Grote et al., 1986). Since surface texture affects the inflammatory response 

associated with biomaterial implantation, it may well be that bioactive implant 

materials evoke different responses at different times after implantation due to 

material-specific changes in their surface structure. Glass ceramic and calcium 

phosphate ceramics implanted intramuscularly showed more macrophages and 

multinucleated cells at their interface than intraosseous implants due to the stretching 

of the muscle tissue with the implant (Klein et al., 1983; 1983; van Blitterswijk et al., 

1986). Degradation and wear also affect the tissue response to a biomaterial. The 

inflammatory response found for rapidly degrading biomaterial was more severe than 

for a slowly degrading substance. 

Calcium phosphate ceramic materials can be produced with varying Ca/P 

ratios. The Ca/P ratio for bone has been given as 1. 77, for tooth it is dentine, 1.58, 

and for tooth enamel it is 1.64 (Drissens, 1980). The most commonly used calcium 

phosphate bioceramic material is hydroxyapatite, Ca10(P04)6 (OH)2• The rationale for 

using hydroxyapatite as a biomaterial is the advantage of using a material having 
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using hydroxyapatite as a biomaterial is the advantage of using a material having 

similar composition and crystalline structure as natural calcified tissues. 

Hydroxyapatite and other calcium-based ceramic materials can actively encourage 

bone regeneration at the surface of an implant. If has been postulated that the use of 

calci~ phosphate ceramic biomaterials might replace the use of bone grafts in 

orthopaedic surgery. Glass and ceramic materials can be customized using wet 

chemical methods to produce materials with a. wide range of mechanical properties 

(Le Geros et al. 1990; Ducheyne et a/.1993,). Such materials can be made to have 

varying degrees of degradation and ionic release. Bioactive glasses having ·an 

interfacial response that can result in tissue bonding can be produced from mixtures 

of silica, phosphate, calcium, and sodium. Glass-cerami~ containing crystalline 

oxyapatite and fluorapatite [(Caw(P04)6- (O,F2)] and (3-wollastonite (Si02-CaO) in a 

MgO-CaO-Si02 glassy matrix (A-W type) was developed (Nakamura eta/., 1985). 

A-W glass-ceramic bonds to living bone, through a thin calcium and phosphorous 

rich layer that is formed at the surface of the glass ceramic (Nakamura et al., 1985). 

Materials of controlled surface activity (or biodegradability) showing direct 

bonding to bone have been termed "bioactive". Such glass compositions may allow 

release of ions conducive to osteogenesis. Bioactive glasses capable of forming 

chemical bonds may offer potential for long-term stabilization of implants. Strength 

of bioactive ceramic coatings is important due to the action of stress transfer from the 

implant prosthesis to surrounding tissues. 

Fibrin Sealants (FS) or Fibrin Glue (FG) are biological adhesives derived 

from blood. These adhesive systems exploit the final stage of the coagulation 

cascade. Fibrinogen, the main structural protein in the blood responsible for forming 

clots, is proteolytically cleaved and converted into fibrin monomer by thrombin, a 
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serine protease that is converted from its inactive form by a factor Xa. The fibrin 

monomers assemble into fibrils, eventually forming fibers in a 3-D network. Another 

serine protease, Factor XIII, is proteolytically cleaved by thrombin in the presence of 

Ca2+ ions into an activated form. The activated Factor XIII (FXIIIa) then converts the 

noncovalent bonds between the assembled fibrin monomers into covalent bonds by 

transamination. This renders the fibrin gel less susceptible to proteolytic digestion by 

plasmin and also increases the overall strength and stiffhess of the gel. The gel 

adheres to a variety of adherents such as collagen and cell surface receptors, most 

notably integrins. It is readily resorbed by enzymatic and phagocytic pathways. 

FG is widely used in wound healing, it acts as a scaffold for migrating 

fibroblasts as well as a hemostatic barrier (Peacock, 1984), stimulates mesenchymal 

cells (Bruhn et al., 1980), induces and promotes angiogenesis (Knighton et al., 1982; 

Thompson et al., 1985; Ono et al., 1989) and also enhances formation of granulation 

tissue (Dinges et al., 1986). The influence of FG on bone healing or as an inductive 

protein with bioceramics is debatable or quizzical and no proof exists concerning the 

osteogenic potential of FG (Schlag and Redl, 1987). So there are questions to be 

answered - a) Can FG influence nee-osteogenesis? b) Is early bone healing 

accelerated by the use of FG? The presence of factor XIII in FG is definitely known 

to sustain bone healing with systemic application (Claes et al., 1985). Therefore, our 

interest was focused to study the combined effect of FG with bioactive granules on 

the osteoinductive potential of this biomaterial composite at an extraskeletal site in 

the mice model. Clinically fibrin is relatively non-antigenic (Peacock, 1984). The 

possibility of an immunological response was negligible in this study since there was 

no adverse reaction as similarly observed in other in vivo models using heterologous 

fibrin sealants (Sierra, 1993). The absence of any inflammation or the presence of a 
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few foreign body giant cells indicated that the ceramic implants were biocompatible 

and healing was uneventful with FG. 

HA control and test implants did not reveal any active site of bone 

mineralization or osteoid deposition. Even though HA is bioactive it did not favour 

early biomineralizatio~ but the uncoated HA triggered thick fibrous encapsulation 

around the implant granules, perhaps due to its very slow degradation property. 

However, in FG coated HA implants, FG delaminated from the HA coated surface 

and could have prevented the fibrous encapsulation. Histologically, there was no 

new bone formation with FG coated HA but FG favoured differentiation of 

osteoblast-like cells and neo-angiogenesis in the vicinity of the granules indicating 

that ostoogenesis could be a delayed phenomenon for this less reactive material. 

The uncoated HABGS and BGS control implants showed some primitive 

biomineralization on the periphery of the implant, which perhaps may be due to the 

delayed osteoinduction of the bare granules. On the contrary, FG coated with BGS 

and HABGS showed good healing response with neo-osteogenesis. Bone islands 

were seen around the implants as well as in/on the periphery of the implant, which 

could have been formed by the osteoinductive potential of the FG in unison with the 

material characteristics of the granules. In fact, BGS granules degraded faster than 

the HABGS granules. This may be due to the composite nature of the · HABGS 

material having the HA phase which is a slow degrading one than BGS. Hence, the 

bone formation in BGS was within and on the periphery of the granules, whereas in 

the HABGS it was only on the periphery of the granules bone formation was 

observed. Our results are further convinced with the fluorochrome injected animals 

showing active bone mineralizing areas with FG coated BGS and HABGS granules. 

Tetracycline (yellow fluorescence) administered on Day 15 confirmed this incidence 
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of early bone formation and calcein labeling (green fluorescence) on Day 24 showed 

that bone formation is still in progress whereas the control group (HA, BGS and 

HABGS) did not show any fluorescence (mineralizing areas). 

BGS and HABGS coated implants showed cracks on the material, which may 

be due to either the surface tension forces or the microacidic environment or both, 

created by the adsorbed FG onto the material. The FG matrix fiber is seen penetrating 

deep into the microcracks. In the initial hours after · implantation the local acidic 

microenvironment at the defect site might have initiated the active dissolution of the 

BGS and HABGS thereby releasing the FG within it resulting in the induction of new 

bone. We also hypothesize that the calcium and phosphate ions leaching out of the 

granules with the FG, and the ion exchange reactions with the adjacent tissue 

provided the micromilieu that assisted the cellular differentiation and induction of 

osteogenesis in BGS and HABGS implants (Figure V.16). 

The presence of multinucleated giant cells indicated their assistance in 

resorption of the degrading ceramics (Guillemin et al., 1987; Daminen et al., 1994) 

to pave way for de novo bone formation. Active osteoblast cells lining the periphery 

of the implants also indicated that bone formation is still in progress. With respect to 

HA, the material could have released ions very slowly and in turn, the release of FG 

is expected to be very slow to initiate new bone formation in the vicinity of the 

granules. This relates the fact that the phase composition of the material is an 

important criteria in the osteoinduction process that was definitely induced and 

hastened by the presence ofFG. The speed of the formation and reprecipitation of the 

carbonated apatite on the surface of the bioactive materials in vivo (Hench, 1994) 

provides a propitious environment for mineralization around the implants at a very 

early period (Hench, 1991). This explains why the BGS and HABGS materials 
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induced new bone earlier and faster than HA. Osteogenesis is initiated at the ceramic 

surface and there is intimate bone apposition. Hench et al (1991) has proposed that 

the surface of bioactive materials affected cellular activity through the cascade of cell 

differentiation. Reported histological observations have also indicated that the 

amount of time required to first detect osteogenesis was shortened significantly by 

pretreatment of the bioactive ceramic implants with either fibronectin or laminin and 

the retention of cells within ceramics is augmented by the adsorption of the cell­

binding proteins, but this effect varies depending on ceramic pore structure and /or 

chemical composition (Dennis et al., 1992). So probably, the FG adsorbed BGS and 

HABGS allowed cell colonization and differentiation towards bone matrix synthesis. 

The characteristics of fibrin, especially its stimulatory effect on mesenchymal 

cells, and its angiotropic effect suggest a FG-mediated enhancement of osteogenesis. 

Fibrin served as an adhesive for mesenchymal cells in the muscle to attach and 

differentiate in the composite ceramic environment and secondarily to reduce or 

prevent displacement of granules. Osteoblast cells seen around the implants coated 

with FG, might have originated either from the proliferation, differentiation and 

migration of the perivascular pericytes and endothelial cells or the mesenchymal 

stem cells or committed osteoprogenitor cells (Figure. V.15) as observed in periosteal 

osteogenesis and bone fracture repair (Urist eta/., 1983; Brighton and Hunt, 1991; 

Diaz-Flores et al., 1992; Ripamonti eta/., 1993} It has been proposed that FG can 

improve osteogenesis in poorly angiogenic materials like ceramics rw omom and 

Buchman, 1992) and as a carrier in BMP enhanced bone formation. Reddi and 

Huggins (1973) have reported that osteogenic transformation of fibroblasts was 

profoundly influenced by the geometry of the transformants. 
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S c h e m a t i c d r a w i n g o f t h e p o s s i b l e m e c h a n i s m b y w h i c h FG c o a t e d 
c e r a m i c g r a n u l e s f a v o u r e d o s t e o i n d u c t i o n i n m i c e q u a d r i c e p s m u s c l e 
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The animal model and the site of implantation be a factor in deciding the 

process of osteoinduction. Extraskeletally implanted porous HA-TCP ceramic in 

dogs and pigs showed time variations 45-60 days for bone formation. Histologically, 

bone formation was detected in ceramics, implanted in rabbits, goats and rats only 

after 120 days (Yang et al., 1996). Subcutaneous implantation of porous 

hydroxyapatite ceramic granules in abdomen of dogs resulted in heterotopic bqne 

formation only 3 months after implantation (Yamasaki et al., 1990 and 1992). No 

influence of bone matrix gelatin and fibrin sealant was demonstrated histologically 

on early osteoinduction in rats until Day 2l(Schwarz eta/., 1993). Kawamura and 

Urist (1988) noted a significant increase of ectopic bone formation in the mouse 

thigh with sealed BMP/NCP composite implants on post-implantation Day 21, 

despite the use of xenogenic human fibrin. So it is obvious that this phenomenon of 

osteoinduction is not constantly observed in different animal models and varies with 

the physicochemical characteristics of the biomaterial used in respective 

experimental systems. 

In this study, FG-mediated enhancement of bone formation in mice were 

HABGS > BGS > HA with early bone induction by Day 15, not reported elsewhere. 

Further experiments of our engineered composites are to be tested at orthotopic sites 

to understand the FG-mediated induction and enhancement of bone formation to 

unravel this myth. In cases, involving large bone defects, a need to reduce the time is 

necessary to establish the ceramic-bone interface and bony ingrowth. Initiation of 

early osteogenesis is an important criteria in the application of bone repair 

technology, where FG could be an interesting and a promising candidate. 
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V.1.8 Conclusion 

Atraumatic and atoxic osteosynthesis observed on Day 15 with the two­

component FG-ceramic composite at a non-osseous site has proved to be successful 

in the mice model. Bone formation was accelerated by the presence of FG together 

with the favorable phase composition ofBGS and HABGS non-porous granules at an 

ideal implantation site. So osteoinductive proteins and angiogenic factors can 

increase cell retention, which is a significant factor in promoting early differentiation 

of osteogenic cells and an important criteria for the design of osteogenic cell-ceramic 

constructs for tissue regeneration and repair. 
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V.2/n vivo- Orthotopic Implantation: Results 

V.2 .. 1. X-ray 
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X-ray observation revealed the material integrated with the host bone after 3 and 6 

months (Figure.V.l7). The radioopacity of the defect after 6 months implantation 

was higher than the 3 months. The order of radioopacity of the three different 

implants in the tibia bone after 6 months was HA>HABGS>BGS. 

V.2.2 Microradiography 

HA material was seen well integrated with the host bone without any visible 

gap with the newly formed bone after 3 and 6 months, without any visible change in 

the size of the granules (Figure.V.l8 A & B). BGS material after 3 months revealed 

visible gaps at the interface of the new bone and the granules, the granules size has . 

reduced. The gaps seen at 3 months are completely replaced by new bone by 6 

months (Figure.V.l8 C & D). HABGS implanted bone specimen did not show any 

· visible·gaps-after 3 and 6 months (Figure.V.l8 E & F). 

V.2.3 Microangiography 

X-rays of the undecalcified bone did not reveal any blood vessels or 

capillaries around the implant after infusing barium sulphate and Indian ink through 

the femoral vein. Hence, bone was decalcified and the X-ray was taken. Under the 

microscope, the X-ray images revealed fine vessels (probably Volkmann's canal) 

filled with BaSOJindian ink, evident as bright white streaks around the implant 

(Figure.V.l9 A, B & C). Figure V.l9 D, E and F showed normal bone with fine 

vessels adjacent to the implant. 
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H A - Zero D a y H A - 3 Months H A - $ Months 

B G S - Zero D a y B G S - 3 Months B G S - 6 Months 

H A B G S - Zero Day H A B G S - 3 Months H A B G S - $ Months 

F i g u r e - V - 1 7 

X - r a y p h o t o m i c r o g r a p h s o f b i o a c t i v e c e r a m i c g r a n u l e s i m p l a n t e d 
i n r a b b i t t i b i a b o n e :The a r r o w s i n d i c a t e t h e d e f e c t s i t e a t z e r o d a y 
( i m m e d i a t e l y a f t e r i m p l a n t a t i o n ) a n d a f t e r 3 a n d 6 m o n t h s . 



H A - 3 Months H A - 6 Months 

F igure -v -18 
X-ray m i c r o radio g raphs off t h e c r o s s - s e c t i o n off rabb i t t i b i a bone w i t h 
b ioac t i ve c e r a m i c granu les a f te r 3 and 6 months : A, B & C - HA, BGS & 
H A B G S a f t e r 3 m o n t h s ; D, E & F HA, BGS a n d H A B G S a f t e r 6 m o n t h s . The 
a r r o w s i n d i c a t e t h e i m o l a n t a rea . 
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F i g u r e - V - 1 9 

X - r a y i m a g e s o f t h e d e c a l c i f i e d s e c t i o n s o f r a b b i t t i b i a bone 
w i t h a n i m p l a n t v i e w e d u n d e r l i g h t m i c r o s c o p e a n d c a p t u r e 
b y a C C D c a m e r a . A - F s e r i a l s e c t i o n s o f t h e d e f e c t s i t e w i t 
t h e i m p l a n t ( I ) , b l o o d c a p i l l a r i e s ( B v ) p r o b a b l y t h e V o l k m a n r 
c a n a l s a r e m o r e r a d i o o p a q u e w i t h b a r i u m s u l p h a t e . 
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V.2.4 Gross Evaluation 

The in situ position of the implant material was maintained without any signs of 

macroscopic changes in the adjacent tissue. There were no gross evidences of 

inf}arnmation .or necrosis around the implant sites and good healing response was 

observed. The 3 and 6 months groups of HA, BGS and HABGS implanted in rabbit 

tibia bone did not show any visible gaps between the implant and the host bone under 

the stereomicroscope, and while sectioning the implant into thin slices of 100 ~m the 

granules were seen tightly bonded to the newly formed bone and did not slip off. 

V.2.5 Scanning Electron Microscope (SEM) 

HA after 3 and 6 months showed good osseointegration with the newly 

formed bone and showed few gaps of 7 ~m to 15 ~m to be replaced by new bone. 

The implant material was intact even after 3 (Figure.V.20 A & B) and 6 (Figure.V.21 

A & B) months. FG coated HA granules also showed good osseointegration with the 

newly formed bone and no gaps were . observed between the new bone and the 

implant after 3 months (Figure.V.22 A & B). 

BGS after 3 months (Figure.V~20 C & D) showed good osseointegration with 
.. 

the newly formed bone, and the material was seen cracked in the center possibly 

suggesting material degradation. The gaps between the newly formed bone and the 

implants were 15 ~m to 25 ~m after 3 months, and after 6 months (Figure.V.21 C & 

D) the material was completely replaced by bone with very few narrow gaps of 5 ~m 

to 10 ~m. FG coated BGS granules (Figure.V.22 C & D) did not show any gaps 

.. between the new bone and the implant and the healing was good at 3 months. 

HABGS showed enhanced healing and good osseointegration with the newly 

formed bone. Few gaps of 10 Jlffi to 20 ~m were seen between the newly formed 

bone and the implant at 3 months (Figure.V.20 E & F). The six months group of 
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HABGS (Figure.V21.E & F) showed better osseointegration, very few granules are 

left to be replaced by the new bone, the interface between the host bone and the 

implant were at the range of 10 !J.m to 15 !J..m. FG coated HABGS granules 

(Figure. V.22 E & F) also showed the same trend as observed with FG coated HA and 

BGS granules. The healing was normal without any visible gaps between the newly 

formed bone and the implant granule. The implant granule was seen well 

osseointegrated with the newly formed bone. 

V.2.6 Fluorescence Microscopy 

~lineralizing zones were observed in HAP implanted animals (Figure. V.23 A 

& B) in the cortical region and in the imerface of the new bone and the host bone and 

also in few areas of the periosteum and endosteum. Fluorescence was also observed 

in the pores of the implant and in the Haversian system of the mineralizing osteons. 

No fluorescence streaks (lines) \vere observed within the implant. HA coated with 

FG shmved intense fluorescence of tetracycline (Figure. V.24 A) around and adjacent 

to the granules. The formation of new bone seems to be from the implant towards the 

host bone, which is confirmed by the alizarin complexone dye (Figure.V.24 B), 

showing fluorescence away from the implanted granules. The periosteum and the 

Haversian canal showed fluorescence with the alizarin dye that was administered 

after 2 months. 

In BGS implanted animals. the fluorescence was observed in the cortical 

region and on the periphery of the implant, streak fluorescence was observed within 

the implants, at the interface region ofthe host bone and new bone (Figure.V.23 C & 

D). The periosteum and endosteal zones did not show much fluorescence. The 

Haversian canal and the surrounding osteons showed intense fluorescence. 
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F igu re -v-20 
S c a n n i n g e l e c t r o n m i c r o g r a p h s o f b i o a c t i v e c e r a m i c 
g r a n u l e s : A & B - H A ; C & D - B G S a n d E & F - H A B G S ; 
i m p l a n t e d i n r a b b i t t i b i a b o n e a f t e r 3 M o n t h s , i m p l a n t 
w e l l i n t e g r a t e d ( w h i t e a r r o w ) w i t h t h e n e w b o n e , t h e 
g a p s t h a t a r e s e e n w i t h i n t h e d e f e c t ( a r r o w h e a d ) a r e 
d u e t o s e c t i o n i n g a r t i f a c t s . 
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F i g u r e -v-21 
S c a n n i n g e l e c t r o n m i c r o g r a p h s o f b i o a c t i v e c e r a m i c g r a n u l e 
o f A & B - H A , C & D - B G S ;E & F - H A B G S g r a n u l e s i m p l a n t e 
i n r a b b i t t i b i a b o n e a f t e r 6 m o n t h s : T h e g r a n u l e s a r e i n t e g r a 
w i t h n e w l y f o r m e d b o n e ( a r r o w ) , t h e a r r o w h e a d s h o w t h e g; 
c a u s e d d u e t o s e c t i o n i n g a r t i f a c t . 
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F i g u r e - V - 2 2 
S c a n n i n g e l e c t r o n m i c r o g r a p h s off FG c o a t e d b i o a c t i v e c e r a m i c g r a n u l e s 
i m p l a n t e d i n r a b b i t t i b i a b o n e a f t e r 3 m o n t h s . A & B - H A c o a t e d FG g r a n u 
l e s w e l l a p p o s e d t o t h e n e w l y f o r m e d b o n e ( a r r o w ) ; C & D - B G S g r a n u l e s 
a p p o s e d t o t h e n e w b o n e w i t h v i s i b l e g a p s ( a r r o w ) o f a p p r o x i m a t e l y 2 0 m i 
r o m e t e r s , t h e l a r g e g a p s o f m o r e t h a n 1 0 0 m i c r o m e t e r s s e e n i n D c o u l d b 
d u e t o s e c t i o n i n g a r t i f a c t ; E & F - H A B G S g r a n u l e s s h o w a c t i v e d e g r a d a t i o 
a n d a r e i n c l o s e a p p o s i t i o n w i t h t h e n e w b o n e , w i t h f e w g a p s ( a r r o w ) o f 
a b o u t 10 - 20 m i c r o m e t e r . 
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1 

A 

H B 

H C 
x 2 0 

H A - 3 Months 

B G S - 3 Months BGS - 3 Months 

HABGS - 3 Months H A B G S - 3 Months 

F i g u r e -V -23 
F l u o r e s c e n c e m i c r o g r a p h s o f b i o a c t i v e c e r a m i c s i m p l a n t e d i n r a b b i t t ibs 
b o n e a f t e r 3 m o n t h s : A & B - HA, y e l l o w fluorescence i n t h e n e w b o n e i m 
e r f a c e ( t h i c k a r r o w ) a n d i n H a v e r s i a n c a n a l ( H C ) a d j a c e n t t o t h e h o s t bo i 
( H B ) a r e t h e m i n e r a l i z i n g z o n e s ; C & D - BGS, y e l l o w f l u o r e s c e n c e i s i n t e 
s e a r o u n d t h e H a v e r s i a n c a n a l s ( H C ) i n C, a n d i n t h e m i d d l e o f t h e i m p l a i 
( I ) a n d a t t h e i n t e r f a c e o f t h e h o s t b o n e a n d n e w b o n e ( t h i c k a r r o w ) i n D. 
E & F - H A B G S , t h e f l u o r e s c e n c e i s i n t e n s e a t t h e i m p l a n t n e w b o n e enter! 
i n E ( b i g a r r o w h e a d ) a n d a l s o i n t h e HC a n d i n t h e s u b p e r i o s t e a l b o n e . 
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TETR AC Y C L I N E A L I Z A R I N 

F i g u r e -V 2 4 
F l u o r e s c e n c e m i c r o g r a p h s o f FG c o a t e d b i o a c t i v e c e r a m i c g r a n u l e s i m p l a n t e d 
in r a b b i t t i b i a b o n e a f t e r 3 m o n t h s : A , C & E - T h e y e l l o w - t e t r a c y c l i n e l a b e l e d , 
B, D & F - r e d - a l i z a r i n c o m p l e x o n e ; A & B - HA c o a t e d w i t h FG, t h e a r r o w d e n ­
o t e s t h e f l u o r e s c e n c e a r o u n d t h e i m p l a n t ; C & D - BGS c o a t e d FG g r a n u l e s , t h e 
y e l l o w f l u o r e s c e n c e i s s e e n i n C a t t h e i n t e r f a c e ( INT ) o f t h e h o s t b o n e a n d t h e 
n e w b o n e ; D - t h e f l u o r e s c e n c e w i t h i n t h e i m p l a n t ( I ) ; E & F - H A B G S c o a t e d w i i 
FG, t h e f l u o r e s c e n c e i s s e e n w i t h i n t h e i m p l a n t s i t e a s w e l l a s a t t h e i n t e r f a c e 
E and i n F t h e a l izar in red f l u o r e s c e n c e i s o b s e r v e d o n l y w i t h i n t h e d e f e c t ( a r r o 



The sequence of the healing of the defect with FG coated BGS implants, from 

the proximal end of the defect towards the distal end in the tibial bone is described as 

follows (Figure. V.25 A - H) 

a. The ,section-1 adjacent to the defect in the proximal region did not showed 

any yellow fluorescence in the periosteal and the cortical region, except for 

some mild fluorescence in the endosteal region (Figure.V.25 A). Whereas, 

with alizarin the Haversian canals could be seen in the cortical region as well 

as in the periosteal zone (Figure.V.25 B). 

b. The fluorescence was seen in the mid cortical region and in the endosteal 

zone of section-2, but not in the interface of the new bone and the host bone 

and in the periosteal zone (Figure. V.25 C). Alizarin, red fluorescence is 

observed in the periosteal and in the newly formed Haversian system, but not 

inthe interface or the endosteal zone of the defect. (Figure.V.25 D). 

c. The yellow fluorescence was observed only in the interface and m the 

endosteal regions but not in the periosteal zone in section-3 (Figure. V.25 E). 

Alizarin red fluorescence was observed within the cortical region and in the 

Haversian canal region, but not in the periosteal region or in the interface of 

the host bone and the newly formed bone (FigureV.25 F). 

d. In section-4, the tetracycline labeling was seen in the interface and in few 

zones of the endosteum, but not in the cortical or periosteum (Figure.V.25 G). 

Alizarin red fluorescence was observed in the periosteum and in the cortical 

regions of the defect and also in the newly formed Haversian canals 

(Figure.V.25 H). 
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F i g u r e - V - 2 5 
F l u o r e s c e n c e p h o t o m i c r o g r a p h s off t h e s e r i a l s e c t i o n s off B G S c o a t e d FG 
i m p l a n t e d i n r a b b i t t i b i a b o n e a f t e r 3 m o n t h s : A - H - m i n e r a l i z a t i o n p a t t e 
m a r k e d b y a r r o w s ; H B = h o s t b o n e , P = p e r i o s t e u m , E = e n d o s t e u m , N B = 
n e w b o n e , I = I m p l a n t a n d I N T = I n t e r f a c e off t h e b o n e . 
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. Fluorescence was observed at the interface of the HABGS implants and the 

new bone, within the cracks of the implants and also in the periosteal and endosteal 

regions. The Haversian canal and the osteoid seams also showed intense fluorescence 

(Figure.V.23 E & F). HABGS coated with FG altogether showed a different kind of 

healing response when compared to that of FG coated HA and BGS. Fluorescence 

was observed in the periosteum, endosteum, in the mid cortical area and fluorescence 

streaks within the implant (Figure.V.24 E &F, Figure.V.26 A-D). Fluorescence was 

also observed in the newly developed Haversian system. 

Healing pattern: (Table.V.6) 

CERAMIC WimOUT FG CERAMIC Wlm FG 

HA: Host bone to Implant HA: Implant to Host bone 

BGS: Host bone to Implant BGS: Implant to Host bone 

HABGS: Host bone to Implant HABGS: Mechanism possibly both ways: 

Host bone to Implant and from Implant 

towards Host bone 

V.2.7 Light Microscopy 

Histologically HA, BGS and HABGS showed good healing response without 

any inflammatory reaction and no fibrotic or necrotic tissues were observed at all 

periods. But, the bone formation pattern and the material degradation varied from 

material to material and from one period to another period. 

V.2.7.1 Hydroxyapatite (HA) 

HA after 3 months (Figure.V.27 A-F) was seenwell integrated with the host 

bpne with few gap left to be replaced by the new bone. The implants were lined with 

osteoblast cells and osteoblast-like cells and few fibroblast cells, no foreign body 

giant cells or osteoclast cells were observed. The periosteum and the endosteum area 

of the bone were completely closed. 

I 

I 
I 
.I 
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F i g u r e - V - 2 6 
F l u o r e s c e n c e p h o t o m i c r o g r a p h s o f t h e s e r i a l s e c t i o n s o f 
F G c o a t e d H A B G S g r a n u l e s i m p l a n t e d i n r a b b i t t i b i a b o n e 
a f t e r 3 m o n t h s . A - D - T e t r a c y c l i n e l a b e l e d , y e l l o w f l u o r e -
s e n c e ( a r r o w s ) a r o u n d t h e i m p l a n t ( I ) a n d i n t h e i n t e r f a c e 
( I N T ) d e n o t i n g t h e m i n e r a l i z a t i o n p a t t e r n . 
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F i g u r e - V - 2 7 

P h o t o m i c r o g r a p h s o f h y d r o x y a p a t i t e i m p l a n t e d i n r a b b i t 
t i b i a b o n e a f t e r 3 m o n t h s : A & B - t h e p e r i o s t e a l - c o r t i c a l 
r e g i o n , g r a n u l e (G) i s s e e n o s s e o i n t e g r a t e d w i t h t h e n e w 
b o n e ( N B ) , f e w g a p s ( g ) o f 1 0 - 2 0 m i c r o m e t e r c o u l d b e s e e i 
;C & D - t h e i m p l a n t i n t h e m i d c o r t i c a l r e g i o n a n d t h e nev 
b o n e i s s e e n w i t h i n t h e p o r e s o f t h e g r a n u l e s ; E & F - t h e 
i m p l a n t s i n t h e n e w b o n e - h o s t b o n e ( H B ) i n t e r f a c e ( I ) . 
M a t u r e w o v e n b o n e ( W B ) i s s e e n a r o u n d t h e n e w l y f o r m e c 
b o n e a f t e r 3 m o n t h s . 
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F i g u r e - V - 2 6 
F l u o r e s c e n c e p h o t o m i c r o g r a p h s o f t h e s e r i a l s e c t i o n s o f 
F G c o a t e d H A B G S g r a n u l e s i m p l a n t e d i n r a b b i t t i b i a b o n e 
a f t e r 3 m o n t h s . A - D - T e t r a c y c l i n e l a b e l e d , y e l l o w f l u o r e -
s e n c e ( a r r o w s ) a r o u n d t h e i m p l a n t ( I ) a n d i n t h e i n t e r f a c e 
( I N T ) d e n o t i n g t h e m i n e r a l i z a t i o n p a t t e r n . 
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The new bone formed at the implant site was mature woven bone, the healing 

pattern in the cortical-periosteal implanted zone and the cortical-endosteal implanted 

zones were not the same. The cortical-endosteal implant zone was showing mature 

woven bone being transformed into lamellar type of bone, without any gaps and 

showed good osseointegration with the implant. Whereas, the cortical-periosteal 

implant zone showed mature woven bone with few gaps (Figure.V.27B). There were 

no gaps at the interface between the host bone and the newly formed bone. The 

pattern of bone formation at the interface was that of the mature woven bone, 

undergoing transformation into lamellar bone. The pores of the implant were 

completely replaced with mature woven bone. 

HA after 6 months (Figure.V.28 G-L) was seen well integrated with the host 

bone without any gaps. The material seemed to be intact even after six months after 

implantation. Woven bone was completely replaced by lamellar bone in cortical­

periosteal and cortical-endosteal zone. The periosteal zone of the implanted area 

showed good healing without any gap. Bone formation in the. cortical-endosteal zone 

was compact without any gaps in the HA 3 month group. Whereas, HA- 6 months 

showed few gaps between the implant and the mature lamellar bone in the endosteal 

zone, lined by osteoblast-like cells. Well-developed Haversian system was observed 

around the implant in the cortical region. The pores of the implants in the cortical­

endosteum and the cortical-periosteum zones showed mature woven bone. 

HA coated with FG (Figure. V.29 A-F) showed better bone healing without 

any inflammatory reaction and fibrous encapsulation around the granules. The 

periosteum and the endosteal bone were completely. closed without any visible gaps. 

Mature woven bone was seen fonned within the defect. 

---~------·----~-----~-::---
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F i g u r e - V - 2 8 <* 
P h o t o m i c r o g r a p h s o f h y d r o x y a p a i t e i m p l a n t e d i n r a b b i t t i b i ; 
b o n e a f t e r 6 m o n t h s : G & H - t h e p e r i o s t e a l - c o r t i c a l r e g i o n < 
t h e I m p l a n t , w h e r e t h e i m p l a n t i s w e l l i n t e g r a t e d w i t h m a t u 
l a m e l l a r b o n e ( L B ) ; I & J - t h e m i d c o r t i c a l r e g i o n ; K & L - t h 
i n t e r f a c e ( I ) b e t w e e n t h e h o s t b o n e ( H B ) a n d t h e n e w b o n e 
( N B ) . 
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F i g u r e - V - 2 9 
P h o t o m i c r o g r a p h s o f HA g r a n u l e s c o a t e d w i t h FG (A-F) i m p l a n t e d in r a b b i t t i b i 
b o n e a f t e r 3 m o n t h s . T h e i m p l a n t (I) a n d t h e n e w b o n e (NB) i s w e l l i n t e g r a t e d , 
w i t h f e w g a p s o f 5 0 - 8 0 m i c r o m e t e r ( a r r o w ) o b s e r v e d i n t h e s u b - p e r i o s t e a l r e g 
(P), n o s u c h g a p s w e r e o b s e r v e d i n t h e m i d - c o r t i c a l (C) a n d i n t h e i n t e r f a c e ( IN 
of t h e h o s t bone (HB) a n d t h e n e w b o n e ( N B ) 
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The new bone is in close apposition with the implant, without any visible 

gaps in the cortical region and also in the cortical-endosteal regions. But, few gaps 

were visible in the sub periosteal zone around the implant. There were no signs of 

any material degradation, or cracking of the implanted granules. Osteoblast and 

osteoblast-like cells were seen along with few fibroblast cells in the gaps that are yet 

to be replaced by the new bone. No foreign body giant cells or osteoclast cells could 

be seen at 3 months. Well-developed Haversian canals were observed around the 

implant site. The pattern of mature woven bone formed at 3 months was different 

from that ofHA without FG. 

V.2.7.2 Bioactive glass system (BGS) 

BGS material after 3 months (Figure.V.30 A-F) was seen well integrated with 

the newly formed mature woven bone in the cortical-periosteal zone whereas, in the 

cortical-endosteal zone lamellar bone was observed with few gaps, lined by 

osteoblast cells and few mesenchymal/stromal cells. Well-developed Haversian 

canals were seen in the cortical-endosteal region. The material has undergone active 

degradation and the s1ze of the implanted granules had reduced 

significantly. Interconnecting glossy canals (might be Volkmann's canals) were 

observed in the cortical-endosteal zone between the granules. 

BGS granules after 6 months (Figure.V.31 A-F) were seen only as a shade, 

fully replaced by the mature lamellar bone in the mid-cortical region and cortical­

endosteal regions. The BGS granules were well integrated with the newly formed 

lamellar bone in the sub periosteal region but, the material was intact and yet to be 

fully replaced by the new bone. 
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F i g u r e -V -30 
P h o t o m i c r o g r a p h s o f B G S i m p l a n t e d i n r a b b i t t i b i a b o n e a f t e r 
3 m o n t h s . A & B - p e r i o s t e a l - c o r t i c a l r e g i o n (P) s h o w e d t h e 
i m p l a n t ( I ) o s s e o i n t e g r a t e d w i t h t h e n e w l y f o r m e d b o n e w i t h 
f e w g a p s (g) o f a p p r o x i m a t e l y 1 0 t o 2 0 m i c r o m e t e r . C & D -
t h e m i d - c o r t i c a l (C) r e g i o n w i t h few g a p s o f 2 0 t o 2 5 m i c r o m ­
e t e r . E & F - t h e i n t e r f a c e ( I N T ) o f t h e n e w b o n e a n d t h e h o s t 
b o n e . M a t u r e w o v e n b o n e ( W B ) i s s e e n a f t e r 3 m o n t h s 
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F i g u r e - V - 3 1 
P h o t o m i c r o g r a p h s o f B G S i m p l a n t e d i n r a b b i t t i b i a b o n e a f t e r 
6 m o n t h s : A & B - t h e p e r i o s t e a l - c o r t i c a l r e g i o n (P) w h e r e t h e 
i m p l a n t i s s e e n i n t e g r a t e d w i t h t h e n e w l y f o r m e d b o n e w i t h o u t 
a n y g a p s . C & D - t h e m i d c o r t i c a l r e g i o n (C) w h e r e t h e i m p l a n t 
i s c o m p l e t e l y r e p l a c e d b y m a t u r e l a m e l l a r b o n e . E & F - t h e i n t ­
e r f a c e ( I N T ) o f t h e n e w b o n e a n d t h e h o s t b o n e . W e l l d e v e l o p e d 
H a v e r s i a n c a n a l ( H C ) a n d t h e V o l k m a n n ' s c a n a l w e r e s e e n a r o u m 
t h e i m p l a n t s 
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The interconnecting glossy canals (Figure.V.31 C & D) seen between the 

implant materials in BGS 3 months group were also seen in the six months groups. 

Haversian canals were well developed m the periosteal and endosteal zone with 

interconnecting osteocytes. 

BGS coated with FG (Figure.V.32 A-F) showed good healing without any 

inflammatory reaction and no fibrous encapsulation was observed in all the sections. 

The endosteum and the periosteum of the defect are completely closed. Mature 

woven bone is. s~en around the implanted granules in the periosteum, cortical and the 

endosteal regions of the defect. The granules had cracked and disintegrated into small 

pieces showing signs of degradation visible with gaps (Figure.V.32 D) in between 

the granules in the cortical region as well as in the interface of the new bone and the 

host bone. Osteoblast cells and few mesenchymal/stromal cells were observed in the 

gaps between the implants and the mineralizing bone. No interconnecting glossy 

canals were observed between the granules as observed in uncoated BGS granules. 

The healing pattern of the bone is quite different from that of the uncoated BGS 

granules. 

V.2.7.3 Triphasic bioactive glass composite system (HABGS} 

HABGS after 3 months (Figure.\'.33 A-F) showed good healing response 

without any inflammatory reaction or fibrous encapsulation. The periosteum and the 

endosteum of the bony defect were completely closed by 3 months enclosing the 

implant granules. Mature woven bone \vas seen around the implant granules. The 

implant material showed good osseointegration with the newly formed bone with few 

gaps in the periosteal and the cortical region of the defect. The gaps around the 

granules are lined with osteoblast cells and few mesenchymal/stromal cells. The 

material surface promoted new bone to grmv on its surface. 



V- 67 

F i g u r e - V - 3 2 
P h o t o m i c r o g r a p h s o f FG c o a t e d BGS g r a n u l e s i m p l a n t e d 
i n r a b b i t t i b i a b o n e a f t e r 3 m o n t h s . A & B - p e r i o s t e a l - c o r ­
t i c a l r e g i o n w h e r e t h e i m p l a n t ( I ) i s s e e n o s s e o i n t e g r a t e d 
w i t h t h e n e w b o n e w i t h o u t a n y g a p s ( g ) , C & D - m i d - c o r t i ­
c a l r e g i o n (C ) w e r e g a p s o f a p p r o x i m a t e l y 4 0 t o 5 0 m i c r o n 
w i d t h i s s e e n b e t w e e n t h e i m p l a n t a n d t h e n e w b o n e ; E & F 
i n t e r f a c e ( I N T ) o f t h e n e w b o n e a n d t h e h o s t b o n e , t h e g a | 
( g ) i s d u e t o s o m e r e m o d e l i n g p r o c e s s a d j a c e n t t o t h e H a \ 
e r s i a n c a n a l ( H C ) 
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50 x | 1 0 0 x 

F i g u r e - V - 3 3 

P h o t o m i c r o g r a p h s o f H A B G S i m p l a n t e d i n r a b b i t t i b i a 
b o n e 3 m o n t h s : A & B - t h e p e r i o s t e a l r e g i o n (P) w h e r e 
t h e i m p l a n t ( I ) i s s e e n w e l l o s s e o i n t e g r a t e d w i t h t h e 
n e w l y f o r m e d m a t u r e w o v e n b o n e ( W B ) , b o n e i s a l s o 
s e e n f o r m e d o n t h e s u r f a c e o f t h e g r a n u l e s ; C & D - t h e 
m i d c o r t i c a l r e g i o n a n d E & F - t h e i m p l a n t i n t h e in te r f ­
a c e ( I ) b e t w e e n t h e h o s t b o n e ( H B ) a n d t h e n e w b o n e 
( N B ) 
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The interface between the host bone and the new bone was well integrated 

without any gaps. No osteoclast was observed in all the sections after 3 months. 

Newly formed Haversian canals were seen in the mid cortical region of the defect, 

but not seen in the cortical-periosteal· region of the defect. No glossy interconnecting 

canals were observed between the granules. 

After 6 months HABGS (Figure. V.34 A-F) implanted site showed mature 

woven bone~in the ~ortical-periosteal zone and lamellar bone in the mid cortical and 

cortical-endosteal zone. Few gaps were seen in the cortical-periosteal zone to be 

replaced by new bone, lined by mesenchymal/stromal cells and osteoblast cells. 

Mature osteocytes and osteoid cement ·lines were seen on the material surface. and 

around the implant granules. Haversian canals were lined by endothelial cells inside 

and surrounded by interconnected osteocytes in the cortical-periosteal and conical­

endosteal zones and at the interface of the host bone and the new bone. Glossy 

interconnecting channels (may be Volkmann's canals) were observed between the 

granules after 6 months. 

No inflammatory reaction was observed with FG coated HABGS granules 

after 3 months (Figure.V.35 A-F). Healing of the bone is normal. The periosteum and 

the endosteal region of the defect were completely closed by mature woven bone. 

The implanted granules had disintegrated into small pieces, infiltrated by 

mesenchymal/stromal cells and osteoblast cells lining the ridges of the granules and 

the newly formed bone (Figure. V.35 A & B). The ne\vly formed bone was not in 

close apposition with implants in the cortical-periosteal region and the mid conical 

region. Whereas, in the cortical-endosteal region the implants were seen closely 

apposed to the newly formed bone. Thick osteoid cement lines were seen around the 

implant granules in the mid cortical region. 
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F i g u r e - V - 3 4 
P h o t o m i c r o g r a p h s o f HABGS i m p l a n t e d in r a b b i t t i b i a b o n e a f t e r 6 
m o n t h s : A & B - i m p l a n t i n t h e s u b p e r i o s t e a l (P) r e g i o n , i n B t h e a r ­
r o w d e n o t e s t h e g a p w i t h i n t h e l a m e l l a r b o n e (LB ) u n d e r g o i n g r e m ­
o d e l i n g ; C & D - i m p l a n t i n t h e m i d c o r t i c a l (C) r e g i o n , w h e r e t h e i m ­
p l a n t ( I ) i s w e l l o s s e o i n t e g r a t e d w i t h t h e n e w b o n e w i t h o u t a n y v i s ­
i b l e g a p s , t h e a r r o w i n D d e n o t e s t h e b o n e f o r m e d o n t h e m a t e r i a l 
s u r f a c e s h o w i n g H a v e r s i a n c a n a l ; E & F - t h e i m p l a n t ( I ) i n t h e i n t e r ­
f a c e ( I N T ) o f t h e h o s t b o n e a n d t h e n e w l y f o r m e d b o n e . 
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F i g u r e - V - 3 5 
P h o t o m i c r o g r a p h s o f FG c o a t e d H A B G S g r a n u l e s i m p l a n t e d i n r a b b i t 
t i b i a b o n e a f t e r 3 m o n t h s : A & B - s u b p e r i o s t e a l r e g i o n (P ) , t h e i m p l a n t 
i s s e e n n o t c l o s e l y a p p o s e d w i t h n e w b o n e a n d l a r g e g a p s (g) o f 2 0 - 4 0 
m i c r o n c o u l d b e s e e n , l i n e d b y o s t e o b l a s t c e l l s ( a r r o w ) ; C & D - t h e m i d 
c o r t i c a l r e g i o n (C) , w h e r e m a t u r e w o v e n b o n e ( W B ) s e e n a r o u n d t h e i m ­
p l a n t , c e m e n t l i n e s c o u l d b e s e e n ( a r r o w ) a r o u n d t h e i m p l a n t ; E & F- t h e 
i m p l a n t i n t h e i n t e r f a c e ( I ) , w i t h f e w g a p s ( g ) . 
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Mature woven bone is remodeled into lamellar bone in the cortical­

endosteum and the mid-cortical regions of the defect. Well-developed Haversian 

canals were seen around the implant granules, lined internally by endothelial cells 

and externally by mature osteocytes. 

In sham operated animals where the defect was without any imphm.ts, showed 

a delayed healing until 2 months, but after 3 months the defect was almost closed 

with few gaps. Fibrin glue alone implanted in the defect showed better healing with 

good vascularization (Figure. V.36 A, B & C) and by 3 months the healing of the 

defect was complete with few gaps (Figure.V.36 A). Mature woven bone was 

observed after 3 months with and without FG. The mineralization pattern was 

different for FG filled defects and for defects without FG (Figure.V.36 D). 

V.2.8 Polarized Microscopic Observations 

The polarized microscopic observations revealed a umque pattern of 

polarization of collagen within the defect and around the defect with HA BGS and 

HABGS granules after 3 and 6 months (Figure.V.37 A- I). FG coated HA. BGS and 

HABGS granules after 3 months also showed the same polarization pattern as that of 

uncoated granules. The active mineralizing zones polarized in yellow colour 

(Figure. V.38 A-C). The yellow polarization was observed in close apposition with 

the granules where the surface of the granules is flat and perpendicular to the host 

bone. The polarization (yellow) at the interface between the host bone and the new 

bone was more in the proximal end rather than the distal end of the tibial bone. Small 

polarizing collagen fibers were seen perpendicular to the thick bundles of polarizing 

collagen fibers around the curves and pores of the granules. The active mineralized 

areas ofthe bone are shown in blue colour (Figure.V.38- schematic diagram). 
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F i g u r e - V - 3 6 
P h o t o m i c r o g r a p h s o f l o n g i t u d i n a l s e c t i o n , A -C a n d c r o s s s e c t i o n D-F, o f r a h 
t i b i a b o n e f i l l e d w i t h FG a l o n e a f t e r 3 m o n t h s . D e f e c t (D) i s c o m p l e t e l y h e a l 
w i t h o u t a n y g a p . A - C s h o w s a c e n t r a l H a v e r s i a n c a n n a l (HC) ; D - a " l o o p " r 
e r a l i s a t i o n p a t t e r n a r o u n d t h e H a v e r s i a n c a n n a l (HC) ; E - t h e p e r i o s t e u m (P 
a n d t h e a r r o w s d e n o t e t h e o s t e o c y t e s a r r a n g e d p e r p e n d i c u l a r t o t h e m i d c< 
i c a l b o n e ; F - m i d c o r t i c a l r e g i o n (C) . No g a p s w e r e o b s e r v e d i n t h e d e f e c t . 
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HA- 3 Months HA- $ Months 

HA + FG- 3 Months 
• 

G x 2 0 

HABGS-6 Months 

F V ' ' V 
B G S + FG-3 Months 

k.1 

HABGS+FG-3 Months 

Figure - V - 3 7 
P o l a r i z e d l i g h t m i c r o g r a p h s o f u n c o a t e d a n d FG c o a t e d H A , B G S a n d 
H A B G S g r a n u l e s i m p l a n t e d i n r a b b i t t i b i a b o n e a f t e r 3 a n d 6 m o n t h s . 
A , C & E- H A , B G S a n d H A B G S a f t e r 3 m o n t h s ; B, D & F-HA, B G S a n d 
H A B G S a f t e r 6 m o n t h s ; G , H & I - HA , B G S a n d H A B G S c o a t e d w i t h FG. 
a f t e r 3 m o n t h s . 
T h e a r r o w d e n o t e s t h e p o l a r i z i n g a r e a a r o u n d t h e i m p l a n t ( I ) , t h e 
t h e i n t e n s i t y o f t h e p o l a r i z i n g a r e a i s h i g h a r o u n d t h e i m p l a n t a n d i n 
t h e i n t e r f a c e o f t h e h o s t b o n e a n d n e w b o n e w i t h H A , B G S a n d H A B G S 
a f t e r 6 m o n t h s a n d a l s o w i t h FG c o a t e d HA , B G S a n d H A B G S a f t e r 
3 m o n t h s . 
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Bone u n d e r g o i n g r e m o d e l i n g 
M a t u r e h o n e _ ^ , — ^ 

Schematic d iagram shoeing the polarizing zones 
in bone after implantat ion 

ln.pl.-ml — l ^ ^ ^ ^ T 'f lmP*at 

granule 

Polarising 
arort 

F igure -v -38 
P o l a r i z e d l i g h t m i c r o g r a p h s o f r a b b i t t i b i a b o n e w i t h a n i m p l a n t A, B & C -
s h o w b o n e u n d e r g o i n g r e m o d e l i n g ( w h i t e a r r o w ) a n d m a t u r e b o n e ( g r e e n 
a r r o w ) . 
T h e s c h e m a t i c d i a g r a m s h o w s t h e o r i e n t a t i o n o f c o l l a g e n b u n d l e s a r o u n d 
t h e i m p l a n t w h e r e t h e m i n e r a l i z e d c o l l a g e n a r o u n d t h e i m p l a n t a r e a r r a n g e d 
p e r p e n d i c u l a r t o t h e n o r m a l b o n e c o l l a g e n 



V.2.9 BIOCHEMICAL ANALYSIS 

V.2.9.1 Calcium 

V-76 

The calcium level in the serum did not show much variation after 

implantation, when compared to the serum calcium values before implantation with -

HA after 3 and 6 months and also with FG coated HA after 3 months. BGS uncoated 

and FG coated samples did not reveal any significant change in the serum calcium 

level before and after 3 and 6 months .. HABGS implanted after 3 months showed a 

. significant difference of P < 0.001. Whereas, the 6 months and 3 months FG coated 

HABGS groups did not reveal any significant change in serum calcium level after 

implantation (Figure.V.39) 

V.2.9.2 Phosphorous 

The serum phosphorous levels of uncoated and FG coated HA, BGS and 

HABGS did not show any statistically significant change for serum protein before 

implantation and after 3 and 6 months implantation (Figure.V 40). 

V.2.9.3Aikaline Phosphatase 

Serum ALP was nonnal for HA and HABGS uncoated and FG coated 

implanted animals even after 3 and 6 months and did not show any statistically 

significant change. Uncoated BGS granules after 3 months showed significant 

change in the serum ALP of P < 0.01. But, 6 months uncoated BGS implanted 

animals and 3 months FG coated BGS implanted animals did not show any 

significant change (Figure.V.41). 

V.2.9.4 Acid Phosphatase 

Serum ACP was normal for uncoated HA, BGS and HABGS animals and FG 

coated granules even after 3 and 6 months. Statistically no significant change was 

observed for serum ACP before and after implantation (Figure.V.42). 
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V.2.9.5 Protein 

The serum protein of uncoated and FG coated HA implanted animals did not - -i 

show any significant change after 3 and 6 months. The serum protein of uncoated 

BGS after 3 months showed statistically significant change of P< 0.01. But, no 

significant change in serum protein content was observed for uncoated BGS after 6 

months and FG coated BGS after 3 months. Serum protein of uncoated HABGS and 

FG coated HABGS granules did not reveal any significant change after 3 and 6 

months (Figure.V.43). 

V.2.9.6 Creatinine 

Serum creatinine for uncoated and FG coated HA, BGS and HABGS 

granules implanted in rabbit tibia showed normal serum and urine creatinine. 

Statistically no significant change was observed for serum creatinine before and after 

implantation. (Figure. V.44 ). 

V.2.9. 7 Radioimmunoassay (RIA) 

Serum PTH and calcitonin in rabbit implanted with uncoated and FG coated 

HA, BGS and HABGS granules after 3 and 6 months did not show any statistically 

significant change (Table. V. 7) 

Table V.7 
1 Material I I 3-Months 6-Months 3-Months-FG . 

PTH CT I PTH CT PTH CT 
Sham 12.35 ± 2.55 ts7.5::: 39.61 1 Not obseiYed 

HA 38.55 ± 8.57 123.7 ± 32A I 21.52 ±7.99 1-l-9±32.1 22.62 ±6.31 159.7 = 17.09 
BGS 25...1-7 ± 10.88 109 ± 22.69 1 21.65 ± 5.56 75.92 ± 16.9 15.05 ±O.·H 15-l-.7 ± 9.96 
HABGS 12.82 ± 1.2-l- 6-l-.6 ± 17.29 1 21.22 ± 3.87 97.18 ± 3-l-.9 15.-1-2 ±0.20 110.2 = 15.22 
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u • 
B e f o r e 

I m p l a n t a t i o n 
3 M 

A f t e r 
I m p l a n t a i o n 

B e f o r e 
I m p l a n t a t i o n 

F G - 3 M 

Af te r 
I m p l a n t a t i o n 

B e f o r e 
I m p l a n t a t i o n 

6 M 

A f te r 
I m p l a n t a t i o n 

• H A 19.51 19.95 16.27 16.93 15.93 16.67 

• B G S 15.94 2 1 3 4 1 7 3 8 1 8 3 2 1 6 3 15.38 

• H A B G S 1 8 3 4 14.37 18.03 17.32 16.12 16.08 

F i g u r e - V - 3 9 
S e r u m c a l c i u m i n r a b b i t i m p l a n t e d w i t h b i o a c t i v e c e r a m i c g r a n u l e s 
i n t i b i a b o n e b e f o r e a n d a f t e r 3 & 6 m o n t h s . S i g n i f i c a n t c h a n g e w a s 
o b s e r v e d i n r a b b i t i m p l a n t e d w i t h u n c o a t e d H A B G S g r a n u l e s a f t e r 
3 m o n t h s O * = P < 0 .01 ) . N o s i g n i f i c a n t c h a n g e w a s o b s e r v e d 
in a n y o t h e r g r o u p s 

F i g u r e - V - 4 0 
S e r u m p h o s p h o r o u s in r a b b i t i m p l a n t e d w i t h b i o a c t i v e c e r a m i c s g r a n u l e s 
fin t i b i a b o n e b e f o r e a n d a f t e r 3 & 6 m o n t h s . N o s i g n i f i c a n t c h a n g e w a s 
o b s e r v e d i n a l l t h e g r o u p s . 
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u - Be fore 
I m p l a n t a t i o n 

3 M 

After 
Imp lanta ion 

B e f o r e 
Imp lantat ion 

F G - 3 M 

After 
Imp lantat ion 

Before 
Imp lan ta t ion 

6 M 

After 
Imp lan ta t ion 

• HA 7.46 7.45 6.56 5.86 5 3 9 5.64 

• B G S 5.72 3.02 6.26 5.67 4.83 5.69 

• H A B G S 6.08 5.02 5.63 6.99 6.95 5.7 

F i g u r e - V - 4 1 
Alkal ine phosphatase act iv i ty in rabbi t serum implanted w i t h bioacti 
ceramics cgranules in rabbit t ib ia bone before and after 3 & 6 month 
Signif icant change in t h e BGS implanted group w a s observed a f te r : 
months(** = P < 0 . 0 1 ) , but no signi f icant change w a s observed in ot 
groups. 

| 
c 
3 
< 
C 

<0 

> 

0 J 

B e f o r e 
I m p l a n t a t i o n 

3 M 

A f t e r 

I m p l a n t a i o n 

B e f o r e 
I m p l a n t a t i o n 

F G - 3 M 

A f t e r 
I m p l a n t a t i o n 

B e f o r e 
I m p l a n t a t i o n 

6 M 

A f t e r 

I m p l a n t a t i o n 

• H A 4 .58 5 .33 5 .29 4 .15 5 .78 5 .4 

• B G S 5 .93 5 4 .51 5 .14 4 3 6 5 3 4 

• H A B G S 4 .58 4 .76 5 .07 5.19 5 .12 4 3 7 

F i g u r e - V - 4 2 
Acid phosphatase act iv i ty in rabbit serum implanted w i t h b ioact ive 
ceramics in rabb i t t ib ia bone before and after 3 & 6 months. No s ig ­
n i f icant change w a s observed in any of the groups 
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B G S • H A B G S 

u • 
B e f o r e 

I m p l a n t a t i o n 
3 M 

A f t e r 
I m p l a n t a i o n 

B e f o r e 
I m p l a n t a t i o n 

F G - 3 M 

A f t e r 

I m p l a n t a t i o n 

B e f o r e 
I m p l a n t a t i o n 

6 M 

A f t e r 
I m p l a n t a t i o n 

• H A 5 .49 5 .49 5 .76 5 2 5 5.4 5 .19 

• B G S 6 . 0 2 4 5 .91 5 .88 6 . 0 2 5 .37 

• H A B G S 5 . 1 4 4 .96 5 .94 6 .35 5 .52 5 .31 

F i g u r e - V - 4 3 
S e r u m p r o t e i n i n r a b b i t i m p l a n t e d w i t h b i o a c t i v e c e r a m i c g r a n u l e s 
i n t i b i a b o n e b e f o r e a n d a f t e r 3 a n d 6 m o n t h s . S i g n i f i c a n t c h a n g e 
i n t h e H A ( 3 m o n t h s ) i m p l a n t e d g r o p u p w a s o b s e r v e d (** = P < 0 . 0 1 ) 
b u t n o s i g n i f i c a n t c h a n g e w a s o b s e r v e d i n o t h e r g r o u p s 

Serum 
3 M 

Urine Serum 
FG-3 M 

Urine Serum 
6 M 

Urine 

• HA 151 6.67 0.97 6.03 1.11 4.74 

• BGS 122 5.69 M l 6 5 3 1 2 6 5 5 3 

• HABGS 154 557 1.13 5.6 1.09 5.48 
C i c j l l n l o . Icv«l In M I urn .md mine aflei imp l .u i l . i on 

F i g u r e - V - 4 4 
C r e a t i n i n e a c t i v i t y i n r a b b i t s e r u m a n d u r i n e i m p l a n t e d w i t h 
b i o a c t i v e c e r a m i c g r a n u l e s i n r a b b i t t i b i a b o n e a f t e r 3 & 6 
m o n t h s 
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V.2.10 IMAGE ANALYSIS 

V .2.1 0.1 X-ray 

Quantitative image analysis of the X-ray (based on opacity) of the rabbit tibia 

cortical bone (Table.V.8) showed the total width (TW) for the cortical bone as 6.6 

mm at the time of implantation but after 3 and 6 months the TW of the cortical bone 

was 6 mm. The implant width (IW) had increased for HA from 2.2 mm at zero day 

(immediately after implantation) to 2.9 mm after 3 months and increased further to 

3.2 mm after 6 months. 

The TW of the BGS implanted cortical bone at zero day was 6 mm but after 3 

months the TW increased to 6.3 mm and retained the original cortical thickness of 6 

mm even after 6 months. The IW of the BGS at zero day was 3 mm and after 3 

months the IW remained same at 3 mm and after 6 months the IW reduced to 2.8 

mm. 

The TW of HABGS implanted cortical bone at zero day was 5.5 mm but after 

3 months the TW increased to 7 mm and again after 6 months the TW of the cortical 

bone decreased to 6 mm. The IW of HABGS at zero day was 3.2 mm and after 3 

months the IW reduced to 2.5 mm and after 6 months a moderate increase of 2. 7 mm 

was observed. 

Table V.8 

Material TW IW TW IW TW IW 
Zero day Zero day 3 Months 3 Months 6 Months 6 Months 

(mm) (mm) (mm) (mm) (mm) (mm) 
HA 6.6 2.2 6 2.9 6 3.2 
BGS 6 3 6.3 3 6 2.8 
HABGS 5.5 3.2 7 2.5 6 2.7 
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V.2.1 0.2 Implant Vs New bone 

The amount of new bone formed with respect to the implants will decide on 

the quality of the implant, which is directly proportional to the bioactive nature of the 

implant. Image analysis of the implant site was carried out to quantify the amount of 

new bone formed with respect to uncoated HA, BGS and HABGS granules at two 

different times (3 and 6 months), and FG coated HA, BGS and HABGS granules 

after 3 months (Table.V.9). 

The cortical thickness of the implants and the size of the granules directly 

correlated with the amount of new bone around the implant. Uncoated HA after 3 

months revealed 71.4 % of bone for 28.6 % of implant, after 6 months the new bone 

around the implant was 67.9% for 32.1% of implant. FG coated HA after 3 months 

showed 70.23% new bone for 29.77% of implant. 

BGS implanted in cortical bone revealed 84.2 % of bone for 15.8 % of 

implant after 3 months, and after 6 months the percentage of new bone furmed was 

80.5% for 19.5% implant. FG coated BGS granules showed 72% of new bone for 

28 % implant after 3 months. 

HABGS after 3 months showed 72.1 % of new bone for 27.9% of implant. 

The 6 months group showed 7 4. 5 % of new bone for 25.5 % of implant. FG coated 

HABGS granules showed 65.2% of new bone for 34.8% of implant. 
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Table V.9 

Group Granule Size Percentage Cortical 
(!J.m) (%) Thickness 

Bone Impl 
(mm) 

ant 
HA-3M 168.2 ± 17.9 71.4 28.6 1.221 ± 0.034 
HA-6M 246.2 ± 18.4 67.9 32.1 1.322 ± 0.029 
HA+FG-3M 184 ± 7.50 70.23 29.77 1.242 ± 0.029 
BGS-3M I 169.8 ± 11.47 84.2 15.8 1.728 ± 0.09 
BGS-6M I 150.2 ± 15.6 80.5 19.5 0.923 ± 0.01 I 

BGS+FG-3M 162 ± 13.6 72 28 1.120 ± 0.043 
HABGS-3M I 172 ± 8.62 72.1 27.9 1.098 ± 0.015 
.HABGS-6M I 154 ± 13.30 74.5 25.5 1.015 ± 0.024 
HABGS + FG -3M I 158±11.16 65.2 34.8 1.117 ± 0.056 

V.2.10.3 Osteocytes 

Osteocytes in the mineralized matrix were measured to compare the size of 

the osteocytes in the newly mineralized bone to that of the osteocytes in mature 

mineralized matrix (Table.V.lO). Statistically significant change P < 0.05 in the size 

of osteocytes was observed in sham (defect alone without the implant) with FG. 

Whereas, no significant change in the size of the osteocyte was observed with sham 

alone. FG coated HA showed significant change ofP < 0.01. ·whereas, uncoated HA 

did not show any significant change in the size even after 3 and 6 months. Uncoated 

and FG coated BGS implant site showed significant difference of P < 0.10 after 3 

months. The 3 and 6 months group implanted with uncoated HABGS did not show 

any significant change in the size of the osteocyte. Whereas, FG coated HABGS 

implanted site showed a significant change ofP < 0.001 after 3 months. 
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Table V.lO 

Osteocytes 
(~m) 

Group Cortical Interface 
(Implanted zone) (Host and New Bone) 

Sham without FG- 3M 12.46 ± 0.42 12.43 ± 0.43 
Sham with FG - 3M 9.86 ± 0.184 10.76 ± 0.290 
BGS-3M 12.56 ± 0.30 11.6 ± 0.414 
BGS-6M 11.9 ± 0.44 11.36 ± 0.36 I 

I 
I 

BGS with FG -3M 11.9 ± 0.44 10.96 + 0.19 I 
HA-3M 11.4 ± 0.25 10.96 + 0.29 
HA-6M 10.9 ± 0.23 10.86 + 0.20 
HA with FG -3M 11.6 ± 0.23 10.5 ±0.17 I 
HABGS-3M 10.66 ± 0.22 11.06 ± 0.20 
HABGS-6M 10.73±0.19 10.7±0.16 J 
HABGS with FG-3M I 12.8 ± 0.29 11.06 ± 0.19 i 

I 

V.2.10.4 Rate of Mineralization 

The rate of mineralization is calculated based on the fluorescence emitted by 

the mineralizing bone. Tetracycline and alizarin complexone dye was administered at 

one month interval after implantation. The rate of mineralization was observed 

between the implant and the new bone and was found to be different for uncoated 

and FG coated HA, BGS and HABGS granules. Bone mineralization with uncoated 

HA showed 3 J..Lrnlday and with FG coated HA the mineralization rate was 3.3 

f.lm/day. Uncoated BGS showed 2.8 J..Lm/day and FG coated BGS 6.6 J..Lffi!day. 

Uncoated HABGS showed a mineralization rate of 3 f.lm/day whereas, FG coated 

HABGS showed 4.3 11m /day. 

The mineralization rate was also quantified for the Haversian canals, where 

active mineralization is in progress during the administration of dyes. The difference 

in the uptake of the dye lead to an understanding of, the role of Haversian canals in 

the process of mineralization. The Haversian canals seen around the host bone:new 
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bone interface picked up either tetracycline or alizarin. The rate of mineralization 

between two Haversian canals was 1 J.Lm/day. 

V.2.11 X-Ray Diffraction (XRD) 

V.2.11.1 Hydroxyapatite (Figure.V.45) 

The XRD spectrum of raw HA sintered granule powder showed sharp 

crystalline apatite [Ca10 (P04) 6 (OH) 2] peak$ at an angle 22°, 23°, 25.5°, 26.1 °, 

brushite peaks (Ca HP04.2H20) were also observed at 21.3°, 36.6°, 35.5°, 37.5° and 

The spectrum of tibia b0ne powder (non-sintered) showed amorphous apatite 

peaks at 23°, 26.1°, 31.9°, and 43.8°, brushite peaks at an angle 21.3°, 23.6°, 37.5° 

41.8° and 42.5°. 

The mixing of the bone powder and the sintered HA granule resulted in peaks 

that were different from that of the normal bone as expected. The apatite peaks were 

brushite peaks at 21.3°, 36.6°, 40.2°, 40.5° and 42.5°. 

The spectrum of HA implanted in tibia bone after 3 months showed 

amorphous peak. Apatite peaks were observed in the following regions after 

implantation at an angle 21.8°, 26.2°, 26.8°, 29.2°, 32.2° and 32.8°. Brushite peaks 

The peaks observed with FG coated HA implanted in tibia bone after 3 

months showed amorphous peaks. Apatite peaks were observed at an angle 26.3°, 

26.8°, 29.4°, 32°, 33.3° and 42° and brushite peaks were observed at an angle 21.3°, ·; 
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A = A p a t i t e 

2-Theta - Scale 

F i g u r e - V - 4 5 
X - r a y d i f f r a c t i o n (XRD) s p e c t r a o f r a w HA s i n t e r e d g r a n u l e 
p o w d e r , r a w b o n e powder , m i x e d HA a n d b o n e p o w d e r a n d 
HA 3 & 6 m o n t h s a f t e r i m p l a n t a t i o n in r a b b i t t i b i a bone . T h e 
m a j o r p e a k s o b s e r v e d w e r e a p a t i t e (A) o f t h e m a t e r i a l a n d 
b o n e a n d f e w m i n o r p e a k s o f b r u s h i t e (B) o f bone . T h e g reen 
b a r d e n o t e s t h e a p a t i t e [Caio (P0 4 ) f e (OH) 2 ] ; b r o w n bar deno ­
t e s t h e b r u s h i t e [ C a 2 (PO) 4 . 2 H 2 0 ] p e a k o n t h e x - a x i s . 
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HA implanted in tibia bone after 6 months showed _amorphous peaks as that 

of normal bone and did not show any crystalline HA peaks. Amorphous apatite peaks 

were observed at an angle 26.3°, 32.1 °, 32.9°, 39.2° and 42°. Brushite peaks were 

also observed at an angle 29.5°, 34.4°, 35.5° and 40.P. 

V.2.11.2 Bioactive Glass System 

The major phases of raw BGS granules were apatite (Ca10 (P0.~) 6 (OH)2) and 

wollastonite (CaO.Si02/CaO.Si03) and whitlockite (Ca3 (P04) 2). The spectrum of 

the BGS sintered powdered granules were crystalline. The apatite phases were 

identified at 22°, 22.8°, 26°, 28.3°, 31.9°, 36.5°, 39.3°, the wollastonite phase at an 

angle 23.2°, 25.5°, 27.1 °, 29°, 30°, 28.5°, 40.1 o and the whitlockite phase at 31.3°. 

The spectrum obtained with raw BGS and bone powder (Figure.V.46) was 

slightly amorphous and showed apatite peaks at an angle 22.1 o, 23. P, 26°, 28.2°, 

29.1 °, 31.9°, 33°, 34.1 °, 35.8°, 39.2°, 39.9°, 40.5°, 43.8°, 44.3°, 46.5::, 48.4°, 49.4° 

and wollastonite peaks at an angle 23.5°, 25.6°, 27.1 °, 30.3°, 36.5°, 38.8°, 39.2°, 

41.5°, 45° and 45.7°. 

Amorphous spectrum was observed 3 months (Figure.V.47) after 

implantation in the tibia bone. The apatite peaks were observed at an angle 25.5°, 

26.4°, 32.2°, 33.1°, 34.1 °, 39:9°, 40.5°, 42°, 44.4°, 46.6°, the wollastonite peaks were 

observed at an angle 23.4°, 25.5°, 28°, 38.5°, 39.1°, 46.7° and periclase (MgO) at 

36.9° and 42.9°. 

The spectrum of BGS coated with FG after 3 months (Figure.V.47) 

implantation in tibia bone showed amorphous peaks. The apatite peaks were 

observed at an angle 22°, 25.5°, 26.4°, 28.2°, 29.1°, 32.2°, 34.1°, 39.9c. 40.2°, 41.9°, 

------------~-~--
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44.4°, 46.5°, 48.6°, 49.4°, wollastonite peaks were observed at an angle 22.5°, 27°, 

27.8°, 28.8°, 38.5°, 39.1°, 41.4°, 45°, 45.6° and periclase at 36.9°. 

BGS after 6 months (Figure.V.47) of implantation in the tibial bone showed 

an amorphous spectrum. The apatite peaks were observed at an angle 26°, 32.3°, 

32.7°, 35.5°, 39.2°, 40.1°, 42°, 44.4°, 46.8° and 48°, wollastonite peaks were 

observed at an angle 23.4°, 27.1 °, 27.9°, 28.8°, 30°, 36.4°, 38.2°, 41.4° and periclase 

peaks were observed at 36.9° and 42.9°. 

V.2.11.3 Triphasic Bioactive Composite System (HABGS) 

XRD spectrum of the raw HABGS powder revealed the granules to be 

crystalline (Figure.V.48). The apatite peaks were observed at an angle 22°, 25.5°, 

26°, 29°, 31.9°, 39.4°, 38.6° and 45.2°, wollastonite peaks were observed at an angle 

26°, 25.5°, 27.1°, 29°, 30.1°, 32.6°, 33°, 35.4°, 36.5°, 38.6°, 43.6°, 46° and 

whitlockite peaks were observed at an angle 28.3°, 31.3°, 34.6°, 37.6°. 

Immediately after mixing the raw bone powder and the HABGS powder 

(Figure. V.48), the spectrum revealed crystalline peaks, consisting of apatite peaks 

observed at an angle 22°, 25.5°, 32.3°, 33.1°, 35.5°, 39.1°, 42°, 46.7°, 48.6°, 

wollastonite peaks were observed at an angle 25.5°, 31.6°, 34.9°, 37.6°, 40.3°, 44.2°, 

45.1 °, 47.4° and whitlockite peaks at an angle 28.2°, 31.6°, 34.9°, 37.6°, 40.3°, 44.2°, 

45.1° and 47.4°. 

The spectrum obtained with HABGS after 3 months (Figure.V.49) 

implantation showed amorphous peaks and apatite peaks were observed at an angle 

22°,23°, 27°, 32.3°, 32.9°, 38°, 42.3°, 44.3°, 45.1°, 46.6°, 48.3°, 49.4°, wollastonite 

peaks were observed at an angle 25.5°, 30.1°, 35.4°, 41.6°, 44.7° and whitlockite 

peaks were observed at an angle 26.1°, 28.2°, 31.4°, 34.5°, 40.2° and 47.2°. 



V- 89 

i 1 i • i • i i i • i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i r • i i i • r » 
" •' J ;J .« A jt .1 .» .-v - .1 u u x »< » D * i» i . . i ci * i » i : / . 

F i g u r e - V - 4 6 

X - ray d i f f r a c t i o n (XRD) s p e c t r a o f r a w b o n e p o w d e r a n d BGS wi l 
r a w b o n e p o w d e r o f r a b b i t t i b i a bone . T h e m a j o r p e a k s t h a t arc 
o b s e r v e d w e r e t h e a p a t i t e (A) p e a k s o f t h e m a t e r i a l a n d bone, t 
w o l l a s t o n i t e (W)peaks o f t h e m a t e r i a l a n d p e r i c l a s e (P) o f bone. 
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A 

F i g u r e - V - 4 7 
X - ray d i f f r a c t i o n (XRD) s p e c t r a o f BGS a f t e r i m p l a n t a t i o n in r a b b i t t i l 
bone a f t e r 3 & 6 m o n t h s . T h e ma jo r p e a k s t h a t a r e o b s e r v e d w e r e 
a p a t i t e (A) p e a k s o f t h e m a t e r i a l and bone a n d t h e w o l l a s t o n i t e (W) 
p e a k s o f t h e m a t e r i a l and p e r i c l a s e (P) o f bone. T h e g r e e n ba r d e n o t 
a p a t i t e ( C a 1 0 ( P O 4 ) 6 ( O H ) 2 ) ; b r o w n bar d e n o t e s w o l l a s t o n i t e (CaO SiC 
CaO S i 0 3 ) and b lue ba r - p e r i c l a s e (MgO) o n t h e x - a x i s o f t h e g r a p h . 
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2 - T t M l a - S c a i * 

F i g u r e - V - 4 8 
X - r a y d i f f r a c t i o n (XRD) s p e c t r a o f r a w HABGS s i n t e r e d g r a n u l e 
p o w d e r , r a w bone p o w d e r , m i x e d HABGS a n d b o n e p o w d e r o f 
r a b b i t t i b i a b o n e . T h e m a j o r p e a k s t h a t w e r e o b s e r v e d a r e a p a ­
t i t e (A) , w o l l a s t o n i t e (W) a n d w h i t l o c k i t e (Wh) p e a k s o f t h e m a t 
e r i a l a n d b o n e . T h e b r o w n ba r d e n o t e s t h e a p a t i t e [Caio ( P 0 4 ) 6 

(OH)z]; p u r p l e b a r - W o l l a s t o n i t e [ CaO SiOz/CaO S 1 O 3 ] a n d b l u e -
W h i t l o c k i t e ( t r i c a l c i u m p h o s p h a t e [ C a 3 (PO)4] ). 
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H A B G S -

A = A p a t i t e 
W = W o l l a s t o n i t e 
Wh = W h i t l o c k i t e 

I k i i i n i 
r ' i ' i • i • > • j • | i i ' i ' T 
a n a a M a a n a a 

11 i < n i . . It. . . . H i i .Li 
»i a M 

2 - T h o t a S c a l e 

F i g u r e - V - 4 9 
X - r a y d i f f r a c t i o n (XRD) s p e c t r a o f HABGS g r a n u l e s a f t e r i m p l a ­
n t a t i o n in r a b b i t t i b i a bone a f t e r 3 & 6 m o n t h s . T h e m a j o r peak: 
t h a t a r e o b s e r v e d w e r e a p a t i t e (A) , w o l l a s t o n i t e (W) a n d w h i t l o 
c k i t e (Wh) p e a k s o f t h e m a t e r i a l a n d b o n e . T h e b r o w n b a r - d e n 
o t e s a pat i t e ( C a 1 0 ( P 0 4 ) 6 ( O H ) 2 ) ; p u r p l e - W o l l a s t o n i t e [ CaO S1O2 
CaO SiOs] & b lue - W h i t l o c k i t e ( t r i c a l c i u m p h o s p h a t e [Ca3 (PO) 4 ] 
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A =Apatite 
W= Wollastonite 
P = Pericalse 
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Figure -V-46 

X-ray diffraction (XRD) spectra of raw bone powder and BGS with 
raw bone powder of rabbit tibia bone. The major peaks that are 
observed were the apatite (A) peaks of the material and bone, the 
wollastonite (W)peaks of the material and periclase (P} of bone. 
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Amorphous spectrum was obtained with FG coated HABGS granules after 3 

months (Figure.V.49) in the tibia bone. The apatite peaks were observed at an angle 

48.3° and 49.4°, wollastonite peaks were observed at an angle 25.5°, 30.1 °, 35.4°, 

38.6°, 39.6°, 41.6° and whitlockite peaks were observed at an angle 26.1 °, 28.2°, 

40.2°, 44.1 °, 47.2° and 48.9°. 

HABGS 6 months after implantation (Figure.V.49) showed amorphous 

-~spectrum. Apatite peaks were observed at an angle 22 °, 29°, 32.3°, 35.5°, 36.5°, 38°, 

42.3°, 43.6°, 45.1°, 46.6°, 48°, 48.3°, wollastonite peaks were observed at angle 29°, 

30.1°, 32.5°, 33.2° and 41.6 and whitlockite peaks at an angle 23.2°, 26.1°, 28.3°, 

31.4°, 34.5°, 40.2°, 44.1 °, 47.2° and 48.9°. 

V.2.12 Fourier Transform Infrared Spectroscopy (FT -IR) 

V.2.12.1 Hydroxyapatite 

The FT -IR spectrum of HA implanted in the tibia bone after 3 months 

(Figure. V. 50 A) revealed a sharp ·oH peak at 3487 cm·1 and CH peaks at 2979 em·\ 

and amide peaks which could be albumin or fibronectin at 1652 cm·1 and 1556 cm·1. 

The C-0: carbonate peaks was observed at 1455 and 1418 cm·1 and the 1348 cm·1 

could be C-F group. The v3 PO_. peaks were identified at 1119 em·\ 1059 cm·1 and 

1033 cm·1. The v 4 P04 peaks were identified at 603 cm·1, 560 cm·1 and 530 cm·1. v2 

carbonate peak was identified at 872 cm·1. 

The spectrum ofHA coated with FG after 3 months (Figure.V.50 B) revealed 

blunt ·oH peak at 3338 cm·1 and the C-H peaks at 2926 cm·1 and 2855 cm·1. The 

amide peaks were observed at 1665 cm·1 and 1556 cm·1. The v3 C03 peaks were 

observed at 1456 cm"1 and 1418 cm"1 and the v2 co3 group at 870 cm"1. The V3 P04 
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group was identified at 1034_cm·t, the V4 P04 groups at 603 cm·1, and 562 cm·1 and 

the v2 P04 groups were identified at 466 cm-1. 

The spectrum of HA implanted in tibia bone after 6 months (Figure.V.50 C) 

revealed a sharp ·oH peak at 3567 cm·1 and a blunt peak at 3480 cm·1. C-H peaks 

were observed at 2965 em·1, 2927 em·1 and 2855 em-1. Amide peaks were observed 

at 1759 em-1, 1652 cm·1 and 1557 em-1. The V3 C03 group was identified at 1457 em· 

1 and 1418 cm"1 and the Y2 co3 peaks at 871 cm"1. The V3 P04 groups were observed 

at 1102 em·t, 1041 em·1 and 959 cm·1 and V4 peaks at 602 and 564 cm·1. 

V.2.12.2 Bioactive Glass System (BGS) 

The FT-IR spectrum of BGS implanted m tibia bone after 3 months 

(Figure.V.51 A) showed blunt ·oH peak at 3433 cm·1 and no C-H peaks were 

observed. Sharp peaks of amide were observed at 1654 cm·1 and 1546 cm-1. v3 C03 

·groups were identified at 1455 cm·1 and 1418 crn·1 and v2 C03 peaks at 871 ern-1. v 3 

P04 peaks were observed at 1030 crn·1 and V4 P04 peaks at 604 cm·1 and 561 em·1_ 

The spectrum of FG coated BGS implanted in tibia bone after 3 months 

(Figure.V.51 B) showed blunt "OH peak at 3339 crn·1 and the peaks at 2926 crn·1 and 

2854 cm·1 were assigned to C-H group. The amide peaks were observed at 1752 em· 

\ 1664 em-1 and 1555 crn·1. The v3 C03 peaks were observed at 1455 cm-1, 1418 cm·1 

and the V2 co3 peaks at 870 crn"1. The V3 P04 peaks were identified at 1030 cm"1, the 

v 4 P04 peaks at 604 crn·1 and 561 crn·1 and the v2 P04 peaks at 469 em·1. 

The spectrum ofBGS implanted in tibia bone after 6 months (Figure.V.51 C) 

showed blunt ·oH· peak with high absorption at 3449 cm·1 and C-H peaks at 

2972 cm-1, 2927 ern-1 and 2857 crn-1. Amide peaks were observed at 1651 ern·1 and 

1557 cm"1. The V3 co3 peaks were observed at 1457 cm"1, 1418 cm"1 and the V2 co3 
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peaks at 870 cm·1. The V3 P04 peak was observed at 1028 cm·1 and the V4 peaks at 

603 em·1 and 561 cm·1. The v2 P04 peaks were also observed at 471 cm·1 and 

416cm·1. 

V.2.12.3 Triphasic Bioactive Calcium Phosphate Ceramic System 

(HABGS) 

The FT -IR spectrum of HABGS implanted in tibia bone after 3 months 

(Figure.V.52 A) showed sharp ·oH peak at 3482 cm·1 and a blunt peak at 3338 em·1. 

C-H peaks were observed at 2972 em·1, 2925 cm-1 and 2854 cm·1. The peaks 

observed at 1652 cm-1 and 1556 cm·1 were assigned to amide groups. The V3 C03 

peaks were observed at 1458 cm-1 and 1419 cm-1 and the v2 C03 peaks at 871 cm·1. 

The P04 groups was observed in two regions the v3 1031 cm-1 and V4 603 em·1, 561 

cm-1 and 532 cm-1. 

The spectrum of FG coated RA.BGS implanted in tibia bone after 3 months 

(Figure.V.52 B) showed blunt ·oH peak at 3436 em-1 and C-H group peaks were also 

observed at 2979 cm-1 and 2929 cm-1. A.mide peaks were observed at 1654 cm·1 and 

1545 em-1. The V3 C03 groups were observed at 1455 cm-1 and 1419 cm-1 and the v2 

co3 groups at 870 cm"1. The VJ P04 groups were observed at 1026 em"1 and V4 

groups at 604 em-1 and 560 em-1. 

The spectrum ofHABGS implanted in tibia bone after 6 months (Figure.V.52 

C) revealed a blunt ·oH peak at 3422 em-1 and prominent C-H peaks at 2965 cm-1, 

2925 cm"1 and 2855 cm-1 Amide peaks were observed at 1652 cm·1 and 1557 cm-1. 

The C03 groups were observed at two positions v3 at 1457 cm-1 and 1418 em·1 and 

the v~ peak at 871 em-1 The V3 P04 group was observed at 1030 em·1, the V4 groups 

at 603 em·1 and 560 em-1 and the v2 peaks at 471 em·1 and 435 em-1. 
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Figure .. y-so 
Fourier Transform Infrared spectra of HA implanted in rabbit tibia 
bone: A - HA after 3 months; B - HA coated with FG after 3 months 
& C - HA after 6 months. The characteristic peaks of hydroxyl 
(OH), C-H, carbonate (C03) and the phosphate (P04) groups were 
observed after implantation. 
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Figure ·Y-51 
Fourl• Transform lnfr..ad spectra of BGS impl•ted In rabbit tibia 
bone: A - BGS after 3 months; B .. BGS coated with FG after 3 months 
& C - BGS after 8 months. The characteristic peaksaf hydroxyl (OH), 
C-H,c.-bonate (C03)andthe phosphate (P04) groups were observed 
after Implantation. 
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Figure -V-52 
Fourier Transform Infrared spectra of HABGS implanted in rabbit tibia 
bone: A - HABGS after 3 months; 8 .. HABGS coated with FG after 3 mo­
nths & C • HABGS after 6 months. The characteristic peaksof hydroxyl 
(0 H), C-H, carbonate (C03}& the phosphate ( P04) groups were observed 
after implantation. 
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V.2.13 SEM-EDAX 

HA after implantation did not show much change in the percentage of 

calcium (Ca) and phosphorus (P) after 3 and 6 months (Table.V.11). The calcium and 

, phosphorous was 62.59% and 36.50 % after 3 months and even after 6 months the 

calcium and phosphorous content at the bone implant interface was 63 .48 % and 

36.32 %. Magnesium (Mg) around the implant after 3 and 6 months showed 0.91 % 

and 0.21% (Figure.V.53 B & C). 

The percentage ofCa and P around BGS implants was 51.89% and 33.49% 

after 3 months and 55.01 %and 36.61 %after 6 months. The Mg content around the 

implant was 2.46 % after 3 months and after 6 months it increased to 3.18 %. Silica 

(Si) around the BGS implants was initially high at 12.16 % after 3 months but after 6 

months it reduced to 5.49% (Figure.V.54 B & C). 

The percentage of Ca and P around the HABGS implants was 59.79% and 

39.10% after 3 months and after 6 months 60.61 %and 37.75 % of Ca and P was 

observed around the implant. Mg was not detected in the 3 months sample around the 

implant, but after 6 months 1.18 % of .\1g was detected at the implant-new bone 

interface. Si content was 1.43 % at 3 months and by 6 months only 0.45 % was 

detected (Figure.V.55 B & C). 

Table V.ll 

Group Control Calcium I Phosphorous Magnesium Silica 

3M l 6M I 3 ~1 6M 3M 6M 3M 6M ! I 
I I 

HA 1.67 
l I 

62.59 l 63A8 I 36.50 36.32 0.91 0.21 - -
I 

BGS 51.89 l 55.01 33..t.9 36.61 2.46 3.18 12.16 5A9 
! 

HABGS 59.79]60.61 39.10 37.75 - l.l8 lA3 0.~5 
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En•gy Dlspenslve X-ray Analysis ·(EDAX) sp~tra of HA after Implantation 
In rabbit tibia bOne after 3 &.8 months : A - HA raw granules; B & c • HA 
after 3 and 6 months a,_.. lltlpl•tatlon. The dispersion of calcium (Ca) and 

·.·---~~orous (~! at the Interface were observed. ---~-------
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Figure -V-54 
Energy Dispersive X-ray Analysis (EDAX) spectra of BGS after implantation in 
rabbit tibia bone after 3 & 6 months : A- BGS raw granules; B & C • BGS after 
3 and 6 months after implantation. The dispersion of calcium (Ca) ,silica (Si) 
& phosphorous were observed at the interface of the implant and new bone. 
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Energy Dispersive X-ray Analysis (EDAX) spectra of HABGS after 
implantation in rabbit tibia bone after 3 & 6 months : A - HABGS 
raw granules; B & C .. HABGS after 3 & 6 months. 
The dispersion of calcium (Ca) ,silica (Si) attd phosphorous (P) were 
observed in tile raw spectrum (A); B & C did not showed silica in the 
interface of the implant and the new bone after 3 and 8 months 
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V.2.13.1 Calcium phosphate ratio 

The calcium phosphate (Ca/P) ratio was calculated to find out the distribution 

of the calcium and phosphate around an implant at different time (Table.V.l2). The 

Ca/P ratio ofHA after 3 and 6 months was 1.714 and 1.74. BGS showed-Ca/P ratio 

of 1.549 and 1.51 after 3 and 6 months. HABGS implanted samples showed a Ca/P 

ratio of 1.529 and 1.605 after 3 and 6 months. 

Table V.12 

Group Ca/P ratio 

3 Months 6 Months 
HA 1.714 1.74 
BGS 

I 

1.549 1.51 I 
HABGS 1.529 1.605 
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V.2.14 In Vivo Orthotopic Implantation: Discussion 

Over the past three decades, various biomaterials have come into widespread 

use in clinical practice both for the repair of osseous defects and augmentation 

procedures. So the concomitant need for grafts, especially bioactive ceramics is given 

considerable attention (Passuti et a/1990; Le Geros 1988; Ricci et a/1992; de Groot 

et al 1988; Schepers et al 1993) to restore or replace lost, diseased or congenitally 

missing bone. The use of ceramics as implantation materials originated from research 

in the early 1970s, which lead to the introduction of a variety of bioceramics. 

Calcium phosphate ceramics have received attention because much effort has been 

directed to the development of bone implant materials because of their close 

chemical and crystal resemblance of these materials to the bone mineral. The 

exceptional biocompatibility is attributed to their being primarily composed of 

calcium and phosphorous ions, which are the most common constituents of 

vertebrate hard tissue systems (de Groot 1980, 1983; Jarcho 1981). Therefore, it is 

clearly understood that materials whose physicochemical characteristics similar to 

tissues and organs are highly desirable for bone regeneration. Furthermore, HA in 

the form of porous granules (Roth et al 1984) is of considerable interest as possible 

bone graft substitutes or as carriers of antibiotics (Wahlig et al 1986) or osteogenic 

substances (Urist et a/1984) or even for any other drugs. 

Several animal models has been tried to test the material for 

osteocompatibility before clinical application. The art of selection of an animal 

model will decide on the output of the data one is expecting. The following aspects 

are crucial in deciding the selection of the animal model for bone implant 

experiments. 

a. Bone architecture (in comparison to human bone) 

b. Implantation site (Cortical or Cancellous) 
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c. Bone remodeling rate 

d. Age and physiology ofthe animal 

e. Short term or long term response of the implant 

Fracture healing is investigated extensively in different mechanical conditions 

in rats, rabbits, dogs and sheep. Rat cortical bone is not Haversian and remodeling 

occurs primarily along the endosteal and periosteal surfaces (Kelley et a/., 1990). 

Hence its reaction to injury will, therefore, differ from that of human, or other 

Haversian bones. Manual external fractures are not reproducible. 

Rabbit as an animal model for studying fracture healing has more advantage 

than rat models. Rabbits are also relatively easy to handle and maintain, could sustain 

long periods of sedation, they are known to maintain uniformity in their genetic 

characteristic and hence one would expect only a little change in anatomical and 

physiological changes (Markowitz, 1964). The cortical bone is Haversian and the 

stimulation of remodeling after injury is more similar to that of other larger 

mammals. Larger size of rabbit bones enables the use of several methods for the 

stabilization of fractures. Thus plates of various designs, medullary nails, or external 

fixators have been used to stabilize osteotomies of the femur and tibia (Greiff, 1978; 

Wang et al., 1981). 

Dogs have bone mechanics similar to human bone, but bone turnover rate is 

2-3 times faster. Sheep permits study of materials at physiological loads approaching 

those of humans. 

Broadly for convenience the implant site is divided into following categories 

to understand the nature of bone that has formed within the defect: a) Periosteum, b) 

Cortical bone, c) Endosteum, d) Periosteal-cortical region (or) sub-periosteum, e) 

cortical-endosteal (or) pre-endosteum and, f) host bone - new bone interface. 
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Radiographically the materials were seen well integrated with the host bone, 

irrespective of the type of the material at 6 months. But, the radioopacity of the 

implant site with HA, BGS and HABGS granules differed at 3 and 6 months, 

suggesting different bone formation rate and implant degradation. Quantitative 

image analysis of the X -ray image revealed that the initial cortical bone width (TW) 

was 6.6 mm for HA, BGS 6 mm and 5.5 mm for HABGS implanted in the mid 

diaphyseal region of the tibia bone. After 6 months the TW of the cortical bone for 

HA, BGS and HABGS came down to a uniform 6 mm width. Whereas, the implant 

width (IW) increased from 2.2 mm to 3.2 mm for HA, for BGS the IW decreased 

from 3 mm to 2.8 mm and for HABGS the IW decreased from 3.2 mm to 2.7mm 

after 6 months. This decrease in the IW is. due to the bioactive nature of the material. 

HA dissolute slowly, whereas BGS and HABGS degrades with time and hence the 

change in the IW. The uniformity in the cortical bone TW suggests that bone 

remodeling is normal with respect to the three types of bioactive material and has not 

changed the normal architecture of the bone leading to fracture. 

Contact microradiographic images of the cross-section 

I 

P I ,)J..·! ,' 
{)'.qJ")• 

of methacrylate 
r 

embedded implant site showed bone formation rate was more pronounced in HABGS 
~ 

and BGS granules even though, there were few gaps after 3 months in the periosteal 

and endosteal regions of BGS and in mid cortical regions of HABGS, which may be 

due to active material degradation or resorption or mineralisation within the newly 

laid osteoid. HA, BGS and HABGS after 6 months showed better material-new bone-

host bone bonding. No gaps were observed, which suggested that healing was normal 

without any adverse reaction after 6 months. FG coated HA, BGS and HABGS 

granules also showed good osseointegration radiographically (data not shown). 

Contact microradiography was not performed on the FG coated implant granules. 
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The absence of any inflammation or necrosis at the gross level of the implant 

site indicated that, the healing of the defect was normal without any adverse reaction 

by the material even after 3 and 6 months. 

Osseointegration of the material with the host bone or the newly formed bone 

is a prerequisite for the implant success or failure. Morphologically, osseointegration 

is realized when there is direct contact of viable bone with the surface of the implant 

without an interposition of soft tissue at the light microscopical level (Boss, 1999). 

SEM of the uncoated and FG coated HA, BGS and HABGS ceramic granules 

showed osseointegration with the host bone suggesting the healing was uneventfuL 

The interfacial gaps between the bone and the implant should be less than 50 

J.lm to reduce interfacial movements. SEM of the implanted granules showed gaps of 

7-20 J.lm, which is within in the normal range (50 J.lm). Osseo integration brings about 

a long-lasting and mechanically stable fixation of an implant's textured surface to the 

bone. Allowing direct load transfer, osseointegration reduces stress shielding and its 

accompanying bone resorption. Implant subjected to interfacial movements of less 

than 30 J.lm is surrounded by thriving osseous tissue. Implant gaps larger than 150 / 

J.lm lead to micromotion and prevented differentiation of mesenchymal cells into 

osteoblast cells, leading to ftbrous encapsulation (Rubin and Lanyon, 1984). 

The fluorescence labeling proved that HA, BGS and HABGS implanted 

specimens initiated bone formation by osteoconduction, where the material allows 

the bone to be formed on its surface. The fluorescence was observed from the host 

bone towards the implant granules and also observed within the cracks, periphery of 

the material, host bone - new bone interface and also in the Haversian canals after 3 

months. The porosity of the material and the bioactive nature of the material 

defmitely favored bone formation which is quite evident from the yellow 

-~-----------·------
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fluorescence observed within the pores of the HA granules and within the degrading 

gaps of the BGS and HABGS granules. 

The fluorescence not only determined the initiation of bone formation, but 

also the pattern of bone mineralisation. The yellow fluorescence was observed in the 

periosteum, endosteum and mid cortical regions and also in the host bone - new bone 

interface, which suggested that bone formation is initiated from all the sides evenly 

with HA granules. With BGS granules the fluorescence was observed only in the mid 

cortical region and in the host bone new bone interface, but not in the periosteum or 

endosteum, this pattern of bone formation suggests that healing is in the longitudinal 

axis of the bone, i.e. from the host bone towards the defect and not from the 

periosteal or endosteal regions. HABGS implanted specimens showed bone 

mineralisation pattern similar to HA. 

Fibrin glue coated HA material showed bone formation by osteoinduction 

which is quite evident from the tetracycline fluorescence seen around the implant 

granules that was administered after l month and alizarin complexone injected after 2 

months showed red fluorescence away from the implant in the mid cortical region 

and also adjacent to the periosteum and endosteum, which clearly suggests that bone 

formation was by osteoinduction, i.e. from the implant towards the host bone. 

BGS coated with FG showed bone formation similar to HA where the bone 

formation was from the implant towards the host bone suggesting osteoinduction. 

But, the process of mineralisation was too complex with BGS where the fluorescence 

pattern changed from section to section in the same defect. The yellow tetracycline 

fluorescence was observed in the endosteum, periosteum, mid cortical bone and the 

host bone newbone interface. The fluorescence is not observed in all the regions in 

one section. This could be due to the inductive property of the FG as well as by 
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osteoconduction process of the BGS granules happening at two different time 

periods. 

HABGS coated with FG showed yellow fluorescence in all directions in the 

endosteum, periosteum, mid cortical region, host bone-new bone interface and also 

within the implants in a single section, suggesting both osteoinduction and 

osteoconduction process happening simultaneously. This could be due to the 

composite nature of the HABGS material that favored this bimodal bone formation 

pattern. 

The polarized sections of the HA material after 3 and 6 months showed a 

definite pattern where the collagen was laid perpendicular to that of the host bone. 

Polarization was more pronounced at the interface of the host bone and the newly 

formed bone, suggesting the remodeling process to be more pronounced at the 

interface rather than around the defect after 6 months. Image analysis helped in 

identifying the different polarizing bone collagen fibers. The yellow coloured (newly 

laid bone), the blue coloured (mineralized mature bone) could be easily distinguished 

in Figure.V.62 (D-F). This distinction helped in understanding the distribution of 

mineralized collagen (newly laid and mature). 

Polarization micrographs of new bone trabeculae revealed oblique alignment 

of the lamellae to the implant surface. Because collagen fibers have a parallel 

orientation within a lamella, it can be deduced that the collagen fibers were aligned 

obliquely, as well as parallel, to the implant surface. The result was similar to those 

of various bioactive materials that were mainly based on the direct observations in 

TEM (Duet a/., 1998). 

Jarcho (1981) showed an interdigitation of collagen fibers with the surface of 

dense polycrystalline HA based on observations using ion beam thinning techniques. 
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Using a bone cell culture mode~ Sautier et a/., (1994) observed collagen fibrils 

arranged either parallel or perpendicular to the first-formed electron-dense layer on 

the surface of the bioactive glass-ceramic containing crystalline apatite and 

wollastonite. Muller-Mai et a/., (1995) demonstrated both parallel and oblique 

. orientation of the mineralized collagen fibers in the bone to the surface of an 

organoapatite implant containing nanopeptide and nanoapatite 

In woven bone tissue, such as callus formation, collagen fibrils show no 

orientation, the fibrils show no orientation, the fibrils are haphazardly intermingled, 

and the amount of ground substance encountering· the fibrils appear more abundant 

than in lamellar bone tissue. In osteoid tissue, the degree of aggregation and 

arrangement of collagen fibrils increases in the vicinity of the calcifYing matrix, i.e. 

close to the calcification front (Fornasier 1977, Bonucci 1984). In compact bone of 

human osteons, collagen fibrils have been shown to be arranged according to a 

twisted plywood architecture (Giraud-Guille, 1988). Extremely small amounts of 

other types of collagen (II, m, V, X) have been detected in bone matrix, but their 

presence is generally explained as a contamination or is due to a pathologic condition 

in the bone matrix. 

No inflammatory reaction was observed at 3 and 6 months post-implantation, 

and the healing of the defect was normal with all the three bioactive ceramic granules 

at all time periods with and without fibrin glue. Ceramics implanted in orthotopic 

sites, showed good osteoconductive properties and facilitated bone formation without 

causing an inflammatory reaction. Investigations on the properties of different types 

of ceramics have shown that porous HA has an osteoconductive capacity greater than 

that of dense synthesized HA, probably because its pores have an average size which 

optimizes cell ingrowth and angiogenesis (White and Shors, 1986~ Hollinger and 
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Chaudhari, 1992). When implanted in orthotopic sites, porous HA is vascularised 

(Grenga et al., 1989) and its pores are rapidly occupied by fibrillar connective tissue, 

which is then rapidly replaced by bone tissue. 

The HA, BGS and HABGS granules are 300- 350 Jlm in size. The particle 

size also has defmite role on the inflammatory reactions as well as in osteogenesis 

process. The biological behaviour of Ca-P can be largely influenced by 

physicochemical properties such as Stoichiometry (Nery et al., 1992), Crystallinity 

(Bohne et al., 1993), Solubility (Daculsi and LeGeros., 1996), Specific surface area 

(Prudhommeaux et al., 1996), Porosity and granulometry. Granulometry, though 

apparently a quite complicated variable, has rarely been studied. Yet, it is logical to 

suppose that cellular reactions to implanted biomaterials are influenced by the shape 

and size of powder granules. Likewise, inflammatory responses have been assessed 

in terms of different bioceramic shapes (Lehtinen et al., 1990). Grain size of the 

particle is crucial when small particles are implanted or induced by the grains release 

during the degradation of implanted blocks (Figure.V.56A). 

The bone formation was by intramembranous ossification at all periods and 

no cartilage was observed with any of the three types of ceramics implanted in rabbit 

tibia bone. The defect was completely healed by 3 months in all the groups but the 

type of bone formed differed with the type of granules that was implanted 

(Figure.V.56B). Bone formation depends on the non-toxic surface that allows cell 

attachment and proliferation (Basle et al., 1993). The sequence of events observed 

following implantation of biomaterials; connective tissue proliferation, formation of 

woven bone and later, deposition of lamellar bone, is similar to that typical of the 

early stages of embryonic bone formation or of bone fracture healing (Basle et al., 

1993) 



In our earlier experiments at 2 weeks postimplantation of HA, bone formation 

was observed as a trabecular network around the implant. Osteoblast cells were seen 

lining the trabeculae bone and few fibroblast cells was observed within the defect. 

No inflammatory reaction was observed around the granules, which suggests that 

healing of the defect was normal, without any adverse reaction. The trabeculae bone 

was seen originating from the endosteum as well as from the interface of the host 

bone. Six weeks after post-implantation the trabeculae network has transformed into 

a woven bone and almost completely filled the entire defect, without any intervening 

fibrous tissue. No inflammatory reaction was observed and the material was intact. 

Mature woven bone was seen around the implants after 3 months and after 6 

months the woven bone is completely replaced by larneliar bones. HA after 3 

months showed mature woven bone in the cortical-periosteal zone, whereas in the 

cortical-endosteal zone the mature bone is undergoing transformation into lamellar 

bone with well-developed Haversian canals. This was also observed with BGS 

granules after 3 months, but in HABGS the process of transformation of woven to 

lamellar was seen in the mid-cortical region. FG coated HA, BGS and HABGS 

granules showed a definite pattern of bone healing, but differed from the bone 

mineralization pattern of uncoated HA, BGS and HABGS granules. Hence, it is quite 

clear that the bone formation pattern differed based on the type of implant, 

implanted. 

The implant bone mineralization mechanism was different for HA, BGS and 

HABGS granules which is evident from the gaps that were observed around the 

implant in the defect. Uncoated and FG coated HA showed few gaps of 10 to 15 J.lm 

only in the periosteal-cortical region after 3 months. But, by 6 months no gaps were 
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found in the periosteal-cortical region, instead few gaps of 10 J.U11 were observed in 

endosteal zone. This gap suggests two possible pathways. 

a. The bone remodeling is in progress in the endosteal region after 6 months 

withHA 

b. Since, the gap is not found in any other area and only in the endosteal 

zone, it could be possibly due to the mechanical load on these granules. 

BGS implanted in tibia bone showed few gaps in the cortical-endosteal zones 

but not in the periosteal-cortical region. But, HABGS showed gaps in the periosteal 

as well as the mid cortical region after 3 months. And by 6 months.BGS did not show 

any gap around the implant and HABGS continued to show some gap of 15 J.lm in 

the cortical-periosteal zone. This data suggests that bone healing in BGS was better 

without any gaps after 6 months due to the high bioactive nature of this material. 

Osteoblast cells were seen around the material in the early period of 2 weeks, 

6 weeks and 12 weeks and after 24 weeks osteoblast cells were not clearly identified 

with all the three granules. Osteoclast cells ·were not observed even after 24 weeks 

with HA, BGS and HABGS granules. But occasional monocytes were observed 

around the granules. Osseointegration brings about a long.:.lasting and mechanically 

stable fixation of an implant's textured surface to the bone. Allowing direct load 

transfer, . osseointegration reduces stress shielding and its accompanying bone 

resorption (Chae et al., 1992), and hence the osteoclast activity is less around the 

implants. 

All the three granules (HA, BGS and HABGS) were well osseointegrated 

with the newly formed bone after 6 months. The mechanism of osseointegration in 

the healing potential of the osseous tissues in the presence of an implant is highly 

complex ·and needs extensive understanding. The process of osseointegration may be 

a chemical, physical or biological bonding, which highlights the need for 
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improvisation of the material properties to conduct new bone around the defect as 

well as to improve the mineralizing bone to integrate with the implant frrmly. 

HA, TCP and BG are usually considered as ideal bioactive ceramic bone 

substitute. These are materials, which generally, bond to surrounding osseous tissue 

and enhance bone tissue formation. Since, direct bonding to bioactive glasses was 

first observed (Hench et al., 1971) considerable progress has been made in 

understanding the basic mechanisms of the formation of bone-biomaterial bond and 

its effect on bone formation. 

The examination of bonding zone revealed the consistent presence of an 

interfacial hydroxyapatite layer (Neo et al., 1993). Larger the solubility rate of the 

ceramic, the more pronounced is the enhancement of the bone tissue growth 

(Ducheyne et al., 1990). Among the bioactive ceramics dense HA has a limited 

reactivity in vitro (Ducheyne et al., 1993). Thus, in in vivo experiments, a lesser 

effect .on bone tissue formation was found (Schepers et al., 1991). 

Considering more reactive calcium-phosphate ceramic consisting of equal 

amounts of ~-tricalcium phosphate and hydroxyapatite, a decrease in average crystal 

size and an increase in microporosity were observed after implantation in osseous 

defects in dogs for 6 months (Daculsi et al., 1989). HA after implantation did not 

show any change in the pore size, whereas BGS showed material degradation starting 

from the center by 3 months and after 6 months the material remained as a shade in 

the bone. HABGS showed typical tissue response, where it promoted bone growth 

over the partially degraded surface. 

Numerous works on bioactive ceramics, glasses, or glass-ceramics have 

indicated that in vivo formation of a Ca-P rich layer and surface bone-like apatite is 

the key step in bone bonding behavior of these materials (Tracy and Doremus, 1984; 
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Gross and Strunz, 1985 and Neo et al., 1993). From the in vitro simulated studies and 

heterotopic implantation of HA, BGS and HABGS granules significant information 

was obtained with regard to the bioactive property of these materials. The materials 

favoured apatite formation in protein rich medium and protein free medium within 24 

h in vitro and in vivo in the extraskeletal sites good soft tissue response was 

observed, without any thick fibrous encapsulation or inflammatory reaction. 

The majority of bone cells that attain the implant surface will arrive through 

migration of precursors through the 3-D network created in the resolving blood clot 

following surgery. Ohgushi et al.,(l992; 1996) proved the stimulatory role of the 

biological apatite layer on osteoblastic differentiation and thus that the apatite formed 

on the surfaces of synthetic HA and A-W glass ceramic can enhance osteoblast 

apposition and I or attachment of stromal stem cells to activate osteoblastic 

differentiation. Thus, the speed of formation of C03- apatite or biological apatite on 

the surfaces of bioactive materials in vivo (Hench 1994). Our results with BGS 

granules implanted in rabbit tibia bone also support this hypothesis (Figure.V.58). 

Schepers et al. (1991) reported that 45S5 bioactive glass granules with a 

narrow size range were excavated by preferential resorption after implantation. With 

the silica gel removed, what remained was the calcium phosphate-rich layer formed 

in vivo. Within the excavated centers, osteoprogenitor cells differentiated to cells 

expressing the osteoblast phenotype. Since silicon is an essential element required for 

bone tissue formation (Carlile et al., 1970; 1986 and Landis et al., 1986) the fact that 

bone tissue forms in excavated granules allowed Lai et al. (1998) to propose that the 

differentiation of the osteoprogenitor cells might be related to exposure to the silica 

gel during the resorption process, as described by Hench (1998). BGS and HABGS 

implants bonded well with the newly formed bone. The silica component of the 
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material was very low with BGS after 3 and 6 months and completely absent in 

HABGS after 3 and 6 months as observed by EDAX. This silica from these materials 

did not cause any adverse reactions in the bone tissue, and did not deposit and caused 

any calcification in any of the organs like kidney, liver, thyroid glands and intestine 

· (data not shown). Numerous studies indicated that cell-mediated resorption is an 

important process involved in the fate of implants materials (de bruijn et al., 1994; 

Kwong, et al., 1989; van der Meulen, 1994) 

Bioactive materials with higher solubility than HA, such as f3 and a. 

tricalcium phosphate structures, have demonstrated much faster osseointegration 

(Hollinger et al., 1989). This observation is in correlation to our fmdings that, BGS 

and HABGS showed better bone ingrowth and implant bonding than HA 

Elliner et al. (1986) and Nery et al., (1988) has demonstrated that composites 

with a biphasjc structure, based on HA and f3-tricalcium phosphate phase causes local 

Ca and P enrichment, which then reprecipitates with proteins from the biological 

fluid enhancing the formation of new bone ( Le Geros and Daculsi, 1990). Larger 

the solubility rate of the ceramic, the more pronounced is the enhancement effect of 

bone tissue growth (Ducheyneet al., 1990). Among the bioactive ceramics, dense, 

stoichiometric hydroxyapatite has a limited reactivity in vitro (Ducheyene et al., 

1993). Thus, in in vivo experiments, a lesser effect on bone tissue formation was 

found (Schepers et al., 1991). 

Daculsi et al., (1989) investigated the dissolution of biological and ceramic 

apatites and indicated that lattice defects and surfaces of the crystals were the starting 

points of the process. Therefore, the low crystallinity, carbonate substitution, and 

nanometer size of the minerals in the composite are central to the rapid turnover of 

the implant surface. 

- ~-·---~----~--------------------·--·- . ----------- ·-·------~-~----- ---·--------- -------
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Among bioactive ceramics, glass ceramics containing apatite and wollastonite 

crystals have been found to have a high mechanical strength and showed newly 

formed apatite layer on their surfaces in the body environment (Kokubo et a/1990; 

Kitsugi et a/1987; Nakamura et a/1985) similar to the apatite layer of natural bone 

where carbonate can substitute for phosphate, resulting in carbonate containing HA 

(Fourman et a/1972). 

HA material is porous (100- 120 J..Lm) and BGS and HABGS does not have 

macropores, but have pore size of- 30 J..Lm. Bone ingrowth into HA was observed as 

early as 2 weeks post-implantation and by 3 months and 6 months mature woven 

bone was observed within the pores. BGS and HABGS did not show any bone within 

the pores, due to the degradation of the material the bone is seen growing within the 

material rather than into the pores. 

The ingrowth of bone into porous materials is affected by the geometry and 

osteoconductivity of the substrate, as well as the duration of implantation. It is 

understood that an implant must have a sufficient pore size of 100-400 J..Lm for the 

development of mineralized bone, along with interconnecting fenestrations between 

the larger pores to support the vascular tissue required for continued mineralized 

bone maturation. 

Macroporosity is conducive to osteoconduction, but also has many effects on 

the mechanical behaviour of BCP ceramics (Passuti and Daculsi, 1989; de Groot, 

1988). It is generally admitted that 80 - 100 J..Lm is the minimal pore size for 

osteoconduction, although some results in the literature are contradictory. A pore size 

of 50 - 400 J..Lm is recommended for metallic implant ftxation to provide better bone 

ingrowth than with larger pores of 400- 800 J..Lm (Bobyn et al., 1980). Some studies 

have reported notable bone ingrowth for pores smaller than 100 J..Lm (Eggli et al., 
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1988), but many authors consider that only pores larger than 100 - 150 J.lm facilitate 

ingrowth of mineralized bone (Uchida et al., 1985; Daculsi, 1990). 

The mechanical properties of BCP ceramics improve rapidly in vivo due to 

bone ingrowth in macropores and reprecipitation of biological apatites in micropores 

(Martinet al., 1989; Trecant et al., 1994; Korkusuz et al., 1995). To provide a good 

compromise between satisfactory bone ingrowth and acceptable mechanical 

resistance, many animal and clinical studies recommended calcium phosphate 

ceramics with approximately 50 % Macroporosity (Uchida et al., 1985; Eggli et al., 

1988). Macropore percentage has a greater influence than macropore diameter on the 

compressive strength of BCP ceramics (Bouler et al., 1996). 

Malard et al., (1999) reported that particles of 10-20 J.lm diameter induced 

significantly greater bone ingrowth than higher granulometries. Mter 21 days, new 

bone formed with these particles had developed twice as fast as that with the 200 -

400 J.lm particles and three times as fast as that with 80 - 100 J.lm particles. Particles 

of 200 - 400 J.lm did not induce any inflammatory reaction, although they produced 

higher bone ingrowth than 80-100 J.lm particle size. 

Image analysis of the percentage of bone formation in tibia bone was 

calculated based on the selective thresholding of the image, which helped in clearly 

demarcating the implant and bone and thereby helped in quantifying the exact 

percentage of new bone formed in an implanted site (Figure.V.62 A-C). HA showed 

71.4% of bone for 28.6% of implant after 3 months and 67.9% of bone for 32.1% 

of implant after 6 months. The difference in the percentage of bone versus implant 

between the 3 and 6 months group is very less. FG coated HA showed 70.23 % of 

bone for 29.77% of implant after 3 months. BGS showed 84.2% of bone for 15.8% 

of implant after 3 months and 80.5 % bone for 19.5 % implant after 6 months. FG 



V~119 

coated BGS showed 72 % of bone for 28% of implant. The decrease in the 

percentage of new bone after 6 months is not significant, since the shade of the 

implant is also quantified as implant area, even though it is replaced by bone. 

HABGS showed 72.1% bone for 27.9% implant after 3 months and 74.5% bone for 

25.5 %implant after 6 months. HABGS coated with FG showed 65.2% new bone 

for 34.8 % of implant. ). Ono et al., (1990) reported 89% of A W-glass-ceramic 

surface were covered with new bone within 4 weeks of implantation into rat tibia). 

A W -GC and Bioglass also bond to bone through an apatite layer formed on their 

surface after implantation (Hench 199lb; Kitsugi et a/1987). 

Vascularity of bone would favour early bone healing with any implant. Ham 

(1930) stated that interference of the blood supply during fracture repair resulted in 

cartilage deposits and non-union of fractures. The bone vasculature studies carried 

out by BaS04 method revealed fine microcapillaries around the implant (may be 

Volkmann's canals) suggesting nee-vascularization after implantation. This is further 

confirmed by the histological observation of the Haversian canal formation. Well 

developed Haversian canals were seen around the implants by 6 months with HA, 

BGS and HABGS granules. Image analysis of the rate of bone growth or osteoid 

deposition around the Haversian canal (fluorescence sections) revealed a very slow 

process of bone mineralization of lJ.tm/day, between two different Haversian canals 

of 30 11m distance. 

Serum calcium, phosphorous, alkaline phosphatase, acid phosphatase, 

protein, creatinine, PTH and calcitonin showed normal activity after 3 and 6 months 

post-implantation with HA, BGS and HABGS. Maintenance of plasma ionized 

calcium concentration within a narrow range is the central theme in mineral 

homeostasis. The parathyroid gland serves as principal regulator of this process. The 
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absence of any abnormal increase in the PTH level in the serum is directly 

proportional to the normal calcium levels in the rabbit serum. And hence, the 

hormone calcitonin the major calcium ion regulator in the plasma did not increase. 

This is further confirmed by the histological observation of the implant site, where no 

osteoclast activity is seen around the implant bone-interface. 

Bone mineralization rate was quantified by image analysis for uncoated HA 

which showed 3 ~-tm/day and for FG coated HA the bone mineralization rate was 

3.3 ~-tm/day. Uncoated BGS showed 2.8 ~-tm/day and FG coated BGS showed 6.6 

~-tm/day of bone formation after 3 months. Uncoated HABGS showed 3 ~-tm/day and 

FG coated HABGS showed 4.3 ~-tm/day bone mineralization. Undoubtedly growth 

factor coated bioactive material increased the rate of bone mineralization, when 

compared to uncoated bioactive granules. 

Osteocytes are mature osteoblast cells seen mineralized within the bone 

matrix. Image analysis for the size of the osteocytes was performed to understand the 

functional status of these osteocytes in the mineralized matrix, based on their size 

(Figure V.60 and Figure V.61). The statistical significance for the size of the 

osteocytes was made based on the comparison between the osteocytes seen within 

the newly formed bone and the osteocytes adjacent to the defect. Sham defect filled 

with FG and FG coated HA and HABGS showed significant increase in the size of 

the osteocytes. The increase in the size of the osteocytes is directly proportional to 

the activity of the cells in the mineralized matrix. 

XRD of the HA, BGS and HABGS granules after implantation in the rabbit 

tibia bone revealed apatite peaks of bone and not the typical synthetic apatite HA 

peaks. The wollastonite (CaO.SiOiCaO.Si02) peaks and the whitlockite <P­
tricalcium phosphate-Ca3.(PO)z) and few brushite peak (dicalcium phosphate 

dihydrate- Ca HP04.2H20) were observed after implantation and several other 
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phases were also observed along with these peaks. An extensive study has to be 

performed to characterize the different phase evolved with these bioactive ceramic 

implants. 

Oxyhydroxyapatite [Ca10(P04)60], a-TCP, ~-TCP or ~-whitlockite, TTCP 

and OCP have all been detected, post processing, in varying amounts via XRD, FT­

IR and chemical analysis. These compounds are not apatites per se, since the crystal 

structure differs from that of actual apatite. Differences in the structure, chemistry, 

and composition of apatites arise from differences in material processing techniques, 

time, temperature and atmosphere. Understanding the processing, composition, 

structure, processing synergy for calcium phosphate ceramics helps us understand the 

in vivo function of these materials. 

FT-IR spectra ofHA, BGS and HABGS revealed carbonated apatite peaks. v3 

and v4 peaks of the C03 were observed, which is typical of the bone apatite. The C-H 

that was observed in dissolution studies after the immersion of the bioactive granules 

was observed in bone samples also. The significance of this C-H peak is not clear. 

BGS and HABGS did not show any typical wollastonite peaks that were observed in 

the raw samples between 1118 em -1 - 716 cm-1• This possibly suggests that the 

silicate peaks after implantation has formed some complex with other functional 

groups. Stoichiometric hydroxyapatite is neither calcium nor hydroxyl-deficient, and 

nor contains hydrogen bonds. The bone mineral substance contains 3 to 4 percent 

carbonate ions instead of phosphate ions. The presence of carbonate induces 

misalignment in the bone mineral crystal, provoking an increase in its chemical 

reactivity. Bone mineral substance appears as needle-like and plate-like crystals 1.5 

to 5 nm thick, 5 to 10 nm wide, and 50 to 100 nm long (Bonucci 1984, Glirncher 

1984). Bone crystals show a highly specific surface and have reactive surfaces 
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(Posner 1987), allowing for numerous ionic substitutions (fluoride in particular). 

Bone mineral substance is a microcrystalline analogue of the mineral hydroxyapatite 

Ca10 (P04)6 (OH)z, with a calcium deficiency of about 5 to 10 percent. This 

deficiency is balanced by a combination of missing hydroxyl ions and hydrogen 

bonds between oxygens of orthophosphate (Posner 1985, 1987). 

EDAX studies showed very low silica content around the implant 

(Figure.V.57) site in HABGS and BGS after 3 and 6 months. 

The calcium phosphate (Ca/P) of the mineralized bone at the implant material 

interface was 1. 714 and 1. 7 4 for HA after 3 and 6 months. BGS showed Ca/P ratio of 

1.549 and 1.51. HABGS showed 1.529 and 1.605 after 3 and 6 months. The Ca/P 

ratio for bone is 1. 77 (Drissens, 1980) and the stoichiometric HA is having a Ca/P 

ratio of - 1.67. The Ca/P ratio is higher in HA and lower in BGS and HABGS. The 

significance of this may directly correlate to the mineralization of the bone with the 

implant. HA showed normal mineralization pattern, whereas BGS and HABGS has 

the nucleating agent silica (Si), which might have initiated complex with the 

inorganic ions and hence Ca/P ratio is low when compared to HA. 

HYPOTHESIS 

The bioactive nature of the ceramic and glass-ceramic granules (HA, BGS 

and HABGS) material is well understood after in vitro and in vivo studies and we 

propose an hypothesis for the initiation of bone mineralization process leading 

osseointegration with respect to the indigenously developed HA, BGS and HABGS 

granules (Figure.V.5.59). 
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Even though, the pH (a) of the microenvironment favours dissolution, it is the 

bioactive nature of the implant material that stabilizes the pH to be stable or unstable 

at the local site. If the material degrades quickly, it may bring high alkaline/acidic 

microenvironment and is toxic, (or) if the material is very slow in degrading (or) less 

bioactive (or) the neutralizing effect (pH) is not quick by the implant/local site, it 

could lead to a prolonged acidic pH (minutes to hours/days) and there by leading to 

inflammation. 

In in vitro (b), the response of calcium phosphate ceramics on the pH chiefly 

depends on the chemical and physical property and also by the local effect of the 

medium and the cells on the material. The response of bioactive calcium phosphate 

ceramic implant in in vitro and in vivo (c) conditions directly depends on the pH of 

the local micro/macroenvironment. The mechanism a, b and c favours the pH 

increase and decrease, which results in the material to undergo slow dissolution or 

rapid dissolution in in vitro and in vivo conditions (d). 

i) The dissolution can also have a positive and negative effect on the local pH. 

ii) The pH change in tum dictates positive and negative biological signal that will 

decide on further response by the cells (in vitro I in vivo). 

Dissolution will lead to release of the calcium and phosphate ions (e) in the local 

medium until it reaches the saturation level. Once it reaches the saturation level (in 

vitro and in vivo) it gets precipitated with the local medium (physiological medium) 

resulting in the redeposition on the material or on the surroundings of the implant. 

i) If the material is highly bioactive the reprecipitation/deposition of the ions onto the 

material or surrounding the material will get delayed until it is getting supersaturated. 

Dissolution not only favours (f) releasing of the ions in the medium but also favours 

the protein adsorption on to the material surface, which is a simultaneous process 

(Strictly based on the bioactive nature of the material). 
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i) If the material is less bioactive it will lead to less or slow release of the calcium 

phosphate ions into the medium and thereby triggering quicker protein adsorption on 

to the material, leading to: preventing or slowing down the release of the calcium 

phosphate ions. 

ii) If the protein adsorbed onto the material surface does not have enough precipitated 

calcium and phosphate ions, may lead to a slow biomineralization process both in in 

vitro or in vivo. 

Precipitation (g) is achieved after saturation, and favours apatite formation on the 

material surface reacting with the local physiological medium. 

i) If the local medium is not physiologically rich in ions or has a less bioactive 

medium it may lead to a delay in the apatite formation· (Both in vitro and in vivo, 

taking into account the material is less bioactive). 

ii) Apatite formation is triggered even if the local physiological medium is less rich 

in ions. Since the material is bioactive, and the ions released during dissolution will 

favour early apatite formation, and thereby favouring biomineralization. 

The protein adsorption (h) on the material surface is followed immediately after 

dissolution and precipitation (in bioactive implant materials), thereby favouring/not 

favouring the cell attachment, proliferation, differentiation. 

i) The even adsorption of the protein on the material might be due to the less 

bioactive surface of the implant material. 

ii) Dissolution of the implant before precipitation facilitates the intergranular 

porosity to increase, thereby facilitating the protein adsorption much deeper into the 

intergranular spaces and on the surface of the material. The bioactive nature of the 

implant helps the cells to adhere to the surface frrmly. 
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iii) Less bioactive and dense surface of implants will lead to thick protein 

adsorption, where the cells will adhere and may proliferate but will not favour 

differentiation, due to the less bioactive nature of the implant. 

Osteoinduction (j-1) is the process where the implant stimulates/or the cells release 

growth factors that help in the proliferation and differentiation of committed and 

induced osteoprogenitor cells (pre-osteoblast-like cells) into osteoblast cells which 

will initiate biomineralization. Osteoconduction (j-2) is the result of bone growing 

from the defect site towards the implant (in close apposition to the implant) due to 

the bioactive /osteocompatibility property of the implant. Osteoinduction and 

Osteoconduction (j-3) are also directly related to the physical, chemical and 

biological property apart from where the material is (extraskeletal or in skeletal 

tissue). Osteoinduction and osteoconduction (m) can exist together in conditions 

where the material has both inducting and conducting properties: 

i) Physical property: The porosity, the sintering temperature, the grain structure, 

and the crystalline or amorphous nature of the material decide the induction and 

conduction process. 

ii) Chemical property: The calcium phosphate ratio, pH, chemically inert or 

bioactive nature of the material in physiological medium, may contribute to the 

conduction and induction process. 

iii) Biological property: The cell response to the implant and the implant 

response on the cell decides the involvement of the type of cells, growth factor 

release, proliferation and differentiation of the cells, and in tum decides the pattern of 

healing [indirect-endochondral or direct bone formation -membranous]. 

Based on the information i) to iii) mentioned above, the material having all the 

three prope1ties will definitely undergo osteoinduction and osteoconduction but the 
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percentage or the response of induction and conduction may vary based on time, 

material, defect size and site. 

Osteoinduction/Osteoconduction process stimulates osteoblast cells to lay 

down collagen (n) and speeds up the biomineralization process. Osseointegration (o) 

is directly proportional to the speed at which the biomineralization process is 

triggered (if the biomineralization process is slow it may lead to unwanted tissue 

ingrowth) and the bioactive nature of the implant (that prevents the unwanted cells to 

group into a fibrous tissue and favour bone apposition). 
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F igure - V - 5 7 
SEM-EDAX i m a g e o f r a b b i t t i b i a bone i m p l a n t e d w i t h BGS 
g ranu les a f t e r 3 m o n t h s s h o w i n g t h e d i s t r i b u t i o n of e lements 
around t h e imp lan t bone in te r face . A - imp lan t bone i n te r face 
(a r row) ; B- b lank ; C - oxygen ; D - magnes ium; E - s i l i c a ; F -
phosphorous; G - c a l c i u m and H - background . 
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F i g u r e - V - 6 0 
P h o t o m i c r o g r a p h s o f H A i m p l a n t e d s e c t i o n s s h o w i n g I m a g e o f a n 
o s t e o c y t e b e f o r e (A) a n d a f t e r ( B ) a p p l y i n g f i l t e r i n r a b b i t t i b i a b o n e 
a f t e r 6 m o n t h s . I m a g e 1 of A a n d B i s b e f o r e a n d a f t e r a p l y i n g filter; 
2 - i n d i v i d u a l o s t e o c y t e ( a r r o w ) u n d e r R G B m o d e , 3 - s a m e o s t e o ­
c y t e u n d e r 8 - b i t g r e y s c a l e a n d 4 - o s t e o c y t e i n 3-D l u m i n a n c e m o d e . 

N o t e : o s t e o c y t e a p p e a r e n c e c h a n g e s b e f o r e a n d a f t e r f i l t e r . 
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Figure -v -61 
P h o t o m i c r o g r a p h s o f BGS i m p l a n t e d s e c t i o n s s h o w i n g I m a g e o f a n 
o s t e o c y t e b e f o r e a n d a f t e r a p p l y i n g f i l t e r in r a b b i t t i b i a b o n e a f t e r 
3 m o n t h s . A - l m a g e b e f o r e a n d a f t e r a p p l y i n g f i l t e r ; B & C - O s t e o c y t e 
b e f o r e a n d a f t e r a p p l y i n g f i l t e r . 
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Figure -V -62 
Photomicrographs showing t h e method employed for quant i fy ing the 
pe rcentage of new bone f o r m e d in a d e f e c t af ter imp lantat ion . A - bone 
w i t h t h e imp lan t (I); B - i m p l a n t a lone th resho lded (ye l low) ; C - bone alone 
thresholded (blue); D t o G - i m a g e under polar ized l ight : D - minera l i zed ar­
eas (ye l low) , E - n e w l y minera l i zed bone (ye l low) , F - a c t i v e minera l i zed 
bone (ye l low) and G - sur rounding areas, w h e r e polar izat ion i s absent . 
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V.2.15 Conclusion 

1. Bone mineralization was by osteoconduction with uncoated HA, BGS and 

HABGS granules and showed osteoinduction with FG coated HA granules 

and a bimodal action of osteoinduction and osteoconduction with BGS and 

HABGS granules. 

2. The new bone formed around the bone is well integrated with the uncoated 

HA, BGS and HABGS after 6 months. FG coated HA, BGS and HABGS also 

showed good osseointegration with the new bone. 

3. The mineralization pattern for HA, BGS and HABGS granules were 

identified to be different based on the fluorescent uptake, and the type of bone 

formed, i.e. woven or lamellar bone around the implant after 3 and 6 months. 

4. Porosity ofHA granules (100- 120 IJ.ID) definitely favoured bone ingrowth. 

5. X -ray radiograph and contact microradiograph of implant site showed good 

osseo integration of the material with the host bone. 

6. The bone formation was by intrarnembraneous ossification without cartilage 

formation. 

7. Silica in BGS and HABGS were non-toxic to the bone and the tissue 

architecture around the bone was intact. The percentage of bone formed with 

BGS granules was 80.5% and with HABGS granules 74.5% after 6 months. 

Whereas, HA showed 67.9% of bone after 6 months. 

8. A new mechanism of osteoinduction and osteoconduction process happening 

simultaneously in the osteogenesis process with BGS and HABGS granules 

was observed. 
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9. Biochemical evaluation of the serum calcium, phosphorous, protein, ALP, 

ACP, PTH and calcitonin did not show any adverse change after 3 and 6 

months, suggesting that the bone healing was uneventful. 

10. Bone mineralization rate was high for FG coated BGS granules (6.6 ~m/day), 

FG coated HA showed 3.3 ~m/day and HABGS coated with FG showed 

4.3 ~m/day. Whereas, uncoated HA, BGS and HABGS showed - 3~m/day 

new bone formation. 

11. XRD, FT-IR and EDAX studies revealed good material tissue response. A 

new observation is made with respect to the Ca/P ratio of the bone around the 

implant. BGS and HABGS showed Ca/P ratio of 1.51 and 1.6 after 6 months, 

whereas, HA showed a very high Ca/P ratio 1.74 after 6 months. This change 

in the Ca/P ratio could be due to the nucleating agent, silica (Si) present in the 

BGS and HABGS. 
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CHAPTER-VI 

COMPARISON OF BIOACTIVE 
CERAMICS 



VI. COMPARISON OF BIOACTIVE CERAMICS 

Comparison of synthetically prepared bioactive ceramics with the 
commercially available ceramics. 

The biomaterials research is a multidisciplinary field where different 

scientific disciplines work for a common goal. "Developing an ideal material for an 

intended tissue is the dream of biomaterials researchers". The materials developed 

for an intended application has to be developed based on the knowledge of the 

physiological environment, which will be in contact with the material/implant. 

Sufficient knowledge on biomaterials at the: tissue/cell/organelle/gene level has been 

studied to understand the interaction between the "man made material and the God 

given body". 

Even though, 40 years or more of research has been done, only diminutive 

information on the material- tissue response has been understood. Since, the "World 

of Biomaterials" is large, the knowledge pool that is achieved in one field, for e.g. in 

cardiovascular implants, did not transform into other disciplines, like how the study 

of "Nuclear Physics" transformed into "Nuclear Medicine". This gap has to be 

minimized and the only option, which I think could be, is the "Triangular 

Interactions" of: 

Industry ._._. Research and Development Institutions.__.Academic Institutions. 

Biomaterials are used in various medical disciplines, to name a few major 

areas such as orthopaedics, cardiology, ophthalmology and Neurology. Developing 

an ideal material, whose physicochemical properties are stable for a long-term 

performance is the need of the hour. Although several medical devices and implants 

were developed, they fail to give the appropriate desired response. 
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Several arguments over the failure in achieving stable biomaterials were made 

like: 

a. Man cannot replace God's creation- A myth or a reality? 

b. Lack of proper definition for what biomaterials are really-----

c. Short-term duration is O.K. Long-term duration, will be thought of later---

d. The material developed for a normal body can it be used in a diseased 

condition? 

Likewise, so; many queries follow, for which scientific explanations are required. 

Our Institute's "Bioceramics" programme was aimed at developing better 

ceramic materials, which has close chemical property to that of natural bone, which 

' 
might augm~nt the healing process in a normal fractured bone. 

Calcium phosphate ceramics are ceramic materials with varying calcium to 

phosphate ratios. HA as a biomaterial, stems from the perceived advantage of using a 

material similar to the mineral phase in bone and teeth for replacing these materials. 

Better tissue· bonding is therefore expected. 

Additional advantages of bioactive ceramics include low thermal and 

electrical conductivity, elastic properties similar to those of bone, controlled 

degradation rates through unique material properties and the possibility of ceramics 

as coatings on metals. These advantages would minimize the stress shielding 

confronted by implants, and favour better bone ingrowth into the implant. Since, 

stress shielding by the implant would lead to implant failure, using HA would 

minimize this problem, was reported by Chang et al., (1996). 

Generally HA blocksar~ used to fill wide osseous defects, while HA granules 

are preferred in other cases, especially if osseous parts of irregular shape must be 

filled or reconstructed. 
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An approximate qualitative evaluation of the HA implanted tibia bone 

showed 71.4% of bone for 28.6 % of the implant after 3 months and after 6 month 

the bone tissue constituted about 67.9 % for 32.1% of the implant area. 

Holmes et al., (1988) has reported that for a 4-month old specimen the bone tissue 

constituted about 30 % of the implant volume. From this observation it is clear that 

HA showed comparatively higher qone growth rate within 3 months. 

Sever;al investigators observed the reduction of bone ingrowth with increasing 
1. 

depth into th~ porous HA. Eggli et al.,(1988)·reported that the percentage of bone at 

given depths! declined considerably from the surface to the center of 3-mm diameter 

cylinders implanted into the cancellous bone of rabbits. Whereas, this indigenously 

prepared HA did not show any such reduction in bone growth in a 2 mm defect of 
' 

rabbit tibia bone. 

Martinet al., (1993) demonstrated that bone ingrowth into Interpore 200 after 

1 year reached a level of 74 % when placed in the cortical bone of the radius of dogs. 

In long-term implants the pore spaces were ftlled with Haversian type bone, which 

suggests that the vascularization of the pore space is complete and mature bone is 

present. The bone ingrowth into the pores of the indigenously synthesized HA was 

completed by 3 months (71.4 % ). 

In long-term implants, decreasing amounts of bone ingrowth were still 

observed as the depth into the implant increases, even though the porosity in the 

interior regions is equivalent to that at the surface. Within the pore space of the 

implants, the percent apposition against the HA was observed to be greater than the 

percent ingrowth into the a~e space for all lengths of implantation time (Ayers 

et al., 1999). Earlier work showed that bone ingrowth into a porous implant is not 

optimized or predicted exclusively by the loading environment (Hollister, et al., 
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1993). Patient age had very little affect on the amount or time for bone.to grow into 

the available pore spaces (Ayers et al., 1999). ·HA implants with 0.5 to 1 mm size 

granules and a pore size of 100 -200 J..l.m was implanted (2 mm defect size: critical 

defect in rabbit) in tibia bone and .after 1 year (data not shown in this thesis) the 

implant still persisted and showed bone ingrowth into the pores, without any gap at 

the implant new bone interface. 

Even though, HA is classified under bioaCtive ceramic material, its bioactive 

property is very slow as observed from our dissolution experiments and histological 

findings. However, BGS (AW-type) and HABGS a composite developed in this 

Institute have high osteogenic property and degradability. 

The concept of bioactivity was introduced with respect to bioactive glasses 

via the following hypothesis: "The biocompatibility of an implant material is optimal 

if the material elicits the formation of normal tissues at its surface, and in addition, if 

it establishes a contiguous interface capable of supporting the loads that normally 

occur at the site of implantation". Chemical reactions are limited to the surface 

(about 300 - 500 J.Lm) of the glasses and bulk properties are not affected by surface 

reactivity. The implant surface releases Na+ ions and subsequently also Ca2+ and P5+ 

ions. The degree of activity (and physiologic response) is dependent on the chemical 

composition of the glass and may vary by over an order of magnitude. 

Hench ( 1994) proposed that the soluble silicon activated stem cells producing 

TGF-f3, which is reversibly adsorbed and desorbed in the hydrated silica calcium 

phosphate gel layers formed on the glass, which stimulates differentiation and 

subsequent growth of stem cells leading to rapid proliferation of bone in contact with 

bioactive ·glas&--

I 

l 
·~ 

i 
I 
l 
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Ceravital developed by Pfeil and Bramer (1973) is another glass, with 

different alkali oxide concentrations from Bioglass. The physiological responses of 

Bioglass and Ceravital are similar. It is hypothesized that the general biologic 

response to both glasses is the nucleation of hydroxyapatite crystals at the implant 

surface within an ordered collagen matrix, followed by the formation of mineralized 

bone. 

Eg. a glass ceramic containing oxyapatite and fluorapatite [Ca 10 (P04) 6 (0, 

F2)] and f3-Wollastonite (SiOz -CaO) in MgO -Ca0-Si02 glassy matrix (AW­

system). If the physiological environment is correctly stimulated in terms of ion 

concentration, pH, and temperature, this layer consists of carbonate containing 

hydroxyapatite of small crystallites with a defective structure, and the composition 

and structural characteristics are similar to those of bone. A-W glass ceramic bonds 

to living bone, through a thin calcium and phosphorous rich layer that is formed at 

the surface of the glass ceramic. 

BGS is an A-W type ceramic material, which is a highly reacting material to 

pH, temperature and ionic concentration. But, the striking feature is its inductive and 

degradability property. The material releases calcium and phosphorous very quickly 

upon reacting with the physiological solution and the apatite formation is detected as 

early as 6 h (data not shown). The bioactive nature of the material is confirmed by 

our heterotopic, where induction of bone was observed with fibrin glue within 15 

days after implantation in mice quadriceps muscle. Whereas, Urist (1988) reported 

that ectopic bone formation in the mouse thigh with sealed BMP/NCP composite 

implants induced bone formation at Day 21. This is the first report to confirm the 

osteoinduction property of an indigenously synthesized ceramic granule with 

indigenously prepared fibrin glue (FG) as early as Day 15. 
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The mechanism of osteoinduction with this bioactive ceramic granules 

leading to :p.eo-osteogenesis in the muscle is given in Figure (V-16). The 

osteoinduction property of these ceramic granules was also observed in bone. The 

rate of bone formation was comparatively higher than HA. BGS showed 84.2 % of 

bone and only 15.8 % of implant was remaining after 3 months. After 6 months 

80.5% of bone was observed and only 19.5 % of implant remained (the reasons for 

this value is explained in chapter V. orthotopic -4liscussion). After 6 months the 

material was !completely replaced· by lamellar bone without any trace of implant. 

HABpS implants also showed osteoinduction with !<'G. After implantation in 

bone 72.1 % of new bone and 27.9 % of implant was quantified after 3 months. After 

six months 7~.5 % of new bone and 24.5 % of implant was quantified. The implant 

showed a different osteogenic process where, the bone was seen within the cracks of 

the implant, which appeared as if bone was growing on the surface of the implant. 

HABGS and BGS showed relatively two ·different mechanisms of 

osteogenesis. The possible cascades of action that leads to stimulation of 

mesenchymal stem cells and mineralization is shown in Figure (V-58) and the 

complete mechanism that leads to osteogenesis and osseointegration with the implant 

is given in Figure (V-59). 

To conclude HA, BGS and HABGS are found to be ideal bioactive ceramic 

granules and their osteogenic property is very high. To choose an ideal material for 

an ideal tissue response one has to understand the interplay that normally takes place 

in an in vitro or in vivo system and this "Chakra" (circle) has to be kept in mind 

before developing and evaluating a material for an intended in vivo application 

(Figure VI. I). 
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SUMMARY 

The objective of this study was mainly focused on - to evaluate HA. 

BGS and HABGS ceramic granules synthesized in-house at BMT Wing, 

SCTIMST for· its cytocompatibility and osteocompatibility and in tum, to suggest 

the mechanism of healing in bone with respect to the three different granules. 

The in vitro dissolution experiments were carried out in different 

simulated physiological media with and without protein, to understand the 

bioactive property of HA, BGS and HABGS granules prior to the cell culture and 

in vivo studies. From these simulated studies, it was understood that protein rich 

medium did not delay the process of apatite formation on the materials 

irrespective of the amount of protein that adsorbed on the material. 

The physicochemical property of the material defmitely played a major 

role in the stimulation of the osteogenesis and osseointegration process. 

The dissolution studies confrrmed the bioactive property of the three 

materials with respect to the pH influence. The in vitro evaluation of the bioactive 

ceramic granules/discs showed hardly any toxicity and exhibited good cell 

attachment and spreading. 

Heterotopic studies revealed that the uncoated HA, BGS and HABGS 

granules were non-toxic, and evoked less fibrous encapsulation around the 

material. FG coated granules showed good tissue response without any fibrous 

tissue encapsulation or inflammatory reaction. BGS and HABGS showed 

osteoinduction with FG but HA did not. The main observation was that induction 

of new bone was observed at 15th day after implantation, which is far ahead of the 

earlier reported data of 21 days in the same animal model. 



The mthotopic implantation studies proved the materials to be well tolerated 

with good osteointegration. The degradation of the material and the bone formation 

pattern was different for the three granules with and without FG. 

CONCLUSION 

These granules can be used for implantation based on the type of healing one 

requires. HA, BGS and HABGS not only acted as a scaffolding material but also 

enhanced the bone formation due to their close chemical properties to that of bone. 

The porosity of HA material favoured better bone anchorage and the less degrading 
i 

ability of the material will favour a better scaffold· for bone in conditions where the 

material is expected to remain to support bone formation at its own pace. BGS and 

HABGS material can be an ideal material where one expects a quick healing at the 

shortest span of time. The degradation of the material and the sustained release ofthe 

ions favoured early mineralization and with time the material will degrade completely 

to be replaced by new bone. However, the composite material would provide a better 

scaffold and augment bone formation and thereby prove to be a surgeon patient 

friendly implant. 

FUTURE PROSPECTS 

1. To evaluate the bone tissue response ofHA, BGS and HABGS granules in a 
large bone defect 

2. To study the healing mechanism of these ceramics in a diseased animal model 
and 

3. To enhance healing of the defect by using growth factors or cells in 
combination with the materials. 
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