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QITINUVIMoIv

- Orthopedics is currently one of the largest medical industries and deals with
deformities, 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
ad’dition, control of the specific addition of scaffold and biological cofnpbnents
minimizes immunological rejection potential. Thus a synthetic bone graft can be
achieved with the inherent losteogenic propertiecs of allograft, without the
immunological rejection or disease threat potential, and with the inherent osteogenic
properties of autograft, without the complications often aésociated 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
Ca*, PO,> and OH' ions of the apatite, substantial amounts of carbonate ions, lesser
amounts of pyrophosphate, Mg?*, Na* and K* and trace amounts of other ions.

Bioceramics to be used as bone defect filler 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 first phase of cell/material interactions and the quality of this
first 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)

4)

5)

6)

7

8)

9)

10)

Cytotoxicity and cytocompatibility property ot the ceramics by in vitro
cell culture techniques.

To find the histotoxicity, histocompatibility of the bioactive ceramic
granules in heterotopic and orthotopic sites without fibrin glue and with
fibrin glue (as growth factors).

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.

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.

Biochemical estimation of the plasma and urine markers of bone for
understanding the physiology of the bone before and after implantation.
Quantitative histomorphometric analysis of the implanted specimens to
understand the bone growth rate at different periods.

Suggest a possible mechanism by which the bioactive ceramics would
favor osteogenesis and osseointegration in bone and

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 tollowed 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.

¢) Invitro 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 (L.929) and osteoblast cells (MG-63/HOS) for 48 hours on
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bioactive ceramic discs and granules were evaiuated 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 cefémic granules in rabbit tibia bone
with anﬁ 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, FT-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 -1II to VI
Chapter-1II deals with the results of the Material characteristics: Surface, Phase
composition, functional groups, porosity etc.

XRD of Hydroxyapatite (HA), Bioactive Glass System —AW 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 SiO,/CaO SiO;) as major phase and whitlockite [(Casz (POj),)-
Tricalcium phosphate] as minor phase. HABGS, showed apatite and whitlockite as
major phase and wollastonite as minor phase. FT-IR of the ceramic granules
confirmed the‘ crystallinity of the ceramic granules as well as the presence of the

hydroxyl (3570 cm™ and 630 cm™) and the phosphate groups (1089 cm™, 1046 cm’,
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960 cm™, 600 cm™ and 568 c¢cm™) in the HA. In BGS and HABGS the hydroxyl
groups were absent or not detected and the presence of the silicate (1022 cm” 715 cm’
') and the phosphate groups were identified. The porosity of the HA material was 100

pm to 120 um whereas that of BGS and HABGS the pore size was ~30um.

Chapter-1V deals with the results of the in vifro 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.

¢) 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, confirmed 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-VII 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 definitely 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 15™ 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 definite

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.
Thére 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 of the 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. Autograﬁing-, which represents about 58% of the current bone substitutes,
involves harvesting a bone frofn 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 autografting 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 of the 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 problems 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 acellular and are vless 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).



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 of the mesenchymal condensation, and a second,
cartilaginous stage before reaching the final ossification stage. Bone is essentially a
higﬁly 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 ﬁbérs in an amorphous ground substance (cement) impregnated with calcium
phosphate complexes (Figure L1). Bone is divided into two forms of structure for easier
understanding of their anatomical structure

A. Macrostructure 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 of the 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 / Cancellous bone / 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 of bone healing
a. Intramembranous ossification (bone is formed directly)
1) 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", although 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 al, 1988).
Osteoblasts are roughly 20 pm 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 formation 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 fusiform 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



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 cell. 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 is 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 um or more in diameter,

probably as a consequence of the union of several smaller cells. In addition osteoclasts



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 celils

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 vother 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.




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 precursér 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 er al., 1980) and may conceivably be involved in fracture
repair, regeneration of bone and marrow stromal system may also be "determined
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
structural 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, forming 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 300um in diameter; the

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

up to 80 um (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; béth 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-I collagen (consisting of two ol chains and one a2 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 pm 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 vy -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 1s osteonectin,
which has a molecular weight of around 32,000. It has a strong affinity for both
hydroxyapatite and collagen. Osteonectin is also found in platelefs. 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 of bone 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 Mo (RO4)s Xo,
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 [Cajo (POs)s (OH),]. 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)

Ca®™ | PO, | Na" | K' | Mg” [ COs™ | F | CI' [ P,0;" | Ash | H;O | Organic

2451105 107 (003|055 | 58 [0.02|010| 005 } 65 | 87 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 of bone 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 Ca*" immobilized as

hydroxyapatite. Only a few grams out of a total of about 1250 g circulate in the
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extracellular and intracellular fluids. In the extracellular fluid (plasma) about half of the
total Ca® " is ionized (free Ca’ "), whereas only 0.1 % or less of the total Ca® " 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 (Figurel.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 dérived growth factor (PDGF) and transforming
growth factor-B (TGF-B) 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 Mc 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 pa.rts 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
througﬁ systemically. Bone is a heterogeneous tissue containing a mixed cell population
that includes fibroblasts, osteoprogenitor cells, osteoblasts, bone surface lining cells,
osteoclasts 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. 1.3).

Growth factors synthesized by macrophages include transforming growth
factor—B1 (TGF-f1), 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—1 and platelet
derived growth factor (PDGF). Other sources of growth factors include osteoblasts (FGF,
TGF-b, and PDGF) and the bone matrix itself, which contéins high concentrations bf
FGF and TGF-3. 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.

'1.10 Bone Mineralization

The factors initiating the deposition of mineral in the calcification of bone are not
well understood. Some authors have reported that the first 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 first phase. Many theories
have been proposed to explain the initiation of mineralisation, including local elevations
of phosphate via hydrolysis of organic phosphates by alkaline phosphatase, enzymatic
removal of inhibitors of mineral deposition, and direct nucleation of hydroxyapatite or
other calcium phosphate minerals onto bone collagen fibers. 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° to 500 A® in length, up to 250 A° in width and with
thickness of 20 A° to 30 A° (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, ename’l, 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 of the apatite crystallites in biological environments.
.11 Bone mineral disorders

Skeletal formation and resorption are coupled by concerted actions of osteoblasts
and osteoclasts. The osteoblast and osteoclast cells are in turn 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 1s 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 1s 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
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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 uhderstanding from these findings should lead to
the development, maintenance and repair of skeleton and also for treatment and
prevention of skeletal disorders |
.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 A.D

(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 opﬁcs 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 r&search with immense clinical applications.

.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 av;xgment 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 défects, while the natural repair process restores the defect. In other situations, the
ceramic is used as coating on a substrate, or as a second phase in a composité, 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 Ca/P ratios. Since, the Ca/P ratio for bone is 1.77, for
dentine the ratio 1s 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 e al., (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 cefamic

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

.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 ié raised to evaporate the water (drying) and
the binder is bumed 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.
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Table. 1.2
Type of Ceramic Processing Example
1. Wet chemical method HA
2. Hydrothermal method HA (Single crystal)
2. Glass 45S5 Bioglass®
3. Castor rapidly solidified polycrystalline ceramic HA Coating
4. Polycrystalline glass-ceramic | Ceravital ®
5. Liquid-phase sintered (vitrified) ceramic Glass-HA
6. Solid-state sintered cerafnic Alumina, Zirconia
7. Hot pressed ceramic or glass-ceramic A-W Glass-ceramic
8. Sol-gel glass or ceramic 528 bioactive gel-glass
9. Multi-phase composite PE-HA

A variety of crystalline calcium phosphate compounds can be produced by

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

dispersed form of whitlockite (Meyer and Eanes 1978).

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

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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.14 Hydroxyapatite Synthesis

Calcium phosphate polycrystalline ceramic 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 H' apd OH 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 Cas (PO4) s(HPO,) (OH)
can be produced by subjecting either an unstable precipitate of defective HA or a high
temperature product of tetracalcium phosphate Cas (POs) 20 to hydrolysis at temperatures
’up to 90°C (Driessens, 1983). The chemical stability of HA during heat treatment at high
temperature at 1300 °C is usually considered as the maximum sintering temperature
because, HA dissociates around this temperature into tricaicium 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 Mc Intyre (1956) and later defined by Kay et al.,
(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 (a, a; and a;) at angles 120° to each other. The smallest building
unit, known as the unit cell, contains a complete rei)resentation of the apatite crystal,
consisting of Ca/POs 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 crystallographic or geometrical

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

bulk crystal. The evolution of HA is given in Table. 1.3.

Table. 1.3

Year

11971
1974
1975
1976
1976
1977
1978
1979
1980

1980
1980
1981
1981

EVOLUTION OF HYDROXYAPATITE (HA)IMPLANTS

Event _
Suggested use of HA as bone and tooth implant

Suggested use of HA as orthopaedic implant

Suggested use of HA as periodontal treatment

Development of process for preparing dense polycrystalline HA

Use of HA as loaded tooth roots in animals

Bonding of bone to HA

Use of IHA powder for periodontal treatment

Clinical application of HA dental root implants in Europe

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

Clinical trials of HA powder in alveolar ridge augmentation

Use of HA powder to stimulate bone growth in porous metal implants
Clinical applications of HA loaded tooth implants in Japan

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 Ceramics

'114.1 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 (100 um), 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 et al., 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 cond?nsation of metal alkoxide precursors followed by
drying at ambient temperature.

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

1s given in Table.1 4.
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Table. 1.4

EVOLUTION O F BIOACTIVE GLASS AND GLASS-CERAMIC IMPLANTS

Year Event
1969 Evidence of bone bonding to bioactive glass and glass ceramic (4585 Bioglass F)

1973 Mechanism of bone-bioactive glass bond identified

1973 Bone honding of bioactive glass ceramic in Europe (Ceravital R)

1975 Successful load-bearing erthopaedic prosthesis in monkey using 4585 Bioglass

1976 Compositional profiles of bioactive glass (4585 and 45SSF) dental implants in baboon

1980 Comparative histology of implants of variable bioactivity

1981 Ultrastructure analysis of bioactive glass-ceramic and bone

1981 Successful completion of toxicology and biocompatibility tests of bioactive glasses
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