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Abstract

The development and use of endosseous implants in dentistry have increased 

worldwide since the introduction of the concept of “osseointegration”. This concept of a 

direct bone-to-metal interface, according to Brânemark, consists of a highly 

differentiated tissue making a direct structural and functional connection between 

ordered living bone and the surface of an implant. Much of the research supporting this 

concept was based on in vivo animal studies and clinical results from human patients. In 

vitro models are increasingly being used to examine the short-term behaviour and 

function of connective tissue cells on implant surfaces. The first section of this thesis 

presents an examination of the dynamic behaviour of fibroblast cells cultured in vitro, 

using time-laspe video micrography, to evaluate initial attachment and spreading. It is 

acknowledged that in vitro culturing of isolated cells on the biomaterials may not 

represent all the characteristics of tissue responses around dental implants in vivo since 

the structural organization of connective tissue is lost in these systems. The main aim of 

the work presented in this thesis was to develop a new organ culture model for studying 

bone-biomaterial interactions. This model is based on grafting bone explants onto the 

chorioallantoic membrane (CAM) of chick eggs. The model was characterised to 

provide a test bed for the assessment of early bone-biomaterial interactions. The stages 

of development of the early bone-implant interface were studied using commercially pure 

titanium and a glass ceramic material, Apoceram. Light microscopy, histochemical, 

ultrastructural and immunocytochemical examinations were carried out. The feasibility 

of using the model for studying the effects of basic fibroblast growth factor on bone 

healing around the implants was assessed and the role of the CAM graft model as a 

bridge between in vitro and in vivo methods of studying bone-implant interactions 

examined.
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1. Literature Review

1.1 Introduction

The most recent Adult Dental Health Survey (1988) (Office of Population 

Censuses and Surveys, 1991) revealed that 21% of the UK population over the age of 16 

are edentulous. Whilst conventional prostheses provide satisfactory service in the 

majority of cases, there are many who are unable to use their dentures successfully 

(Harrison et ah, 1992). The use of endosseous dental implants provides the opportunity 

to rehabilitate such individuals (Adell et al., 1990; Albrektsson, 1988).

Today, the goal of the treatment with endosseous dental implants is to achieve 

osseointegration, which is defined as a direct structural and fimctional connection 

between ordered, living bone and the surface of a load-carrying implant (Brânemark, 

1983). A precise histologic definition of osseointegration is difficult since the interface 

morphology of clinically asymptomatic and rigidly fixed implants can show great 

variation along the interface of the same specimen, as well as varying between different 

materials and possibly also between different designs of implants. Osseointegration is 

clearly not an all-or-nothing concept. The direct contact with bone means the absence of 

a fibrous layer but the level of resolution of the direct contact and what is meant by a 

fimctional connection has yet to be resolved. [Note: Lalor and Revell (1993) stated that a 

layer of fibrous tissue usually develops between bone and a prosthetic implant regardless 

of whether it is cemented or uncemented. This comment holds true for many orthopaedic 

implants but should not be regarded as the norm for endosseous dental implants ad 

modum Brânemark.]

There is also controversy as to what osseointegration really represents. Sennerby 

(1991) felt that bone being in direct contact with implants reflects a normal bone healing 

which is ‘correct’ from a biological point of view. Stanford and Keller (1991) took the 

view that a direct bone contact at the histological level or osseointegration is not the 

result of an advantageous tissue response but rather the lack of a negative local or 

systemic response. Researchers working-eaJbioactive’ materials, such as Hench who



invented Bioglass, thought that ‘an ideal implant material must have a dynamic surface 

chemistry that induces histological changes at the implant interface which normally 

occur if the implant were not present’ (Hench & Ethridge, 1982), implying that the 

implant material ought to positively influence the healing process. A bioactive material 

is regarded as one which is designed to induce specific biological activity, for instance, 

surface chemical reactions leading to bonding of the implant with bone.

From the point of view of the assessment of biological safety, artificial materials 

intended for implantation into bone are usually tested at four different levels prior to 

clinical evaluation:

1. Evaluation of the material and its constituents for cytotoxic effects.

2. Short and long term animal implantation studies.

3. Histological and morphometric investigation of the implant bed and interface.

4. Biomechanical evaluation of the interface.

(Gross et al, 1986)

In vivo implantation studies are a necessary prerequisite to clinical evaluation of 

biomaterials, since they allow assessment of the gross histological response to a material. 

However, they do not allow the investigation of the response of different, isolated cell 

populations to a material. Alternatives to in vivo implantation as a means of studying the 

interaction of bone cells and bone substitute materials do exist. In vitro techniques 

provide scope for the observation of the behaviour of an isolated cell population on 

artificial substrata. Modified in vivo implantation techniques are also available, in which 

an isolated cell population or tissues can be maintained in an in vivo environment. All of 

these techniques have the potential to provide powerful tools for the detailed examination 

of the formation of the living/non-living interface between cells and biomaterials.

1.2 Testing of implant materials

Apart from strength requirements, the selection of biomaterials suitable for use as 

dental implants is based on the concept of biocompatibility which is defined as the ability 

of a material to perform with an appropriate host response in a specific application



(Williams, 1987). It has to be remembered that the biocompatibility of a material may 

differ according to its end-use application. Factors such as the duration and frequency of 

exposure, the amount of local as well as systemic biological activity imply that biological 

reactions that are detrimental to the success of a material in one implant application may 

have little or no bearing on the successful use of the material for a different application. 

This is reflected in the International Standards Organisation (ISO) guideline document 

'Biological Testing of Medical Devices’ (International Standards Organisation, 1991). It 

categorises the devices by: 1 . the nature of their contact with the body (surface 

contacting/ external communicating/ implant devices). 2 . the duration of their interaction 

with the body (limited exposure < 24hrs, prolonged exposure >24hrs and < 3 0  days, 

permanent contact >30 days).

The interaction duration and contact type between the device and tissues affect 

the selection of the test to assess device biocompatibility. Dental implants would come 

under the category of external communicating devices in permanent contact with bone 

and soft tissue. The procedures for testing of implant materials and devices would 

encompass in vitro tests, in vivo implantation in animals and clinical monitoring of 

implants. The following biological tests are recommended by the ISO for the evaluation 

of implants for surgery (ISO/TR 9966, 1989):

1.2.1 In vitro tests

1.2.1.1 Cytotoxicity tests

These tests demonstrate the potential toxicity of extractable or diffusible 

components of implant materials to cloned and/or differentiated cells in culture either by 

direct contact with or by exposure with extracts. A number of parameters are being used 

for assessing the cytotoxic effects of materials on cells: the permeability of the 

membrane to dyes, radioactive markers and intracellular proteins where cell membrane 

integrity usually indicates cell viability. The physical form of the material, whether it is 

in bulk or particulate form, or as soluble products, could affect the degree of cytotoxicity 

observed (Rae, 1986).



The cell types most widely employed in cytotoxicity studies are epithelial cells 

and fibroblasts, mainly as well-characterised, established cell lines in monolayer culture. 

The advantages of such a system are that a large number of results can be obtained very 

quickly and cheaply compared to animal studies; the system is very sensitive to toxic 

substances and quantification of the toxic response is possible; isolated cell types can be 

investigated and the response of living cells observed directly. Finally it is the only 

practical way to experiment with human derived cells. However, the static conditions 

employed in culture and the lack of systemic detoxification processes (present in the liver 

and kidney, for example) may result in oversensitivity to toxic substances; complex 

reactions such as tumour formation or those requiring an intact blood and nerve supply 

are impossible to mimic in culture and thus care must be exercised in extrapolating 

results from such studies to clinical situations (Rae, 1986).

1.2,L2 Mutagenicity

These tests involve the application of mammalian or non-mammalian cell culture 

techniques for the determination of gene mutations, changes in chromosome structure 

and number and other DNA or genotoxicities.

1.2.1.3 Haemocompatibility

Areas of blood compatibility which may be studied include haemolysis, 

thrombosis, effect on formed blood elements, effect on haemostasis and effect on the 

complement system.

1.2.2 In vivo animal tests

1.2.2.1 Systemic acute toxicity

This is a test intended to determine the biological response of the test animal 

(usually mouse) to a single-dose intravenous or intra-peritoneal injection of an extract of 

a sample of the implant material.



L2,2,2 Short-term implantation

This is a test for evaluating the reaction of living tissues at both macroscopic and 

microscopic levels to materials which are surgically implanted in appropriate tissue sites 

in animals for between 7 days and 30 days. It is carried out as a short-term in vivo 

screening of materials, usually in non-specific soft tissue sites such as muscle or the 

subcutaneous space.

1.2.2.3 Long-term implantation

The objective of long-term implantation is to evaluate the reaction of living 

tissues to implants at both macroscopic and microscopic levels for periods of 6  months to 

2 years. The test is conducted, where possible, in tissues which are appropriate to the 

end-use of the implanted device.

1.2.2.4 Sensitisation

This is a test to estimate the potential for sensitisation either through direct 

contact or through diffusion of components of the implants.

1.2.2.5 Neoplastic potential

These tests are intended to determine the neoplastic potential of samples from 

either single or multiple exposures over a period of the total life of the test animal 

(usually the rat). It is well known that the neoplastic response varies significantly 

between species and strains. The frequency of implant-induced malignancy in human 

beings can only be determined by long-term clinical follow-up in human beings.

The above approaches to testing of implant materials provide the means to 

identify potential adverse effects. Clinical evaluation remains the ultimate test for all 

materials and implant systems. However, the sequence of events leading to implant 

survival or failure at cellular and biochemical levels is not yet well-understood. To 

examine the influence of various host and material factors we require techniques to 

observe and detect changes with greater specificity than what can be achieved with 

clinical or histological examination of successful or failed implants. It is also notable



that the in vitro cell culture tests described above are limited to screening procedures 

prior to in vivo testing. Pizzoferrato et al. (1994) made a distinction between cytotoxicity 

tests from response tests. The former highlight and quantify the cells which have died or 

have undergone regressive phenomena after contact with a material, the latter deal with 

specific cell/tissue functions that reflect interactions relevant to the clinical application of 

the material. Harmand et al (1986) were of the opinion that detailed investigation of the 

behaviour of cells at an interface was essential for accurately assessing the 

biocompatibility of a material but that existing cytotoxicity tests, with their poorly 

differentiated established cell lines, were unsuitable for this purpose. To address the 

problem, they proposed the introduction of in vitro studies utilising differentiated cells 

typical of the tissues encountered in vivo. They approached the issue of defining the 

biocompatibility of a bone biomaterial by formulating four criteria which could be 

applied to any tissue/material combination:

1. Basal biocompatibility, relating to general cell functions such as proliferation and 

cell membrane integrity and assessed by accepted cytotoxicity parameters.

2. Specific biocompatibility, relating to differentiated cell structures and functions.

3. Stimulation of phenotypic expression specific to particular cell types.

4. Integration of the material by cell and extracellular matrix attachment due to 

physicochemical characteristics of the material.

In essence, the drive is towards a better understanding of the cell reactions and 

material characteristics responsible for bone responses to biomaterials. The development 

of new materials as well as the attainment of any influence or even control over bone 

formation around an implant depend on the identification of the mechanisms underlying 

tissue-implant interactions and the regulatory processes. Dental implants are located in 

the unique environment of the oral cavity and are in contact with different media, cells 

and tissues: saliva, crevicular fluid and other contents of the oral cavity; the mucosal or 

soft tissue interface; and bone. This literature review will examine the methods currently 

available for studying cell and tissue responses to biomaterials relevant to dental 

implantology, with a focus on bone-biomaterial interactions, and explore the capabilities 

and limitations of various models and techniques.



1.3 Experimental models for studying bone-blomaterlal 
Interactions In vitro

1.3.1 Introduction

Over the last ten years, there has been growing support for the use of in vitro 

methods for examining biological responses to implant materials. Economic 

considerations, and changes in social attitudes towards animal experimentation are two 

factors amongst the many which encourage the use of cell/tissue techniques. The use of in 

vitro cell cultures reduce the need for whole animal work and present other advantages. 

The animal's physiology represents a network of interrelated systems making it difficult 

to examine the specific interactions of various cell types with the implant materials. The 

cell/tissue culture model, with its restricted number of variables would allow direct 

observation of the cell-biomaterial interaction. The microenvironment of the culture 

systems can be consistently produced and maintained and additional variables can be 

added under controlled conditions.

The advantages of using in vitro systems have been expounded by Rae (1986) and 

Davies (1990):

1. It can give very quick results, but results obtained quickly are likely to be 

confined to those which represent acute toxic reactions.

2. Tissue culture test systems can be extremely sensitive to toxic materials.

3. It is the only practical way to investigate and experiment on human tissue.

4. The quantitative measurement of toxicity is a possibility

5. A large number of controlled experiments are possible at a cost much lower than 

comparable investigations using experimental animals.

6 . Single cell types can be investigated.

7. Living cells can be studied directly.

There are however several drawbacks in this approach to biocompatibility testing:

1. Caution must be exercised in extrapolating directly to the clinical situation.

2. Some investigations are impossible to reproduce in vitro.



3. It is unsuitable for the investigation of complex tissue responses where the

integrity of the blood supply is required.

While in vivo methods involve the implantation of the material into a complex 

environment of blood, tissue fluid and heterogeneous cell populations, in vitro 

experimental studies address problems related to specific cellular interactions at the 

biomaterial interface as well as interactions at the molecular level.

In vitro culture permits three types of studies: the organ, the tissue and cell 

culture. An organ culture is one in which a whole organ, often from an embryo, is 

explanted and cultured in vitro. Organ culture preserves both parenchymal and stromal 

components of the organ, as well as their connections and functions. When a small 

fragment of tissue (e.g. epithelium) retaining its histological and biochemical 

differentiation, is cultured in vitro, this is regarded as a tissue culture. As with organ 

cultures, they cannot be propagated and generally incur greater experimental variation 

between replicates.

Cell cultures are achieved through enzymatic or mechanical disaggregation of a 

piece of tissue or by spontaneous migration from an explant, often of foetal or embryonic 

tissues. The major advantage is their ability to be propagated and divided into replicates; 

they can be characterised and preserved by freezing. Cell cultures derived from 

embryonic tissues will survive and grow more easily than those derived from adult 

tissues.

A fresh isolate of cells which is cultured in vitro is called a “primary culture” 

until cells are subcultured or passaged. Primary cell cultures are generally 

heterogeneous, with a low fraction of growing cells, but they contain a variety of cell 

types which are representative of the tissue. The subculture allows the propagation of the 

culture, which is now called a “cell line”: It appears to be more uniform, but specialised 

cells and functions can be lost. The greatest advantage of a cell line is the availability of 

a large amount of homogeneous material to be used for long periods of time.



After several passages a cell line may die (finite cell line) or be induced to 

transform into an established or continuous cell line. Most of the continuous cell lines 

originate from neoplastic tissues, but several continuous cell lines are derived from 

normal embryonic tissue (e.g. 3T3 fibroblasts). The transformation into a continuous cell 

line is usually accompanied by morphological alterations, such as decreased cell size, 

reduced adherence, higher nucleusicytoplasm ratio, by an increased growth rate, by a 

reduction in serum requirements and by changes in chromosome number (Pizzoferrato et 

al., 1994). Cell culture models tend to examine the response of single cell types. Also 

complex local and systemic regulatory elements present in vivo cannot be completely 

reproduced. The response of transformed cells to test materials may be unrepresentative 

of a “normal” cell response. Despite these drawbacks, cell culture models can still 

provide useful information in isolating specific components of the biological response to 

materials (Boyan et al., 1996). In addition to simple cell viability tests, in vitro methods 

have been applied to study defined cellular processes including the rate of cell attachment, 

cytoskeletal organisation, changes in cell morphology, cell spreading and motility, growth 

and proliferation of cells, as well as the synthesis and release of a variety of cell factors, 

including the products of extracellular matrix synthesis. An increasing range of techniques 

is available for specific biochemical, histochemical as well as genetic analysis of cell 

functions specific to the cell types relevant to particular implant applications.

Davies (1990) has summarised succinctly the reasons for using in vitro methods 

for exploring bone-biomaterial interactions:

1. There is a need to examine the reaction of specific cell types on and adjacent to 

the surface of the biomaterial.

2. Examination of individual cellular reactions to biomaterials is necessary to 

understand the complexities of the environment in vivo. What is observed in vitro 

is a simplified part of the complex mechanisms in vivo.

3. It is only by developing assays in vitro that the creation of an interface can be 

examined in a “controlled” environment and under the same conditions.

4. The development of reliable testing methods in vitro will reduce the need for 

testing in vivo - this will not only reduce the number of animal experiments



necessary to achieve detailed understanding of biointeractions but will also 

reduce the time scale of experimental methods employed for such testing regimes.

5. Since materials which are destined for human implantation should, ideally, be 

tested with human cells rather than animal cells, it is only by developing methods 

in vitro that there is a chance that these methods may be adapted for use with 

human cells.

1.3.2 Background on bone culture systems

Bone cells and tissues form the basis of the majority of in vitro investigations into 

biological responses to dental implant materials. A review of the key features of bone at 

different levels of organisation as well as the methods for culturing bone in vitro is 

therefore appropriate at this stage.

L3.2,l Bone as an organ

Anatomically, there are two types of bones in the skeleton, flat bones (cranial 

bones, mandible, ileum) and long bones (tibia, femur) which derive from 

intramembranous and endochondral ossification respectively. The outer layer of bone is 

formed by dense cortical bone serving mainly the mechanical and protective function and 

the inner layer is made of cancellous or trabecular bone serving principally the metabolic 

function, although also having a structural role. Marrow, blood vessels and connective 

tissue occupy the medullary cavity within the metaphysis of the long bone as well as 

forming over 70% of the volume of trabecular bone. The external and internal bone 

surfaces are lined with osteogenic cells organised in layers: the periosteum and 

endosteum.

13.2.2 Bone as a tissue

At a microscopic level, bone can be seen to be composed of a relatively small 

number of cells and an abundance of extracellular matrix. There are three types of bone 

cells: osteoblasts, osteocytes and osteoclasts.
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The osteoblast originates from a local mesenchymal stem cell (bone marrow 

stromal stem cell or connective tissue mesenchymal stem cell). These precursors 

proliferate and differentiate into pre-osteoblasts, then become mature osteoblasts which 

are seen as clusters of cuboidal cells lining the bone surface. At the light microscope 

level, the osteoblast is characterised by a round nucleus at the base of the cell and a 

strongly basophilic cytoplasm. At the ultrastructural level, notable features are a well 

developed rough endoplasmic reticulum and a prominent Golgi complex. Cytoplasmic 

processes on the secreting side extend into the unmineralised matrix (osteoid) and are in 

contact vrith osteocytes.

Osteoblasts are responsible for the production of the proteins of bone matrix, 

including Type I collagen, osteocalcin and osteonectin. They secrete the growth factors 

that are stored in the bone matrix, such as transforming growth factor B (TGF-B), bone 

morphogenetic proteins (BMPs), platelet derived growth factor (PDGF), insulin-like 

growth factors (IGFs) and fibroblast growth factors (FGFs) (Hauschka, 1990). 

Osteoblasts are capable of mineralising newly formed matrix. Their plasma membranes 

are characteristically rich in alkaline phosphatase and have been shown to have receptors 

for parathyroid hormone (PTH).

When bone matrix is deposited and calcified around an osteoblast, the cell will 

eventually be embedded in a lacuna and becomes an osteocyte. It has numerous cell 

processes in contact with those from other osteocytes and/or cells lining the bone surface. 

Ultrastructurally, a young osteocyte resembles an osteoblast but has a smaller volume 

and fewer organelles.

The osteoclast is a large multinucleated cell usually found in contact with a 

calcified bone surface and within a lacuna (Howship’s lacuna) formed as a result of its 

resorptive activity. They arise from haematopoietic mononuclear cells in the bone 

marrow. Mononuclear osteoclast precursors can circulate in the blood, proliferate at 

endosteal bone surfaces and fuse to form multi-nucleated cells. At the light microscopy 

level, the cell has a foamy cytoplasm with many vacuoles and between 4-20 nuclei. The 

contact zone with bone is characterised by a ruffled border and dense patches on either
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side forming the sealing zone. Ultrastructurally, osteoclasts have abundant Golgi 

complexes, mitochondria and transport vesicles. Deep foldings of the plasma membrane 

facing the bone matrix form the ruffled border. Lysosomal enzymes are actively secreted 

via the ruffled border into the extracellular bone resorbing compartment.

Bone matrix is formed by collagen fibres (type I collagen, 90% of total bone 

proteins), non-collagenous proteins and a ground substance composed of glycoproteins 

and proteoglycans. The orientation of collagen fibres alternates from layer to layer in 

adult bone to give it a lamellar structure. During histogenesis and fracture healing, 

collagen fibres are randomly oriented, giving rise to woven bone. The inorganic 

component of bone is mainly in the form of hydroxyapatite crystals which are found on 

the collagen fibres, within them and in the ground substance.

13,2,3 Bone organ and tissue culture

Historically, the chick limb organ culture model (Fell, 1928) provided the first 

insights into the conditions for the in vitro support of bone and cartilage development. 

Organ culture was used in early investigations of the developmental, metabolic and 

endocrinological processes in bone (Gaillard et al., 1979). The most commonly used 

bones in organ cultures are: the calvarium and the long bone. Foetal or neonatal chick, 

mouse or rat bones are explanted and cultured at the surface of the medium. The 

explants are supported by filters that are held onto metal screens, a technique originated 

by Trowell (1954).

The calvarium has a relatively simple cellular composition and is easy to dissect 

and handle. Apart from being a popular source of tissue for the enzymatic isolation of 

bone cells, calvarial explants in organ culture have also been extensively used in bone 

formation and resorption studies. The cellular composition of the calvarium is less 

complicated than that of the long bone rudiment and thought to be more suitable for 

metabolic studies. Long bones, on the other hand, are more suitable for studying the 

formation, activity and interrelation between the various tissues responsible for bone 

formation, modelling and remodelling (Nijweide & Burger, 1990). Some examples of 

the factors studied using these two model systems are shown in Table 1.1.
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Table L I Bone organ culture studies

Factors studied Reference
Metabolic effects e.g pH on resorption Bushinsky et al. (1993)
Parathyroid hormone Pilbeam et al. (1993); de la Piedra et al. (1993)
Thyroid hormone Lakatos & Stem (1992)

VitD Sato et al. (1993)

Cytokines and growth factors associated 
with resorption

Bertolini et al. (1994); Bertolini & Strassmann (1991);Canalis 
et al. (1991); Simmons & Raisz (1991)

Differentiation of chondrocytes Roach (1992)

Mechanical stress Lozupone et al. (1993); Klein-Nulend et al. (1993); Burger et 
al. (1991)

Effects of reduced gravity Klement & Spooner (1993); Yamaguchi et al. (1991)

Calvarial explants are used equally often for bone formation and resorption 

studies. Long bone cultures are mainly used for resorption experiments. In long-term 

organ culture of long bones, the osteogenic precursors from the periosteum and 

endosteum differentiate into osteoblasts which synthesise matrix that subsequently 

mineralise but only at a slow rate. Roach (1994) felt that this was an advantage in that 

the regions of osteoid are much wider than in vivo, making it easier to study the spatial 

distribution of non-collagenous proteins relative to the mineralisation front. Neither the 

calvarium nor the long bone organ culture system has been successfully used for 

studying bone repair.

Apart from the calvarium and long bone, periosteal tissue has also been used as a 

model to study osteogenesis. Fell (1932) was again the first to use this model. Periosteal 

tissue dissected from 6 - 1 0  day old chick embryonic limb bones formed bone when 

cultured in vitro. Osteoblasts could be recognised in the explants after 2-4 days in 

culture. Osteoid matrix was present around day 7 and calcifications around day 12. 

Nijweide (1975) used a double layer technique where the periosteum of 17-18 day old 

foetal chick calvaria was folded with the osteogenic layer inside. Newly differentiated 

osteoblasts formed osteoid within 2-6 days. When the explant was cultured with the
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addition of 5-1 OmM B-glycerophosphate, the osteoid calcified (Tenenbaum and 

Heersche, 1982).

Within this system, the process of de novo bone formation can be examined 

separate from interfering resorption. The tissue offers the three dimensional structure 

needed for a regular bone formation pattern which is ofl;en missing in cell cultures. It 

forms a link between organ and cell culture and was thought to be appropriate for the 

study of the initiation of osteoblast differentiation and osteogenesis in vitro (Nijweide & 

Burger, 1990).

L3.2.4 Bone cell culture

Peck et al. (1964) treated bones from the calvaria of foetal and neonatal rats with 

collagenase. The result was the digestion of the uncalcified matrix and the release of 

bone cells which remained viable and proliferated in culture. The isolated cells were a 

mixed population consisting of many different cell types. By using sequential enzyme 

digestion, mouse calvariae can produce subpopulations rich in osteoblasts (Wong & 

Cohn, 1974). Early in the digestion process, cells with osteoclast characteristics were 

released, cells from later digestions presented osteoblast-like characteristics and 

exhibited properties that include parathyroid hormone responsiveness, as demonstrated 

by an increase in cyclic adenosine monophosphate (cAMP), and synthesis of bone- 

related proteins.

Non-enzymatic isolation techniques have also been widely used. Jones and 

Boy de (1979) noted that endocranial osteoblasts migrated readily from the bone surface 

onto various materials e.g. glass and dentine. Ecarot-Charrier et al. (1983) made use of 

this feature and placed glass fragments on the endocranial surface of neonatal mouse 

calvarial after removal of the periosteum. Osteoblasts migrated on the glass and from the 

glass onto culture dishes. Beresford et al. (1983) dissected trabecular fragments from 

human bone biopsies, cut and washed the fragments to remove marrow cells, then 

cultured the bone particles. Endosteal cell outgrowths eventually became confluent and 

were passaged for further studies. Robey & Termine (1985) used a similar technique but
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treated the bone fragments with collagenase to remove marrow and loosely adhering cells 

prior to seeding the fragments in culture.

Osteoblast-like model culture systems have been established for several species, 

including: mouse (Scott et al., 1980; Sudo et al., 1983; Ecarot-Charrier et al., 1988), rat 

(Martin et al., 1976; Bhargava et al., 1988; Bellows et al. 1986; Owen et al., 1990), 

chicken (Gerstenfeld et al., 1987, 1988), calf (Whitson et al., 1984; Ibaraki et al. 1992), 

human (Fogh and Trempe, 1975; Gallagher et al., 1983; Beresford et al., 1984; Rodan et 

al. 1987a; Robey and Termine, 1985).

Potentially osteogenic cells are also present in bone marrow. Marrow stromal 

cells form a heterogeneous mixture of cell lineages which can differentiate into many 

different cells types (Locklin et al., 1995). In a long-term (1 year) murine bone marrow 

culture, Hauser et al. (1995) made positive identification of fibroblastoid, endothelial, 

macrophage and fat-containing cells using immunocytochemistry. The proportions of 

these different cell types changed with time. Attempts have been made to direct the path 

of differentiation towards osteogenic expression. Maniatopoulos et al. (1988) was the 

first to report that when rat marrow cells, obtained from the femur, were grown in the 

presence of ascorbic acid, B-GP and lO'^M dexamethasone, osteoprogenitor cells within 

the population divide and differentiated to form bone nodules. Human marrow has also 

been shown to have osteogenic potential. Vilamitjanaamedee et al. (1993) reported the 

isolation of osteogenic precursors from human bone marrow stromal cells by cloning 

and successive subculturing. The cloned cells produced type I collagen, synthesised 

osteocalcin and osteonectin, responded to Vit D3  by increasing osteocalcin synthesis and 

to PTH by increasing cAMP synthesis. After the third successive subculture in the 

absence of B-GP, the cells formed clusters which expressed high AP activity and positive 

von Kossa staining.

Primary osteoblastic cell populations are heterogeneous at any time due to 

differences in maturation or differentiation state between the individual cells or to the 

existence of different subpopulations of cells in one culture (Aubin et al., 1993; Liu et al., 

1994). Culture of isolated bone cells can also result in the alteration of phenotypic
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expression. Dedifferentiation of mature cells or overgrowth by immature cells can lead 

to decreased expression of osteoblastic features with subculturing.

1.3.2.5 Bone cell lines

Permanent or immortal cell lines derived either from osteosarcoma tumours, or 

from bone cell clones selected from primary cultures, have been utilised to address 

questions related to factors that influence the expression of the osteoblast phenotype and 

recently to study the regulation of genes encoding osteoblast phenotype markers (Rodan 

& Noda, 1991). They have the following advantages:

1. A large number of cells is available for biochemical studies and 

extraction/purification of cellular products.

2. The cell populations are homogeneous compared to primary cell cultures.

3. Cloning techniques permit selection of cells expressing varying degrees of 

osteoblastic characteristics.

Many of the osteosarcoma-derived osteoblastic cell lines have retained the 

principal properties exhibited by osteoblasts in vivo. There are unique differences 

between clones and they are known to react differently in culture to bone cells in organ 

culture. For example. Vit D3  stimulates collagen synthesis by MC3T3 cells while 

inhibiting collagen synthesis in foetal bone tissue. Similarly, collagen synthesis in 

ROS 17/2.8 cells is not affected by prostaglandin or epidermal growth factor while these 

factors affect cultured bone tissue (Heersche & Aubin, 1990). It is not known if these 

clones represent osteoblastic phenotypes present in bone or are aberrations induced by 

culture.

The choice of an experimental model of bone-forming cells depends on the 

problem to be studied. Freshly isolated and/or primary cultures allow studies of 

developmental stages, differentiation and cellular interactions among subpopulations of 

osteogenic cells. Markers established by these studies may permit and/or confirm the 

classification of transformed clones into several developmental stages. Transformed 

cloned cell lines on the other hand can produce large amounts of homogenous material 

for large scale studies and biochemical tests.
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Nijweide et al (1982) stated that osteoblasts could be characterised in vitro by the 

following parameters:

1. Possession of a typical morphology.

2. Possession of a high level of membrane-specific alkaline phosphatase activity.

3. Respond to stimulation by PTH with an increase in intracellular cyclic AMP 

(cAMP).

4. Ability to form a bone (Type I collagen) matrix.

5. Ability to mineralise that matrix.

1.3.2.6 Bone formation in cell cultures

Prior to the removal of the bone cells from their matrix, individual cells may be 

relatively easily identified by their position, morphology, histochemistry and hormonal 

responses. Once removed from the matrix, the cells lose their characteristic position and 

morphology. Isolation procedures and culture conditions currently employed in 

published reports produce varying degrees of expression of osteoblastic phenotype. 

Osteoblast-like cells seeded in culture would attach to the substratum, spread and 

proliferate. After a period of proliferation, extracellular matrix is formed. There is 

increased expression of collagen type I and fibronectin mRNA. Extracellular matrix 

maturation begins with the increased expression of alkaline phosphatase. Finally, the 

matrix mineralises, coinciding with the expression of osteocalcin and osteopontin mRNA 

(Lian & Stein, 1992). During the culture, discrete multi-layered areas of cells become 

visible (nodules) (Beresford et al., 1993). In the presence of ascorbic acid and 13- 

glycerophosphate (B-GP), the nodules become mineralised and stain with von Kossa’s 

reagent and alizarin red and are positive for alkaline phosphatase. Ascorbic acid is 

involved in collagen synthesis and B-GP acts as a source of organic phosphate for the 

mineralisation of the matrix. The central region of the mineralising nodule is covered by 

a continuous layer of cuboidal cells resembling osteoblasts. Immediately adjacent to the 

osteoblast layer is a seam of unmineralised matrix which contains collagen fibrils. 

Further into the nodule, there are 200-3OOnm diameter vesicles thought to be the initial 

site of mineral deposition. In the more heavily mineralised portions of the nodule, poorly 

crystalline hydroxyapatite is closely associated with the collagen fibrils. Cells
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resembling osteocytes are found embedded within the mineralised and unmineralised 

portions of the nodule matrix. This structure is said to resemble woven bone (Bhargava 

et al., 1988). Immunochemical and biochemical assessment has revealed the presence of 

collagen type I, III, V, osteonectin, osteopontin, bone sialoprotein, decorin, biglycan and 

osteocalcin in the matrix of the nodules (Beresford et al., 1993).

The time-course of this sequence is dependent on medium components, seeding 

density, the species and whether primary or secondary cultures are used (Aronow et al.,

1990). Osteoblasts tend to lose some of their specific characteristics in vitro especially 

when cultured as a monolayer. Unambiguous identification of osteoblasts removed from 

their natural matrix and maintained in a culture system, is complex, since they share 

many characteristics with other cell types (Bellows et al, 1986). The typical morphology 

of osteoblasts is usually resumed when multilayers are formed. There is some evidence 

for the requirement of a specific three-dimensional arrangement of the cells in order to 

achieve osteoblast phenotypic expression in vitro (Nijweide et al, 1982).

1,3,2,7 Culture conditions

An advantage of working in vitro is that the environment can be controlled to a 

greater or lesser degree. The physicochemical environment for example can be 

controlled very precisely, although the physiological environment often still requires the 

addition of serum and is therefore undefined. Important factors in the maintenance of 

tissues in vitro are that the three dimensional geometry of the tissues is usually disrupted, 

with the loss of specific cell interactions and the opportunity for the cells to become 

mobile and proliferate. In addition, the culture environment lacks nervous and endocrine 

control and as such, cell metabolism may be more constant but less representative of the 

cell type in vivo (Freshney, 1987).

The question of differentiation in vitro was discussed by Freshney (1987). It was 

suggested that in culture, multi-potent stem cells would reach an equilibrium with 

undifferentiated but committed precursor cells and mature differentiated cells and that the 

equilibrium would shift according to the environmental conditions. It was thought that 

maintenance of cells at low density and high serum levels promoted cell proliferation and
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discouraged differentiation - this is presumably the situation in the maintenance of 

established cell lines. On the other hand, maintenance of cells at high density with low 

serum levels and the appropriate hormones would inhibit proliferation and encourage 

differentiation. Therefore, it is important to select carefully the conditions for the 

maintenance of differentiated osteoblasts in vitro.

Several media supplements have been found to be important in maintaining the 

osteoblastic phenotype. Ascorbate promotes differentiation in animal bone cell culture 

systems in vitro (Aronow et al., 1990). Glucocorticoids promote osteogenic 

differentiation in relatively undifferentiated cell populations and stimulate alkaline 

phosphatase in human bone cells but are inhibitory to matrix synthesis (Beresford et al., 

1993; Beresford et al., 1994). Dexamethasone is an absolute requirement for in vitro 

matrix nodule formation and mineralisation by rat marrow-derived stromal cells and 

enhances nodule development in calvaria-derived cells (Maniatopoulos et al., 1988; 

Bellows et al., 1987).

Mineralisation by calvarial cells has been found to depend on the cell density in 

culture (Tenenbaum & Heersche, 1986; Maniatopoulos et al., 1988; Zimmermann et al.,

1991). In sparsely seeded monolayer cultures of rat calvarial cells, only the rarely 

occurring stem cells form mineralised foci after the development of a cell cluster by 

repeated cell divisions (Bellows & Aubin 1989). Osteoblast-like cells do not appear to 

be capable of calcification until the cultures become multi-layered.

Models which are transitions between tissue cultures and the use of isolated bone 

cells have been used to address the issue of cell density and differentiation. Casser-Bette 

et al. (1990) commented that demonstration of osteogenic potential in vitro is hampered 

by the problem that cells in vivo build up a three-dimensional structure prior to terminal 

differentiation, and this is hard to reproduce in conventional cell culture systems. They 

reported on the use of a matrix of collagen to provide a three-dimensional network for the 

formation of bone-like tissue by the clonal cell line MC3T3-E1.
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Zimmermann et al. (1991) described an “organoid” system for studying 

mineralisation in vitro. Cells released from enzymatic digestion of foetal rat calvaria 

were collected and cultured on a membrane filter held at the medium/air interface. 

Within this arrangement, different cell types segregate, form organoid structures and 

differentiate. The first mineralised structures appeared after 4-6 days. Mineralisation 

took place in media with and without B-GP but occurred earlier and to a greater extent in 

the presence of B-GP. Different patterns of mineralisation could be found. During the 

culture period, mineralisation of the collagen fibrils was observed, further mineralisation 

occurred by apposition of a calcifying matrix on previously mineralised structures. 

Necrotic cells as well as extracellular vesicles were also detected close to areas of 

mineralisation. The authors concluded that in this “organoid” culture system, calvarial 

osteoblasts evolve all the different types of mineralisation that occur in vivo only at 

different sites or at different stages of the mineralisation process. They assumed that the 

conditions in the organoid culture: a high cell density and the separation from the 

medium by a membrane, favour differentiation.

1.3.3 Investigations on the interactions of bone cells with various implant materials

In addition to simple cell viability tests for cells grown on various implant 

materials, in vitro methods have been applied to study the rate of cell attachment, 

changes in cell morphology, cell spreading and motility, growth and proliferation of 

bone-forming cells. There exists a range of biochemical and histochemical techniques 

for the analysis of cell functions specific to the cell types relevant to endosseous implant 

applications. The drive towards a huge array of different assays is fuelled by the 

realisation that a cascade of events takes place when biological tissues come into contact 

with non-viable materials. Virtually all of the bone culture models discussed so far have 

been used for assessing biological responses to implant materials. A survey of the source 

of cells/tissues used in some of the recent reports on bone-biomaterial interactions in 

vitro is shown on the next page. (Table 1.2)
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Table 1.2 In vitro model systems for studying bone-biomaterial interactions

Reference

Tissue/organ culture
Embryonic chick tibia 
Neonatal rat calvaria

Neonatal rat calvarial envelope
Rabbit calvaria
Human trabeculae - iliac crest

Anselme et al, (1994)
Davies (1990)
Shelton et al. (1988)
Brook et al. (1992)
Davies (1990)
Courteney-Harris et al. (1995) 
Anselme et al. (1994)

Primary cell culture from 
Chick embryonic calvaria 
Foetal rat calvaria

Neonatal rat calvaria

Neonatal rat periosteum (calvarium) 
Rat bone marrow

Rabbit calvaria 
Foetal bovine mandible 
Bovine bone 
Human trabeculae - hip

Groessner-Schreiber & Tuan (1992) 
Sautier et al. (1994a, 1994b) 
Vrouwenvelder et al. (1993)
Qu et al. (1996)
Stanford et al. (1994)
Bowers et al. (1992)
Bouvier et al. (1994)
Attawia et al. (1995)
Chesmel et al. (1995)
Sammons et al. (1994)
Davies et al. (1990)
Ozawa & Kasugai (1996)
Hulshoff et al. (1995) 
Courteney-Harris et al. (1995) 
Yliheikkilâ et al. (1995,1996)
Meyer et al. (1993)
Sinha et al. (1994)

Finite cell lines from 
Neonatal rat calvaria

Rabbit calvaria
Human bone trabeculae - iliac crest 

maxilla & mandible 
embryo 
site unknown

Puleo et al. (1991); Puleo & Bizios (1992); Puleo et al. (1993) 
Healy et al. (1996) passage 2-4 
Cheung & Haak (1989)
Malik et al. (1992)
Doglioli & Scortecci (1991)
Riccio et al. (1994)
Grégoire et al. (1990) passage 5-10 
Zambonin & Grano (1995) passage 1 
Hewlett et al. (1994)
Doherty et al. (1994)

Permanent Cell lines
Normal
MC3T3-E1 (mouse, calvaria)

rat calvarial osteoblasts 
Osteosarcoma 
UMR-106 (rat)

MG63 (human)

ROS 17/2.8 
SAOS-2 (human)

Itakura et al. (1988)
Bagambisa & Joos (1990) 
Alliot-Licht et al. (1991) 
Schneider & Burridge (1994) 
Cooper et al. (1993)
Morrison et al. (1995)

Ferguson et al. (1991)
Hunter et al. (1995)
Granchi et al. (1995)
Martin et al. (1995)
Alliot-Licht et al. (1991) 
Benbassat et al. (1994) 
Gronowicz & McCarthy (1996)
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1.3.4 Choice of model

1.3,4,1 Tissue and organ cultures

Primary bone tissue/organ cultures were used in place of isolated bone cells in 

many in vitro experiments on biomaterials. The advantage is the maintenance of the 

structural relationship of the bone cells and the bone matrix. Neonatal rat calvarial 

explants are the most commonly used m odel.

*  Calvarial explants

Davies et al. (1987) described the technique which is a modification of the 

method by Jones & Boy de (1979) for the observation of osteoblast migration over glass 

fragments. The material being studied was placed on the endocranial surface of a square 

piece of neonatal rat parietal bone stripped of the periosteum. Osteoblasts migrate from 

the bone surface to colonise the material. This was followed by new tissue formation by 

the migrated cells. One argument for using such a culture model is the relatively rapid 

production of an extracellular collagen matrix (Courteney-Harris et al., 1995). The 

young age of the animal favours rapid migration of cells onto the implant but rapid 

colonisation may be offset by a lack of differentiation and the calvaria may not have 

sufficient physical strength to support the weight of the material without damage.

#  Calvarial envelope systems

A further modification of the calvarial explant is the envelope technique which 

involves partial elevation of the endocranial periosteum to accommodate the test material 

in the envelope formed by the bone and the periosteal layer. The periosteal cell 

population includes fibroblasts, undifferentiated mesenchymal cells, and osteoprogenitor 

cells. This system may be used to observe the effects which the test material may have 

on the behaviour of these cells, with an osteogenic population covering the endocranial 

surface of the bone. The system is also useful for materials less dense than the culture 

medium and which would otherwise float, or for high solubility materials whose 

dissolution products would otherwise be rapidly dispersed in the volume of the culture 

medium. Supplementation of the medium with ascorbic acid and B-glycerophosphate is 

essential for collagen formation and its subsequent mineralisation within these cultures.
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•  Organotypic culture

Anselme et al. (1994) introduced an organotypic culture as follows: Human 

trabecular bone from the iliac crest and chick femur fragments were layered over a 

buffered agar medium with nutrients. A piece of tissue culture plastic or stainless steel 

was deposited on each tissue explant. The culture was maintained for 14 days. Cells 

grew preferentially along the materials' surfaces. They examined parameters including: 

cell morphology, alkaline phosphatase activity, immunolabelling of various bone 

associated proteins and cell growth as measured by surface area, cell number/explant, 

adhesion, density. Positive staining for alkaline phosphatase was detected after 10 days 

of incubation. Human cell layers labelled positively for type I procollagen, type I 

collagen, fibronectin, osteopontin. Negative results were found with type II collagen, 

type III collagen, type III procollagen, bone sialoprotein, osteocalcin. Chick cell layers 

stained positive for type I collagen, type III collagen, fibronectin and negative for type II 

collagen. The authors concluded that the model allows the production of osteoblastic 

cells with the characteristics of immature osteoblasts.

In general, tissue and organ cultures can provide a picture of the organisation of 

the bone cells, the formation and mineralisation of new bone matrix in relation to implant 

surfaces by means of morphological, histochemical, immunohistochemical and 

ultrastructural examinations.

1.3.4.2 Primary or passaged normal bone cells

Using isolated primary or passaged normal bone cells for examining bone- 

biomaterial in vitro has advantages compared to organ or tissue culture systems. 

Quantitative assessments using biochemical or immuno- assays are much easier to 

perform. There is the possibility of using human cells. On the other hand, it may be 

more time-consuming, requiring a long time (weeks in the case of human cells) for the 

cultures to be established.

Foetal or neonatal rat calvarial cells and the rat marrow cell culture developed by 

Maniatopoulous et al. (1988) have been the most extensively used. Morphological
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characteristics, differentiation of the osteoblastic cells and the formation of a matrix on 

titanium (Davies et al., 1990; Groessner-Schreiber & Tuan, 1992), titanium alloy, 

alumina (Malik et al., 1992), hydroxyapatite (Garvey & Bizios, 1994), bioactive glass- 

ceramic (Sautier et al., 1994a), bioactive glass (Vrouwenvelder et al., 1994) have been 

demonstrated by separate studies. Other species from which osteoblast-like cells were 

harvested for culturing on implant materials are chick (Groessner-Schreiber & Tuan,

1992), rabbit (Cheung & Haak, 1989; Courteney-Harris et al., 1995) and calf (Meyer et 

al., 1993; Yliheikkilâ et al., 1995).

Obtaining large numbers of cells from primary cultures without repeated 

passaging can be a challenge. When Yliheikkilâ et al. (1995) grew foetal bovine 

mandibular osteoblasts on titanium alloy, a small number of cells were seeded on each 

metal disk but they maintained low levels of ascorbic acid, calcium and phosphate early 

in the culture to maximise proliferation and added the supplements when the cells were 

confluent to steer the cultures toward multilayering, matrix elaboration and 

mineralisation.

1.3,43 Human osteoblasts

Most of the earlier in vitro studies of bone cell responses to biomaterials involved 

animal-derived cells. Reports of the interaction of human osteoblasts with artificial 

materials began to emerge in the biomaterials literature in the last few years as the 

culturing of human bone cells became better established, and cells derived from human 

trabecular bone and marrow from different skeletal sites have been shovm to express 

osteoblast-like characteristics (Beresford et al., 1984; Gowen et al., 1990; Ernsts et al., 

1989; Chenu et al., 1990). Results from experiments using human derived bone cells 

may be more relevant to the clinical situation. However, human osteoblasts are difficult 

to establish because of their slow proliferation rate. Most cultures are established from 

young individuals. The cells also become senescent after a relatively short time. A more 

significant feature is their heterogeneity. Differentiated human osteoblasts do not have 

all the phenotypical parameters expressed simultaneously, but can change according to 

cell cycle and the level of differentiation (Fedarko et al., 1990).
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Despite these difficulties, the following sources of bone cells have been used for 

in vitro studies of implant materials: alveolar bone from patients undergoing endodontic 

surgery (Naji & Harmand, 1991), cancellous and cortical bone from maxillae and 

mandibles (Doglioli & Scortecci, 1991), human embryonic bone (Riccio et al., 1994), 

trabecular bone from young patients undergoing surgery (Hewlett et al., 1994; Zambonin 

& Grano, 1995; Grégoire et al., 1990), patients undergoing hip arthroplasty (Sinha et al., 

1994) and cancellous bone biopsies (Labat et al., 1995).

Hewlett et al. (1994) reflected that functional expression of osteoblastic markers 

including alkaline phosphatase and type I collagen was observed in only 30% of the 

human bone cells used in their experiments due to the cultures having a mixed 

population of cells arising from the explant culture method. Alkaline phosphatase 

activity was displayed in about 70% of the cells used by Grégoire et al. (1990). 

Zambonin and Grano (1996) described the cells used in their study as having different 

degrees of alkaline phosphatase activity from weak to very intense, low basal cAMP 

level which was not increased by PTH and high osteocalcin levels increased by VitD^. 

These observations highlight the non-uniformity of human-derived bone cells even 

though they have been regarded as populations of well differentiated osteoblasts in all the 

examples cited.

1.3.4.4 Permanent cell lines

Clonal osteogenic cell lines, on the other hand, would provide greater 

homogeneity. They are convenient to maintain and are usually well characterised. 

Hence, they have been the basis of many in vitro experiments on bone biomaterials.

Itakura et al. (1988) suggested the use of the mouse clonal MC3T3-E1 cell line 

developed by Sudo and co-workers (1983) for testing the effects of various implant 

materials on bone cell growth, differentiation and calcification. This cell line derived 

from normal calvarial cells has since been used on studies involving hydroxyapatite 

(Bagambisa & Joos, 1990; Sun et al., 1994; Alliot-Licht et al., 1991), tricalcium 

phosphate (Grégoire et al., 1990); platinum-plated titanium (Itakura et al., 1989); 

aluminium oxide (Itakura et al., 1988); titanium (Ferguson et al., 1991; Cooper et al..
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1993). Osteosarcoma cell lines including ROS 17/2.8 (Alliot-Licht et al., 1991), MG63 

(Martin et al., 1995; Granchi et al., 1995), SAOS-2 (Benbassat et al., 1994; Gronowicz & 

McCarthy, 1996), UMR-106 (Ferguson et al., 1991; Hunter et al., 1995) have also been 

tested on biomaterials for orthopaedic use.

Research groups which favour primary cultures or culture of normal cells with 

limited lifespan have argued that transformed cell lines are inappropriate for studying 

bone-biomaterial interactions on the basis that cloned osteoblast-like cells react 

differently than bone cells in tissue or organ culture (Davies, 1990). When interpreting 

the results of experiments involving transformed cell lines, it is useful to consider that 

not all cell lines express all of the properties of osteoblasts in vivo. For instance, the 

UMR 106 line does not express osteocalcin and only certain cell lines e.g. ROS 17/2.8, 

SAOS-2 are competent to develop mineralised matrix under the appropriate conditions. 

Expression of osteoblastic activities is low at low cell density and increases as cells reach 

confluence. Also, genes encoding osteoblast-specific proteins that are expressed 

sequentially and independently during normal bone cell differentiation are expressed 

concomitantly following transformation. Furthermore, the relationship between growth 

and differentiation is deregulated in transformed cells.

1.3.5 Measurable events on implant surfaces

The study of cell interaction with prosthetic surfaces can involve measurement of at 

least six kinds of events:

1. Attachment of fibronectin and other substances affecting cell adhesion to

biomaterials.

2. Initial cell attachment.

3. Cell spreading.

4. Cell growth on the surface or in the interstices of the material.

5. Cell differentiation and expression of the phenotype.

6 . Post-implantation losses and changes in phenotype due to in vivo stresses.

The attachment, growth and differentiation of cells together with the formation of 

extracellular matrix, its organisation and mineralisation (in the case of bone-forming
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cells) on implant materials have been regarded as a representation of the early implant- 

tissue interface. The cell-attachment properties of a material are closely linked to how 

attachment proteins bind to the material in a bioactive form. The density and active or 

inactive conformation of the bound proteins influence initial cell adhesion to the artificial 

substrata and in turn affect cell spreading, and growth on the surface.

1.3.6 Mechanism of cell-substratum adhesion

Protein attachment precedes cellular interaction with the substratum. Cell 

adhesion to a substrate includes the steps of serum-protein adsorption, cell contact, 

attachment and spreading (Vogler and Russian, 1987). For a cell inoculum attaching to a 

substrate from a static fluid, there is a brief lag phase followed by a rapid increase in 

attached-cell numbers, then a declining rate of attachment to a plateau or equilibrium- 

adherence level. Cell spreading begins well after initial contact, continuing during and 

after the first hour of attachment, while adhesion patches and plaques form Avith 

progressive adherence to the substrate. By contrast, steps prior to spreading occur over a 

shorter time period. Protein adsorption is nearly spontaneous, depositing from serum a 

2-5 nm layer within the first minute of contact. Cells in suspension can gravitate to 

within 5-8 nm of a substrate in less than 5 minutes, although maximal attachment seldom 

occurs in this time frame. Rather there is a time-dependent cellular interaction with 

adsorbed proteins, probably involving both microextensions of the cell surface that break 

electrostatic barriers and cell-membrane receptors specifically directed towards various 

adsorbed factors (Sharefkin and Watkins, 1986). Thus, cell contact and adhesion is a 

time-dependent phenomenon.

The primary step in cell-substrate interactions is the rapid and differential 

adsorption of proteins from the media to form a substrate more enriched in some proteins 

than others. However, the significance of these differences is not so well understood. 

Differences in the adsorbed protein layer on different substrates might affect cell 

behaviour in a variety of ways. The simplest theory is the 'composition' mechanism, 

whereby increased amounts of adsorption of a protein for which the cell has an affinity 

cause that cell to interact more strongly with the substrate. An alternative theory is that
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the 'state' or conformation of the adsorbed protein is more important than its amount in 

affecting cell attachment (Grinnell & Feld, 1981).

Cell attachment to surfaces begins with protrusion of ruffled edges or lamellipodia, 

followed by cellular spreading. Initial attachment, spreading, and flattening are active, 

energy-requiring processes. Cell flattening and spreading appear to be necessary, though 

not sufficient, events for later DNA synthesis and cell division. Most eukaryotic cells have 

networks of 70Â diameter microfilaments containing the contractile protein actin, which 

functions together with myosin-like proteins to cause cell movement and shape changes. 

Attachment and spreading on plane substrata involves the dynamic reorganisation of three 

filamentous structures: microtubules, microfilaments and intermediate filaments (Ireland et 

al., 1987). Several types of cell-substratum adhesion have been described, including focal 

contacts, close contacts and extracellular matrix contacts (Puleo & Bizios, 1992). Of 

particular interest is the interaction between the cytoskeleton and a number of adhesive 

glycoproteins in the extracellular matrix. Fibronectin and vitronectin are the two most well 

studied. They play an important role in linking the cells to surfaces, inducing cell 

spreading, and possibly regulating later cell growth and phenotype expression (Alberts et 

al., 1989). These proteins can attach in an active form to plastic surfaces, to collagen and to 

the fibrin strands of fresh clots. They enhance attachment of cell types as diverse as 

fibroblasts, osteoblasts, endothelial cells to collagenous matrices or plastic surfaces 

(Hewlett et al., 1994). They do so by binding to transmembrane glycoprotein receptors 

which are in turn attached to the cytoskeleton (Yamada et al., 1985). These and other 

matrix receptors including some that bind collagen and laminin belong to the family of 

transmembrane glycoproteins called integrins. They are heterodimers with a  and p chains 

and recognise the arginine-glycine-aspartic acid (RGD) tripeptide sequence in the matrix 

components they bind. The integrins link the extracellular matrix to the cytoskeleton and 

provide a mechanism by which matrix proteins can influence cellular activities via 

changes in cell shape or morphology (Sauk et al., 1991).

In bone matrix there are multiple glycoproteins that contain the integrin-binding 

RGD sequence: fibronectin (FN), thrombospondin (TSF), osteopontin (OPN), bone 

sialoprotein (BSP), type I collagen (COL I), and vitronectin (VN). Grzesik & Robey
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(1994) localised TSP, FN, VN, and several integrins within developing human long bone 

using immunohistochemical methods. They went on to assess the effect of all bone RGD 

proteins on the adhesion of human osteoblastic cells. Thrombospondin, fibronectin, and 

vitronectin showed distinct localisation patterns within bone tissue. TSP was found 

mainly in osteoid and the periosteum; VN appeared to be present mainly in mature bone 

matrix. FN was present in the periosteum as well as within both mature and immature 

bone matrix. Using a panel of anti-integrin antibodies, it was found that bone cells in 

vivo and in vitro express a^, a^, a^Pj, and p/p^ integrins, and these receptors were 

expressed on all bone cells at different stages of maturation with quantitative rather than 

qualitative variations, with the exception of a^, which was expressed mainly by 

osteoblasts. Cell attachment assays performed using primary human bone cells under 

serum-fi-ee conditions revealed that COL I, TSP, VN, FN, OPN, and BSP promoted bone 

cell attachment in a dose-dependent manner and were equivalent in action when used in 

equimolar concentrations. In the presence of GRGDS peptide in the medium, the 

adhesion to BSP, OPN, and VN was almost completely blocked and attachment to FN, 

COLL I, and TSP was only slightly reduced. These results suggest that human bone cells 

may use RGD-independent mechanisms for attachment to the latter glycoproteins.

1.3.7 Cell attachment assays

Many different cell types may potentially attach to the surface of dental implants. 

In the absence of infection, the desired goal is to achieve a stable interface with adjacent 

bone and the connective tissue. Although it is not clear that bone cells are actually 

attaching to the surfaces of endosseous implants in vivo, many research groups have used 

cell attachment studies to explore the primary interaction between implant surfaces and 

osteoblast-like cells.

Measurement of cell attachment is usually carried out by means of counting at 

different time intervals either the number of cells not attached to the material surfaces or 

dissociating the attached cells firom the substrata and resuspending them for counting. Cell 

number can also be assessed by radioisotope labelling and scintillation counting of labelled 

cells.
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1.3.7.1 Bone RGD proteins and cellular responses

Hewlett et al. (1994) investigated the contribution that serum fibronectin (Fn) or 

vitronectin (Vn) make to the attachment and spreading of cells cultured from explanted 

human bone (bone-derived cells) during the first 90 min of culture on metallic and 

ceramic surfaces. The requirement for Fn or Vn for attachment and spreading of bone- 

derived cells onto stainless steel 316 (SS), titanium (Ti) and alumina (AI2 O3 ) and to 

polyethyleneterephthalate (PET) was directly tested by selective removal of Fn or Vn 

from the serum prior to addition to the culture medium. Attachment and spreading of 

bone-derived cells onto SS, Ti and AI2 O3  surfaces were reduced by 73-83% when the 

cells were seeded in medium containing serum from which the Vn had been removed. 

Cell attachment and spreading on these surfaces when seeded in medium containing Fn- 

depleted serum (which contained Vn) were not reduced to the same extent as in the 

medium containing Vn-depleted serum. The bone-derived cells failed to attach to the 

surfaces to the same extent when seeded in medium containing serum depleted of both 

Vn and Fn. The results show that for human bone-derived cells, the attachment and 

spreading of cells onto SS, Ti and AI2 O3  as well as PET during the first 90 min of a cell 

culture attachment assay are a function of adsorption of serum Vn onto the surface.

1.3.7.2 Cytoskeletal Organisation

Sinha et al. (1994) hypothesised that the nature of cell substratum attachment may 

determine subsequent cellular behaviour and in the context of bone-implant interfaces, 

may be a predictor of bone growth on clinically relevant surfaces of varying chemical 

composition and topography. Apart from measuring the number of cells attached to a 

variety of metal surfaces, they examined other characteristics including cell spreading, 

cytoskeletal organisation and focal contact formation. Different patterns of actin 

filament distribution were found and focal contact areas varied between cells grown on 

different materials.

An alternative assay for cell attachment was proposed by Hunter et al. (1995). 

They assessed fibroblast and osteoblast attachment on a variety of metals and polymers 

for orthopaedic use by indirect immunofluorescent labelling of vinculin, a component of
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the cell's focal adhesion plaque. The degree of cell attachment was quantified on the 

materials by determining the mean number of adhesion plaques and using an image 

analysis system to determine the mean total area of plaques per cell. Fibroblasts and 

osteoblasts responded differently to the materials tested. Scanning electron microscope 

(SEM) observations of cells on the materials correlated with the morphometric data. 

Cells with the greatest number and area of adhesion plaques were well spread and 

flattened whilst those with the least number of adhesion plaques were more rounded and 

less spread.

13,7,3 Integrin-mediated adhesion

The question of whether integrins are involved in the attachment of osteoblasts to 

implant materials has been addressed only recently. Sinha & Tuan (1996) found that the 

integrin subunits, aj, a^, a^, a^, a^, p, and pg, were expressed by primary human

osteoblasts cultured on polystyrene coated with various extracellular molecules. 

However, and were notably absent in cells attached to the orthopaedic metal alloys. 

Also, ttj was not present on rough TiAlV, polished CoCr, or rough CoCr, and P3  was not 

expressed by cells on rough CoCr. The ability of cells to adhere to and receive messages 

from the extracellular matrix may also be influenced by the substratum. These 

differences in integrin expression may underlie previously observed differences in degree 

of cell attachment to these metals.

Gronowicz & McCarthy (1996) looked into the details of how the human 

osteoblast-like cell line SAOS-2 adhere to orthopaedic implant materials. To determine 

if integrins were involved in cell attachment to implant materials, the peptide GRGDSP 

(Gly-Arg-Gly-Asp-Ser-Pro), which blocks integrin receptors through the Arg-Gly-Asp 

sequence, was added to the cells in serum-ffee medium. This peptide inhibited cell 

adhesion on the metal alloys. Inhibition of protein synthesis and enzymatic removal of 

surface proteins did not affect the ability of Arg-Gly-Asp peptides to inhibit cell 

attachment to the implant materials. These results suggest that integrins are able to bind 

directly to metals. Western blot analysis of integrin proteins revealed different levels of 

many integrin subunits, depending on the substrate to which cells attached. To determine 

specifically which integrins may be involved in adhesion, antibodies to integrins were
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added. An antibody to the fibronectin receptor, significantly inhibited binding of 

cells to the metals but the antibody to vitronectin receptor, a^pj/pj, did not alter cell 

adhesion. The conclusion was that osteoblast-like cells appear to be capable of attaching 

directly to implant materials through integrins. The type of substrate determines which 

integrins are expressed by osteoblasts.

1.3.8 Cell growth/proliferation

Cell growth or proliferation on biomaterials can be assessed by a variety of 

methods: 1 . dissociating the cells and counting cell numbers at different time intervals 

(Hulshoff et al., 1995) 2. indirect cell number assay by measuring metabolic enzyme 

activity (Ong et al., 1995). 3. measuring [^H]-thymidine incorporation in the cultures 

(Zambonin and Grano, 1995). 4. measuring DNA and protein content in cell lysates 

(Itakura et al., 1988; Vrouwenvelder et al., 1994; Ozawa & Kasugai, 1996)

Flow cytometry has added to the sophistication of cell proliferation studies. 

Granchi et al. (1995) tested extracts from five different orthopaedic cements at different 

time intervals on MG63 osteoblast-like cells and evaluated cell cycle phases at 24, 48 

and 72 hours using flow cytometry. They reasoned that bone-forming processes are 

correlated with the proliferation and cell cycle phases of bone cells. Therefore, inhibition 

of cell proliferation by a biomaterial can be studied in conjunction 'with cell cycle phases 

to evaluate the toxicity of the material. Cellular DNA content and the percentage of cells 

in S phase were assessed. The bone cements inhibited the proliferation of the osteoblast­

like cells with different degrees depending on the time interval between cement setting 

and extract preparation (an inverse relationship was observed). The damage did not 

selectively hit a specific phase of the cell cycle and did not seem to be irreversible as the 

cells maintained their proliferation capability.

In addition to the quantitative techniques described above, many studies utilised 

scanning electron microscopy to illustrate the morphology of the cells and the 

arrangement of the matrix on the biomaterials (Doherty et al., 1994; Begley et al., 1993). 

The group led by Davies was one of the first to report on the morphology of osteogenic 

cells and their extracellular matrix on titanium (Davies et al., 1990). Vrouwenvelder et
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al. (1992) found differences in the morphology of foetal rat osteoblasts cultured on 

bioactive glass and non-reactive glasses. Non-reactive glass cultures showed flattened 

cells with almost no dorsal ruffles. Bioactive glass cultures showed compact cells with 

dorsal ruffles and filopodia resulting in the formation of a denser cell layer. Many 

biomaterials intended to promote bone regeneration have porous structures which make 

visualisation of cells growing within the three-dimensional structure difficult. Attawia et 

al. (1995) reported the use of immunofluorescence and confocal laser scanning 

microscopy to characterise bone cells growing within an opaque polymer-ceramic matrix. 

Fluorescence-labelled monoclonal antibody to osteocalcin, a non-collagenous bone 

protein, allowed the visualisation of cells expressing osteoblast phenotype within the 

porous material.

1.3.9 Functional activity and phenotypic expression

The functional activity of osteoblast-like cells cultured on biomaterials can be 

detected in terms of their alkaline phosphatase activity, the synthesis of collagen and 

other bone matrix proteins (Vrouwenvelder et al., 1994).

Alkaline phosphatase can be demonstrated histochemically within the culture or 

its level in cell lysates assessed by colorimetric methods using p-nitrophenyl phosphate 

as a substrate (Itakura et al., 1988; Ozawa & Kasugai, 1996). Expressing alkaline 

phosphatase activity per unit protein or DNA would give an indication of the level of 

cellular activity independent of cell numbers or proliferation.

Quantitation of cAMP in cultures incubated with and without parathyroid 

hormone using radio-immunoassay is another confirmation of osteoblast-like character of 

the cells growing on the materials (Cheung & Haak, 1989).

Protein levels may be measured by pulsing the cells with pH]-proline, followed 

by enzymatic digestion of the cells, extraction and separation of the collagenous and non- 

collagenous proteins and measuring the radioactivity of the extracts using a liquid 

scintillation counter (Puleo et al., 1991; Zambonin & Grano, 1995). Commercially
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available radioimmunoassay kits are available for measurement of non-collagenous 

proteins such as osteocalcin (Grégoire et al., 1990; Zambonin & Grano, 1995).

Alternatively, the levels of the various bone matrix proteins have been assessed 

by separating cell proteins in lysates using SDS-PAGE. Employing immunolabelling 

and Western blot techniques, Sammons et al. (1994) have reported on the levels of 

collagen Type I and osteopontin produced by neonatal rat calvarial cells cultured on 

hydroxyapatite. They found a high rate of synthesis of alkaline phosphatase, collagen 

and osteopontin up to 1 0  days in culture followed by a decline and then a new peak of 

synthesis at 17 days. The cell number had been increasing up to day 15. The late peak 

of synthesis was attributed to the onset of mineralisation of the extracellular matrix 

which followed the cessation of cell proliferation.

There are many comparative studies examining different implant materials. 

Osteoblasts cultured on titanium-doped bioactive glass were found to have significantly 

higher proliferation and osteoblast expression compared with standard 45S5 glass. Iron-, 

fluorine- or boron- containing glass demonstrated lower proliferation and osteoblast 

expression compared with the standard glass (Vrouwenvelder et al., 1994). When the 

same 45 S5 glass was compared earlier with hydroxyapatite, Ti-6A1-4V, and stainless 

steel, it had the highest osteoblast proliferation rate, DNA content, alkaline phosphatase 

(AP) content as well as AP/DNA ratio (Vrouwenvelder et al., 1993). Itakura et al. (1988) 

reported that MC3T3-E1 cells had significantly lower cell growth and differentiation 

when cultured on silver-palladium compared to titanium and single crystal aluminium 

oxide. Ozawa & Kasugai (1996) found little difference in DNA content in rat bone 

marrow cells between hydroxyapatite (HA), titanium (Ti) and an apatite, wollastonite 

containing glass-ceramic (GC) but higher AP activity on HA and GC than on Ti. It is 

almost impossible to collate results from different reports given that different osteoblast­

like cells were seeded at different densities and cultured under different conditions. This 

is in addition to variables such as different surface preparation and sterilisation regimes 

for the biomaterials.
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It is also by no means certain that the material with the best primary attachment 

characteristics is that on which the cells differentiate the most. Puleo et al. (1991) found 

significantly slower and lower cell adhesion and growth on hydroxyapatite compared 

with stainless steel, T1-6A1-4V and CoCrMo but collagen synthesis was similar on all the 

materials tested. Meyer et al. (1993) cultured primary bovine osteoblasts on three 

different biomaterials, ionomeric cement (IC), tri-calcium phosphate poly-L-lactic acid 

composite foil (TCP) and poly-L-lactate-polycitric acid composite foil (PLA). The cells 

which grew on the materials produced all typical bone matrix proteins and were 

osteoblast-like as shown by immuno-staining. Analysis of the cell attachment kinetics 

revealed significant differences within the first 7 hours between the various materials. 

The highest rate of cell attachment was found on the IC surface, followed by the TCP 

and then the PLA surface. However, quantitative analysis of non-collagenous protein 

matrix production and DNA content per cell showed a different ranking for the three 

materials: PLA > IC > TCP.

1.3.10 Mineralisation of the extracellular matrix

The group led by Davies reported that when rodent calvaria-derived cells were 

densely seeded onto titanium discs and grown in the presence of ascorbic acid and 13- 

glycerophosphate, mineralising nodules formed with the elaboration of a collagenous 

matrix at the implant surface and there were CaPO^ globular accretions similar to 

morphologies from in vivo analysis (Davies et al., 1990; de Bruijn et al., 1995; 

Lowenberg et al., 1991; Orr et al., 1992). On the other hand, Yliheikkilâ et al. (1996) in 

a study on long-term multi-layer cultures of primary foetal bovine osteoblasts found that 

matrix elaboration was only present above two to three layers of confluent cells. 

Mineralisation of the matrix did not occur at the interface region. Their result was 

similar to those presented by Garvey and Bizios (1994) using rat calvarial osteoblast 

cultures grown on HA and those of Bouvier et al. (1994) using rat calvaria-released cells 

grown on cpTi and Ti-6Ai-4V surfaces.

1.3.11 Ultrastructure of bone cells cultures on implant materials in vitro

Davies et al. (1990) used a freeze fracture technique to separate Epon embedded 

rat bone marrow cells growing on titanium disks for sectioning. TEM examination
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showed globular mineralisation of the collagen matrix in three week old cultures. The 

interfacial zone had two layers, a ‘bonding’ zone containing few collagen fibres and a 

ruthenium red positive (proteoglycan rich) layer containing more densely packed 

collagen.

De Bruijn et al. (1992) described the ultrastructure of rat bone marrow cells and 

matrix on plasma-sprayed hydroxyapatite (HA). Initially, the deposition of a globular, 

afibrillar matrix was observed. This was followed by the integration of collagen fibres in 

this matrix and their subsequent mineralisation. At the bone-HA interface, an electron- 

dense layer with a thickness of 20-60 nm was regularly present, which contained both 

organic and inorganic material and was rich in glycosaminoglycans. Parts of the 

interface also had an amorphous zone which was free of collagen fibres and had an 

average thickness of 0.7-0.8 microns. It was frequently seen interposed between the 

electron-dense layer and the hydroxyapatite. They felt that this was similar to the lamina 

limitans-like structure described in vivo. In a subsequent report they found that different 

levels of crystallinity of HA gave rise to different interfacial features (De Bruijn et al.,

1993).

1.3.12 Monoclonal bodies against osteoblastic cells

With the development of monoclonal antibodies against osteoblasts at different 

stages of differentiation, it is possible to identify osteoblasts definitively without relying 

only on the measurement of cell products which typifies the phenotype (Aubin & 

Turksen, 1996). Vrouwenvelder et al. (1994) used a specific monoclonal antibody (El 1) 

against a cell membrane associated antigen as an exclusive marker for osteoblast 

expression in rat calvarial cells. Using indirect immunofluorescence to locate the E ll  

antibody, they demonstrated the distribution of the osteoblast marker over monolayer and 

clusters of cells with varying cell morphology growing on bioactive glasses.

1.3.13 Regulation of cellular function

Developments in molecular biology make possible subcellular investigations of 

cell-biomaterial interactions. Assessments of the level and time-course of the expression 

of genes which ultimately determine cell phenotype may reveal the mechanisms by
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which biomaterials influence cell function. The pattern and steady-state levels of 

mRNAs for matrix associated products can be related to the pattern and rates of protein 

or enzyme synthesis. Lian & Stein (1992) have shown a temporal sequence o f gene 

expression during cell proliferation, extracellular matrix maturation and mineralisation in 

bone cell cultures. Since gene products are the ultimate determinants of cell phenotype, 

the hope is that these cellular and molecular processes studied in vitro can be correlated 

with events that occur in vivo after implant surgery.

The expression of mRNA for bone related proteins produced by osteoblast-like 

cells growing on biomaterials may he identified by hybridizing Northern blots o f total 

cellular RNA with radiolabelled cDNA probes for the proteins (Ohgushi et al., 1993). 

Densitometric assessments provide a measure of the levels of specific mRNA relative to 

control cultures, for instance, on tissue culture polystyrene (Puleo et al., 1991; Ozawa & 

Kasugai, 1996).

Puleo et al. (1993) used polymerase chain reaction to demonstrate the expression 

of genes for the bone-related proteins, osteocalcin, osteonectin and osteopontin by 

neonatal rat calvarial osteoblasts. In addition. Northern blotting was used to demonstrate 

the expression of mRNAs encoding osteopontin and osteonectin during culture of 

osteoblasts on T1-6A1-4V and hydroxyapatite over a five week period. It has to be noted 

that the expression of an mRNA does not necessary mean that the encoded protein would 

be found in the extracellular matrix. Multiple control mechanisms at the transcriptional 

and post-transcriptional levels determine whether the gene transcript becomes translated 

into a protein and whether the protein is eventually secreted into the matrix. Further 

comparative evaluation of extracellular levels of the bone-related proteins and levels of 

their respective mRNAs would help to build up a clearer picture of the mechanisms of 

cellular responses to biomaterials.

1.3.14 Resorption of implant materials in vitro

Most of the in vitro assessments on the bone-implant interface focus on the bone- 

forming cells. It is equally important to consider the reactions of cells capable of 

resorbing the implants. The materials subjected to investigations tend to be those known
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or designed to be resorbable such as Plaster of Paris, tricalcium phosphate, and 

hydroxyapatite (Sidqui et a l, 1995; Gomi et al., 1993; de Bruijn et al., 1994).

The major bone resorbing cells is the osteoclast. Monocytes and macrophages 

have also been shown to degrade devitalised bone. Osteoclasts are relatively inaccessible 

cells, but in vitro techniques are now available for isolating pre-fbrmed osteoclasts from 

chicks, rodents, and baboons and for formation of osteoclasts from marrow precursors 

(Roodman et al., 1985; Zambonin Zallone et al., 1982). Osteoclasts can be removed 

from the endosteal side of growing rat or rabbit femurs and tibiae by curetting the bone 

surface. Pipetting the released fragments and incubating the cell suspension results in a 

mixed culture containing adherent osteoclasts. The number of cells obtained is low and 

the life-span of the culture is very short (< Iday). Medullary bone of laying hens fed 

with a hypocalcaemic diet has been used to provide relatively large numbers of 

osteoclasts. Osteoclasts formation can also be induced in bone marrow populations in 

vitro. Another source of osteoclasts is human osteoclastomas.

Markers for osteoclastic activity include tartrate resistant acid phosphatase and 

reactivity with antibodies against vitronectin receptor. Calcitonin will inhibit their 

activity whilst parathyroid hormone will increase acidification of these cultures 

(Szulczewski et al., 1993). Unambiguous identification of osteoclasts is difficult as they 

share many characteristics with multinucleated cells formed by the fusion of 

macrophages. Blottiere et al. (1995) suggested the use of a monoblastic cell line U937 

which forms multinucleated giant cells following stimulation with Vit D3  for the testing 

of biodegration of calcium phosphate ceramics.

There is evidence of resorption of synthetic hydroxyapatite, tricalcium phosphate, 

biphasic ceramics combining the two materials as well as natural calcium carbonate by 

osteoclasts in vitro (Gomi et al., 1993; de Bruijn et al., 1994; Soueidan et al., 1995; 

Guillemin et al., 1995). Gomi et al. (1993) reported small tartrate-resistant acid 

phosphatase positive cells creating resorption pits morphologically similar to those in 

natural bone tissue and multi-nucleate giant cells caused erosion of the ceramic surface 

without pit formation. Substrates with greater surface roughness were associated with a
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higher number of tartrate-resistant acid phosphatase positive cells and multinucleated 

cells. The ability of multinucleated cells in bone marrow cultures to resorb synthetic 

calcium phosphates gives rise to the potential for using these ceramics as culture 

substrata instead of bone slices in osteoclast resorption assays (Davies et ah, 1993).

To test the hypothesis of whether bone matrix constituents would affect cell- 

mediated resorption of artificial materials, De Bruijn et al. (1994) first cultured 

osteogenic cells on tricalcium phosphate and hydroxyapatite until a bone-like matrix was 

formed on the surfaces and then introduced an osteoclastic cell culture to the materials. 

A potentiation effect was found whereby resorption of the mineralised extracellular 

matrix was followed by degradation of the underlying tricalcium phosphate.

1.3.15 Inflammatory and immunological response

There is extensive work in orthopaedic literature on the failure of orthopaedic 

joint prostheses due to osteolysis. This destructive process is believed to be the result of 

the phagocytosis of implant wear debris by peri-prosthetic and synovial macrophages and 

the release of inflammatory mediators (Kim et al., 1994). Wear debris is not a feature of 

endosseous dental implants although degradation of coatings has given rise to some 

concern (Albrektsson & Sennerby, 1991; Wataha, 1996). One in vitro method of 

investigating the role of macrophages in mediating bone resorption is to use a medium 

conditioned by macrophages interacting with implant materials in bone resorption assays 

using bone organ cultures (Murray & Rushton, 1992; Giant & Jacobs, 1994). 

Collagenase, Prostaglandin E2 (PGEj), interleukin-1 (IL-1), tumour necrosis factor 

(TNF), interleukin- 6  (IL-6 ) have been implicated as mediators with a stimulatory effect 

on resorption (Haynes et al., 1993). The form in which the material is presented may be 

significant in such studies. Particulate rather than bulk materials would be more 

appropriate for investigations on the effect of wear particles.

It has to be remembered that the act of insertion of an implant into bone evokes 

an immediate inflammatory response due to the inevitable tissue trauma. Cells involved 

in this reaction are the granulocytes, followed by the monocytes and macrophages. 

These cells, together with other inflammatory mediators such as complement fragments.
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contribute to a complex cascade of activities which can ultimately affect the recruitment, 

and differentiation of bone-forming cells which are the effectors of the bone healing 

process. The effect of metal ions and particulates, as well as some calcium phosphate 

materials on neutrophils, macrophages and complement activation have been examined 

in vitro (Remes & Williams, 1992). The concern that some patients may develop T- 

lymphocyte-mediated immune response or type IV hypersensitivity reaction to ions or 

particulates released from implants has also prompted lymphocyte activation and 

proliferation tests (Pizzoferrato et al., 1994).

1.3.16 In vitro models representing soft tissue responses

In addition to the nature of the bone-implant interface associated with 

osseointegration, the transgingival portion of endosseous dental implants has also 

received some attention (Guy et al., 1993). Epithelial cells and fibroblasts, often from 

human gingivae, have been cultured either as dissociated cells or as tissue explants on 

implant materials for the assessment of cell attachment, migration and proliferation.

Quantitative as well as qualitative approaches have been used for such assays. A 

typical quantitative assay is an experiment by Jansen et al. (1991a) using rat dermal 

fibroblasts cultured on titanium and carbon coated coverslips. Cell attachment was 

quantified by measuring the percentage of unattached cells relative to number of seeded 

cells at different time intervals. Cell proliferation was determined by detaching all the 

cells by trypsinisation after initial attachment has taken place and counting them. This 

approach is typical of many assays studying cell growth on implant surfaces e.g. Berstein 

et al. (1992); Niederauer et al. (1994). Indirect quantification of cell numbers can be 

performed by radiolabeling cells with tritiated thymidine and counting by liquid 

scintillation (Guy et al., 1993). Instead of removing the cells from the material surfaces 

for evaluation, some researchers relied on scanning electron micrographs for assessment 

of cell numbers. Burchard et al. (1991) in a study on the effects of chlorhexidine and 

stannous fluoride on human gingival fibroblast attachment to different implant surfaces, 

counted the number of cells visible in non-overlapping fields of 1 .Omm  ̂on the materials 

following 24 hours incubation.
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The extent of migration is a characteristic often assessed in epithelial and 

fibroblast cultures on artificial materials. Jansen et al. (1991) devised a ‘fence’ technique 

where a cell suspension was allowed to settle within a ring placed on the artificial 

substratum. The ring was then removed to allow outward migration of the cells. The 

area of cell coverage was measured after three days to assess the extent of cell migration 

onto the implant surfaces. Warocquierclerout et al. (1995) have found that precious (Au, 

Pd, Ag) and non-precious (Ni-Cr) dental alloys, Ti and Cu showed different effects on 

human gingival epithelial cell proliferation and migration. Cells grown on Pd and Au 

exhibited a high migration potential, whereas Au-Pd and Ti allowed efficient cell 

proliferation but restricted migration. Reduced migration and proliferation was found on 

Ag. The toxicity of Cu and Ni-Cr prevented cell migration.

The roles of fibronectin and other cell attachment proteins in the attachment of 

fibroblasts on implant surfaces in vitro have been the subject of several studies. Steiz et 

al. (1982) reported that precoating bioglass with fibronectin reduces the time required for 

fibroblasts spreading on bioglass but in a similar study involving commercially pure 

titanium, non-porous hydroxyapatite, and porous hydroxyapatite, Guy et al. (1993) found 

that pre-coating with fibronectin did not produce any increase in the number of cells 

attached to titanium or hydroxyapatite. Abiko et al. (1993) recorded the fibronectin 

tracks deposited by human gingival fibroblasts moving on smooth and grooved titanium 

surfaces and found that fibronectin production was more abundant in cells cultured in 

fibronectin-depleted medium.

1.3.17 Aspects of implant surface characteristics investigated using in vitro models

Implant materials of many different bulk chemical compositions have been 

studied using in vitro methods. Much effort has also been made to clarify the effects of 

surface properties such as surface roughness and topography on cell responses to implant 

materials. The main concern is that processes during the preparation of an implant can 

affect its surface properties and these, in turn, influence cell responses. (Kasemo & 

Lausmaa, 1988).

41



The alignment of various cells types in response to topographical features within 

their culture environment is a well documented phenomenon (Dunn, 1982; Wood & 

Thorogood, 1987; Meyle et al., 1995). With bone replacements, there are queries as to 

whether the materials should be roughened and perhaps even finished with aligned 

surface striae to orient any connective tissue cells that should attach to them. 

Micromarks on the surface, introduced perhaps in polishing or surface fabrication, may 

subsequently play a role in cell behaviour on such substrata. Various attempts have been 

made to make use of topographic features to influence tissue reaction around implant 

materials. The scale of features ranged from macroscopic pores of several hundred 

microns to ordered grooves of a few microns' width. Brunette et al. (1983) developed the 

use of a silicon mask-etching technique to prepare surfaces with micro-grooves. They 

evaluated the behaviour in vitro of fibroblasts and epithelial cells (Brunette, 1986a; 

Brunette, 1986b; Chehroudi et al., 1989; Chehroudi et al., 1990; Oakley & Brunette,

1993) and more recently reported on osteoblasts growing on such grooved surfaces (Qu 

et al., 1996).

Surface preparations which result in no distinct orientation of feature but 

resemble more closely the manufacturing processes received wider attention, as did 

sterilisation regimes for implants. The processes which have been explored using in vitro 

cell culture studies include: manufacturing e.g. machining, porous coating, plasma- 

spraying (Naji and Harmand, 1990); special treatment e.g. electropolish, sandblast, acid- 

pickling, ion implantation (Kononen et al., 1992; Bowers et al., 1992; Hormia et al., 

1991; Hormia & Kônônen, 1994); sterilisation e.g. autoclave, Ar plasma cleaning, UV- 

ozone cleaning, irradiation (Jansen et al., 1989; Michaels et al., 1991; Stanford et al.,

1994).

1.4 Do in vitro cuitures refiect the in vivo situation?

The problems of developing in vitro models for tissue-biomaterials interactions 

lie in the need to identify significant in vivo biological reactions for which simulation 

assays can be devised and designing in vitro assays which are relatively simple to 

perform and which produce consistent results among laboratories (Hanks et al., 1996).
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The question of whether the state of maturation of osteoblast-like cells has any 

effect on the result of in vitro investigations of bone-biomaterial interactions has been 

addressed by a group in San Antonio, Texas (Windeler et ah, 1991). A series of cultures 

was performed, involving a variety of bone cell lines and bone explants (ROS 17/2.8, 

UMR-106, SAOS-2, MC3T3-E1, MG-63, foetal baboon bone explants) growing on a 

wide range of materials sputter-coated on glass coverslips or polystyrene culture dishes 

(aluminium oxide, titanium, titanium dioxide, zirconium, zirconium dioxide, and two 

calcium phosphate ceramics). Assays of cell number, total protein, alkaline phosphatase 

in lysates and media and type I collagen were carried out. Significant differences in 

performance were observed for each osteoblast-material combination. Under identical 

culture conditions, no two of the transformed cell lines demonstrated the same 

performance on similar coated surfaces, nor did any of the lines duplicate the 

performance of normal primate cells. The group believed that the six cell lines represent 

different stages of differentiation of the osteoblast. It was suggested that MC-3T3 and 

MG-63 represent early undifferentiated or pre-osteoblast cells, whereas UMR-106 and 

SAOS-2 may represent the mature phenotype. The tissue explant from foetal baboons 

was a mixture of bone cells and not a pure osteoblast culture. On the basis of this 

extensive study and many others covering a range of different sources of bone cells, it is 

clear that interpretation of in vitro findings is a not a straightforward task.

Another area of contention is whether bone cells come into direct contact with 

implant surfaces in vivo. Yliheikkila et al. (1995) took the view that most of the in vitro 

studies have focused on the interactions of osteoblasts with implant materials suggesting 

that the direct interaction of osteoblasts with implant surfaces is one determinant of 

osseointegration. Yet the published histology of the implant-bone interface indicates that 

there is an apposition of mineralised matrix and that few cells lie directly against the 

implant surface. They acknowledged that the situation in vivo is quite different from that 

created in vitro when bone-forming cells are initially attached to the culture surface. This 

leads to the question of whether osseointegration should be interpreted as bone formation 

towards implant surfaces or on implant surfaces (Cooper et al., 1993). The few studies of 

the early interface between bone and titanium in rat and rabbit tibia in vivo suggest that 

bone formed towards the implant (Sennerby, 1991; Clokie & Warshawsky, 1995).
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Schwartz & Boyau (1994) reflected on this early interface and stated that 

differentiated osteoblasts or chondrocytes rarely come into contact with a material prior 

to its modification by biological fluids, immune cells and less differentiated 

mesenchymal cells in vivo. This was a major reason for their preference of an in vivo rat 

marrow ablation model of endosteal wound healing to detect whether the ability of 

osteoblasts to synthesise and calcify their extracellular matrix is affected by the local 

presence of the material. However, they did not reject the need for in vitro studies since 

it is the only way of isolating the specific components of the biological responses to 

materials (Boyan et al., 1996). They suggested that the first cells which interface with a 

material in vivo would be wound-healing cells, generally of mesenchymal origin. These 

pluripotential cells may differentiate into osteoblasts, chondrocytes, fibroblasts and fat 

cells. Which of the differentiation pathways they pursue would be dependant on the 

local and systemic factors present at the implant site.

Since the primary response to implant surgery is a local inflammatory reaction, 

and there is much work in the literature on how inflammatory cells and cytokines affect 

bone formation and resorption in vitro, it would be interesting to see investigations which 

make a link between how implant materials or implant surface preparations affect 

inflammatory cells which take part in the early local response and the subsequent effect 

on bone cells growing on these surfaces.

1.5 Experimental models for studying bone-blomaterlal 
Interactions In vivo

In vitro models are, in general, static and do not take into account the dynamics of 

implants in vivo. Also cell culture systems in vitro are mainly influenced by autocrine or 

paracrine factors and are not subject to systemically superimposed regulation.

Many factors such as the anatomical position of the material, size and geometry 

of the implants, and mechanical loads are important considerations in vivo but cannot be 

adequately studied in vitro. The application of in vitro results to reflect the behaviour of
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a composite tissue such as bone is hampered by the fact that cell culture studies tend to 

focus on a single cell type. The growing trend of using primary human bone cells for 

experiments on implant materials also poses a challenge in that these cells do not always 

form bone in vitro.

1.5.1 Choice of in vivo models

There have been attempts to bring the bone-implant interface created in vitro a 

step closer to in vivo conditions. Modified in vivo implantation techniques are available 

in which an isolated cell population can be maintained in an in vivo environment.

1.5.2 Diffusion chamber studies

The diffusion chamber system has been used extensively to study the osteogenic 

capacities of freshly isolated bone marrow cell suspensions and cultured marrow cells 

from a variety of experimental animal species (Review by Owen, 1970). The diffusion 

chamber is constructed using membrane filters of known pore size, supported by Perspex 

rings and containing target cells. The chambers are implanted into the host, their purpose 

being to prevent direct cell contact between host and target cells whilst the target cells 

were maintained by the diffusion of essential nutrients and metabolites across the filter. 

This system allows the direct study of the cellular potentials for differentiation as host 

tissues are excluded. The tissue formed, although avascular, resembles osseous tissue by 

both light and electron microscopic examination. Furthermore temporal expression of 

extracellular matrix and cellular components during the generation of tissue in the 

diffusion chamber is similar to that observed in the process of osteogenesis occurring in 

normal embryonic and adult development (Ashton et al., 1980).

Tarrant & Davies (1987) placed various artificial bone substitute materials into a 

primary rat osteoblast culture until the materials were colonised by the cells and 

transferred the combination into diffusion chambers to be further maintained in vivo in 

rats. They argued that such a system would avoid the problems associated with long 

term in vitro maintenance of primary bone cell populations and at the same time allow 

the examination of single cell types on the substrates by excluding host cell participation. 

However, the matrix formed within the chambers was poorly organised and showed little
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calcification. This was attributed to the low seeding density since the particles of bone 

substitute materials only carry a small number of cells relative to the size of the 

chambers.

Human bone marrow cells cultured in diffusion chambers have also repeatedly 

failed to form bone. Bab et al (1988) failed to observe bone formation from adult donors. 

Davies (1987) found no bone when culturing fresh marrow from 5-yr old. Neither did 

Ashton et al. (1985) when they cultured fibroblasts from composite pieces of bone and 

marrow from children and young adults inoculated in diffusion chambers. However, 

bone formation was consistently observed in ceramic carriers filled with marrow-derived 

cells which were grafted subcutaneously in vivo. Haynesworth et al. (1995) obtained 

bone marrow from donors of various ages, first cultured them to increase cell numbers 

and introduced subcultures into either diffusion chambers (implanted intra-peritoneally in 

nude mice) or ceramic carriers (implanted subcutaneously in nude mice). The marrow 

derived cells failed to form bone or cartilage in diffusion chambers whereas bone but not 

cartilage was formed within the ceramic carriers.

Gundle et al. (1995) in experiments similar to those above cultured human 

osteoprogenitor cell populations derived from trabecular bone explants or marrow 

suspensions of three patients in the absence or continuous presence of dexamethasone. 

The cells were impregnated into porous hydroxyapatite ceramics before subcutaneous 

implantation or placed within diffusion chambers for intraperitoneal implantation in 

athymic mice. All subcutaneous implants of cells in ceramics showed morphological 

evidence for the formation of bone tissue. In the diffusion chambers, it was found that 

both marrow and bone-derived fibroblastic cells cultured in the absence of 

dexamethasone generally produced fibrous tissue. When cultured in the continuous 

presence of dexamethasone, these cell populations produced similar osteogenic tissues 

with active osteoblasts, wide osteoid seams and mineralised tissue, with cartilage toward 

the interior of the chamber. The authors therefore refuted the claim by Haynesworth and 

co-workers that the diffusion chamber is an inappropriate system for demonstrating the 

differentiation potential of human osteogenic cell populations. They felt that by using
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cultured cells instead of fresh marrow, the number of osteoprogenitor cells may be 

increased.

It would seem that within diffusion chambers the access of mesenchymal cells to 

growth and nutrient factors supplied by the vasculature or direct interaction with vascular 

cells are limited. Further investigations into the optimisation of the pre-implantation 

culture conditions and chamber configuration is needed before the system can form a 

significant bridge between in vitro experiments and in vivo implantation for examining 

bone-biomaterial interactions.

1.5.3 Implantation into bone in vivo

Early work on implants placed in bone was centered on histological examination 

of the tissues around the implants. One experimental approach was to insert implants 

into readily accessible anatomical sites such as the diaphyseal portion of the tibia in 

animals ranging from rats to sheep. Other researchers placed more emphasis on 

mimicking the clinical situation by choosing anatomical sites reflecting where implants 

were to be placed clinically. In the case of dental implants, this usually involves the 

extraction of teeth to create edentulous saddles in the jaws, into which implants, 

sometimes identical in size and shape to those used clinically, are placed. These studies 

tend to involve animals higher in the phylogenetic tree: dogs, pigs and primates (Table 

1.3).
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Table 1.3 In vivo models for studying bone-biomaterial interactions

Animal Site Reference
Rat Tibia Amir et al. (1989) 

Turner et al. (1989) 
Cabrini et al. (1993)

Femurs Nakano (1991) 
Stevenson et al. (1994)

Cranium van den Bos et al. (1995)
Subcutaneous tissue Hosny & Sharawy (1985) 

Arvidson et al. (1991)
Rabbit Iliac crest Hobkirk(1981)

Mandible Hobkirk(1981)
Tibia Albrektsson et al. (1985)

Femur

Shimazaki & Mooney (1985) 
Burr et al. (1993)
Kitsugi et al. (1995)
Heikkila et al. (1993) 
Li(1993)
Papagelopoulos et al. (1993) 
Tisdel et al. (1994)
Goldberg et al. (1995) 
Wennerberg et al. (1996b) 
Ivanoff et al. (1997)

Face Toriumi et al. (1991)
Cranium Kleinschmidt et al. (1993)

Dog Mandible Hollinger & Schmitz (1987); Pilliar et al. (1991b) 
Ohno et al. (1991)
Lin et al. (1992)
Weinlaender et al. (1992)
Pair et al. (1992)
Nelson et al. (1993)
Soballe et al. (1991)

Femoral condyles 

Femur

Nimb et al. (1995) 
Bagambisa et al. (1993) 
Hetherington et al. (1995) 
Dalton & Cook (1995)

Ileum
Lew et al. (1994) 
Grundel et al. (1991)

Ulna Szivek et al. (1994)
Hip Dowd et al. (1995)

Sheep Tibia Haider et al. (1993) 
Huré et al. (1996)

Pig Edentulous jaws Haie et al. (1991)
Monkeys Extraction sockets 

Mandible

Anneroth et al. (1985) 
Ohta(1993)
Akagawa et al. (1990)
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The choice of animal species may affect the experimental outcome as the rate of 

bone apposition and speed of repair is known to differ between species (Simmons & 

Grynpas, 1990). Also, osteoblastic activity and the rate of bone turnover decreases with 

age at all locations. The age of the animals used for in vivo implantation experiments 

would therefore influence speed of the healing response (Simmons & Grynpas, 1990). 

Murai et al. (1996) placed identical titanium implants in young and mature rats and, not 

unexpectedly, found that the amount of bone formed along the implant in young rats was 

greater than in mature rats at 28 days after implantation.

Variability in the physiology of animals, even within the same species and age 

group, is inevitable. Spivak et al. (1990) attempted to overcome this difficulty by 

designing an implantable chamber containing multiple channels which can be lined by 

different materials with different surface textures to measure intramedullary bone 

ingrowth. A range of materials could then be tested in nearly identical conditions. 

Implants in the form of a titanium bone harvest chamber, as used by Brânemark for bone 

regeneration studies, have been used to contain biomaterials, for example, bone cement 

(Albrektsson, 1984a) and hydroxyapatite (Wang et al., 1994), to examine the process of 

bone regeneration in the presence of these materials.

The healing process can also be affected by the surgical technique used for 

inserting the implants and the initial stability of the implants following placement. 

Excessive heat generation during the cutting or drilling of bone as well as excessive 

motion during the early phases of healing can lead to the formation of a fibrous interface.

1.5.4 Techniques for assessing bone responses to implants in vivo

Following short and long term implantation, the implant, interface and 

surrounding tissues may be evaluated by a variety of techniques:

1,5.4.1 Radiography and microradiography

Radiography is generally applied in a clinical setting. It is valuable for an overall 

estimation of bone-implant interactions^b«t<he maximal resolution capacity, even of
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controlled microradiographs, is in the order of 0.1mm. True tissue reactions are beyond 

the scope of radiography. Qualitative microradiography has been used to measure the 

amount of bone formed within bone harvest chambers in experiments on bone 

regeneration (Kalebo & Jacobsson, 1988).

1.5.4.2 Mechanical tests

The fixation of implants within bone has been assessed using a variety of 

mechanical tests. Modes of testing included push or pull out tests, tensile tests and 

removal torque measurements (Wennerberg et al., 1996c). The results of these tests are 

subject to the influence of many variables such as implant geometry, surface topography 

(Wennerberg et al., 1996c), surface chemistry (Larsson et al., 1996), initial fit (Carlsson 

et al., 1988; Maxian et al., 1994), and implant site, in addition to the type of implant 

material studied.

1.5.4.3 Ground sections for light microscopy

Materials for dental and orthopaedic implants including metals, ceramics and 

polymer or composites of the above have greater hardness than soft tissues. Resins are 

routinely used as embedding media to preserve the structural integrity of hard tissues and 

for holding implants in place during specimen preparation. The technique published by 

Donath and Breuner (1982) is widely adopted for producing ground sections for light 

microscopic examination of the bone-implant interface. It has been shown descriptively 

that bone can directly interface titanium implants (Hansson et al., 1983; Brânemark, 

1983; Sisk et al., 1992), titanium alloy implants (Lum & Beime, 1986; Lum et al., 1988), 

titanium plasma-sprayed implants (Listgarten et al., 1992; Schroeder et al., 1981), porous 

titanium implants (Pilliar et al., 1991a; Keller et al., 1987), hydroxyapatite-coated 

titanium implants (Cook et al., 1987; de Lange & Donath, 1989), titanium blade implants 

(Steflik et al., 1992b), and single crystal ceramic implants (Akagawa et al., 1986).

1.5.4.4 Histomorphometric methods

Histomorphometry involves microscopic measurements of histologic sections. 

Measurement of structurally visible or displayed objects or features is performed by
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using eye-piece micrometers and eye-piece graticules or grids, with a specific geometry 

or pattern, covering the visible field of measurements. By point or linear intercept 

counting of microscopic structures falling on a grid pattern, i.e. relative values of area, 

perimeter or boundaries and the number of selected features may be obtained. The 

advantage is the opportunity to obtain qualitative and quantitative analyses of a section. 

In recent years, advances in computerised image analysis systems have meant a progress 

in morphometrical techniques. Computer-based systems, with video cameras as scanning 

devices, generate images converted into digital values in array of picture elements 

(pixels) and allow the assessment of area, intercept, perimeter, size and density values 

automatically or semi-automatically with suitable software. (Revell, 1983). However, 

the method can be limited by the ability to discriminate between structures, by section 

thickness and projection errors, by the method of calibration. Counting is performed on 

two-dimensional data. Sample handling, fixation, staining and sectioning are factors that 

must be properly controlled.

The parameter most commonly used for assessing the bone-implant interface is 

the percentage of the perimeter of an implant in contact with mineralised bone in 

longitudinal ground sections observed with light microscopy (Weinlaender et al., 1992; 

Cabrini et al., 1993; Lew et al., 1994; Hetherington et al., 1995; Nimb et al., 1995; Huré 

et al., 1996; Wennerberg et al., 1996a; Ivanoff et al., 1997). Such measurements still rely 

on the human observer to distinguish between what is and is not direct contact between 

implant and bone. In addition to measurement of bone contact lengths, the area of bone 

formed within the threaded portions of endosseous implants was routinely measured by 

the Gothenburg group led by Albrektsson (Johansson et al., 1990; Gottlander & 

Albrektsson, 1991; Wennerberg et al., 1996c). Members of the group have looked into 

technical factors which could affect the outcome of histomorphometrical quantifications 

of the bone-implant interface in ground sections. Section thickness and cutting directions 

were investigated (Johansson and Morberg, 1995a, 1995b). They concluded that sections 

over 30pm thick could result in overestimation of the bony contact. In their rabbit tibia 

model, 25% more contact lengths were found when the implants were cut in the 

longitudinal direction of the tibia than those cut in the transverse direction. This was 

thought to be due to the variation in the mode of loading of transcortical implants in the
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rabbit femur model. Barzilay et al. (1996) compared the use of decalcified thin sections 

(4pm) and ground sections (30 - 150pm) and found no significant differences between 

the two histologic techniques in the bone:implant interface ratio which either technique 

provided.

The type of implant material may also have an effect on the measurement 

procedure. Evans et al. (1996) have found that interpretation of the percentage of bone- 

implant contact was more difficult when evaluating HA-coated implants as compared to 

titanium implants since they sometimes experienced difficulty in distinguishing the HA- 

bone interface. Also to be considered is the site of implantation. Percentage figures of 

bone-implant contact are likely to be higher for implants or parts of implants residing in 

cortical rather than cancellous bone (Hipp & Brunski, 1987). Johansson et al. (1990) chose 

to measure bone-implant contact of threaded implants where they cross the cortical region 

of the tibia in their rabbit model for the reason that there was no cancellous bone in the 

marrow cavity where part of the implants were sited.

1.5,4.5 Tracer methods

Newly formed bone may be labelled with the aid of a tracer. The tracer may be 

detected in the light microscope due to fluorescing properties or with the aid of a 

radiation detector due to radioactivity.

• Fluorochrome labelling

Tetracyclines, alizarins, calceins, hematoporphyrins and xylenol orange are 

examples of non-radioactive, in vivo tracers of bone formation, where tetracyclines are 

the most frequently and widely used bone markers. They have common properties such 

as binding to calcium during mineralisation or demineralisation of bone and they 

fluoresce under UV-illumination. Tetracyclines bind to mineral in two ways, firstly, to 

the bone surface mineral front at the time of peak blood level in a reversible manner and 

secondly by trapping of new mineral deposited after the peak blood perfusion. The 

fluorochromes, usually tetracyclines, may be administered in sequences at regular time 

intervals yielding bands of labelled new bone or continuously during the the healing
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period. Polyfluorochrome labelling may also be performed, by administering different 

tracers in specific schedules. Goldberg et al. (1995) used fluorochrome uptake to 

demonstrate the remodeling of bone on the surface of grit-blasted titanium implants in 

rabbit femurs. Haider et al. (1993) compared external and internal drill cooling methods 

for the preparation of holes to receive implants. By means of polyfluorochrome 

sequential labeling, they found that patterns of new bone formation in cortical and 

cancellous bone differed according to the cooling method used.

• Radionuclide labelling

Radioisotope labelling has been used in qualitative and quantitative studies of 

bone healing. The detector systems generally used in the analysis of bone repair are 

photographic emulsions. Organic matrix formation may be studied by tritiated amino 

acids, as ^H-glycine or ^H-proline in collagen synthesis analysis and ^^S-sulphate in 

proteoglycan or ground substance formation. Proliferative cell activity in fracture repair 

may be assessed by ^H-thymidine, labelling DNA synthesis.

An elegant study by Clokie & Warshawsky (1995) employed ^H-proline labelling 

to reveal the pattern of new bone formation during six weeks following the implantation 

of titanium implants in rat tibia. Radiolabelled new bone was deposited only on 

previously existing bone and extended towards the available space, leading to the 

suggestion that titanium does not influence the direction of bone growth in threaded 

implants but provides an inert template around which normal bone healing takes place.

1,5,4,6 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a useful tool for observing the 

topography of implant surfaces either before or after implantation (Boyde, 1991). It is 

extensively used in secondary electron imaging mode for visualisation of the morphology 

of cells and extracellular matrix on implant materials. Boyde (1991) has warned against 

artefacts which are liable to occur at the junction between tissue and implants because of 

their differential shrinkages during specimen preparation. In fact, mechanical separation 

by fracturing is often necessary to expose the implant-tissue interface.
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Back-scattered electron (BSE) images can help to distinguish bone with different 

mineral densities in addition to offering topographical contrast. When the surface of the 

material is absolutely flat, or has been embedded, cut and polished flat, and viewed 

normally to the electron beam, the BSE image would be density-dependent. Nanci et al.

(1994) have used this method to examine resin embedded sections of the bone adjacent to 

screw-shaped titanium implants in rat tibia and to visualise the distribution of silver- 

enhanced protein A-gold immunolabels for a series of bone matrix proteins in such 

sections.

1.5.4.7 Transmission electron microscopy

A major problem of preparing specimens for ultrastructural examination of the 

bone-implant interface is the hardness of the tissue itself and that of the implant material. 

This is especially true in the preparation of thin sections for ultrastructural studies. Many 

published protocols involved removal of the implants from the bone prior to or after 

embedding. The techniques used to overcome the problem of sectioning hard implants 

are:

•Décalcification of the bone and *carefuV removal o f the implant, the

remaining bone tissue was then embedded and sectioned. (Barzilay et al., 1996; Murai et 

al., 1996).

•Fracturing the implant from the bone (with or without décalcification) 

following embedding in resin. Nanci et al. (1994) softened the embedding resin by 

heating the specimen in an oven at 125°C, the block was then prised apart at a score-line 

made along the middle of the implant. Using this approach, the screw generally 

remained attached to one of the fractured faces.

•Cryofracture. Steflik et al. (1994) cut 1mm thick sections of the fixed, 

undecalcified, resin embedded specimens and placed them into liquid nitrogen followed 

by immediate immersion into boiling water to separate the implant from the bone.
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•Electrodissolution. Bjursten et al. (1990) embedded implants and their 

surrounding tissue in plastic and removed the bulk of the metal by electrochemical 

dissolution (electropolishing) to facilitate preparation of ultrathin sections for TEM. 

Garvey & Bizios (1995) removed the metal substrates using an electrolytic dissolution 

technique and a 7% NaCl solution. Ericson et al. (1991) found that the electropolishing 

method induced serious artefacts to sections of the bone-titanium interface in the form of 

demineralisation of the interface zone and infiltration of Ti ions.

•Coating plastic substrate with a metal film. Several research groups have 

coated plastic implants with titanium and investigated the ultrastructural interface 

between bone and titanium (Listgarten et al., 1992; Linder et al., 1983; Qu et al., 1996). 

This technique has the advantage that the sections contain an intact interface between the 

tissue and the thin titanium coating layer. There is however, uncertainty as to whether 

the surface properties of such a film can represent those of solid titanium implants used 

clinically.

1.5.4.8 Ultrastructural features

The bone-titanium interface at the electron microscope level has been described 

by many investigators in models ranging from rat femur, rabbit tibia to dog mandible. 

Linder et al. (1983) and Albrektsson and Hansson (1986) reported that bone made 

contact with the titanium directly and that an amorphous layer 20-40nm thick was 

present between the mineralised bone and titanium or between the collagen fibres in the 

unmineralised matrix and the titanium. Steflik et al. (1992a) found that the interface 

varies from a densely mineralised matrix to zones of unmineralised tissue. TEM showed 

that much of the implant surface was apposed directly by highly mineralised bone. They 

described mineralised thick collagen fibre matrix close to the implant surface separated 

from the implant by a mineralised fine fibrillar zone. In some areas a 20nm electron 

dense deposit separated the implant from the mineralised thick matrix. Many 

unmineralised areas were observed. Fibroblastic cells and osteoblasts were found at 

these locations. A layer of amorphous material of low electron density was also 

described. This 100-300nm afibrillar layer separated the calcified bone from the implant 

surface. They thought that these observations were consistent with early work by Linder
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et al. (1983) as well as Albrektsson & Hansson (1986) although the dimensions of the 

amorphous afibrillar layer differed between studies. Linder et al. (1983) reported a 20 to 

50nm gap between the closest collagen fibres and the oxide surface of titanium ( 1 2 0  - 

250nm coating on polycarbonate in this study) and further characterised this layer as 

consisting of a hyaluronidase and chondroitinase sensitive material - proteoglycans. 

Albrektsson & Hansson (1986) made a similar conclusion about the 20-40nm amorphous 

layer found in their model. On the other hand, Sennerby et al. (1992) described the 

amorphous layer situated between the mineralised bone and titanium implants as being 

100-200nm thick. In addition, they reported that in some areas mineralised bone reached 

close to the implant surface and formed a dense osmiophilic lamina limitans-like line. 

This layer was about lOOnm wide and was often in continuity with the lamina limitans 

lining those osteocyte lacunae or canaliculi which reached the implant surface. It was 

thought to be an accretion of organic material at sites where calcification starts or ends. A 

study by Nanci et al. (1994) indicated that this ‘lamina limitans’ contains osteopontin and 

Œg-glycoprotein. However, they did not describe any amorphous layer. They reported an 

electron dense layer separating unmineralised collagen or mineralised bone matrix from 

the implant surface; cement lines in the bone surrounding the implant; bone immediately 

adjacent to the electron dense areas at the interface; and patches of organic material with 

a granular or reticular appearance found throughout the mineralised bone matrix. Studies 

by Listgarten et al. (1992) and Chehroudi et al. (1992) also did not find any electron 

dense deposit between the collagen fibre matrix of the bone and the implant.

Sennerby (1991) tried to attribute the difference in thickness of the amorphous 

zone to differences in surface and bulk properties between the coated plastic plugs used 

in the early studies and the solid titanium used in his. However, the titanium used by 

Linder et al. (1983) was solid. Murai et al. (1996) proposed a different explanation: 

different animal species. They went further to say that the difference in the bone- 

titanium interface between the above studies may be due to the nature of the bone where 

titanium was inserted. In their investigation, as well as those of Linder et al. (1983), and 

Sennerby et al. (1992), the implants were inserted in the tibiae. Where titanium made 

contact with the bone marrow of the tibial metaphyses, the bone formed made direct 

contact with the implant via an amorphous zone. On the other hand, Listgarten et al.
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(1992) inserted titanium into the compact bone of the mandible which direct contact with 

the titanium via a collagen fibril layer.

1.5.4,9 Enzyme histochemistry and immunocytochemical methods

Morphological techniques for studying the nature of the bone-implant interface 

can be complemented by histochemical and immunohistochemical examination of the 

expression of enzymes associated with bone formation and bone resorption as well as 

various bone matrix components in the tissues adjacent to implants.

• Technical considerations

The presence of hard implants in calcified bone tissue poses specific problems in 

the immunodetection of bone-forming cells in peri-implant tissues. Previously published 

techniques for immunocytochemical detection of bone cells capable of producing matrix 

proteins were either performed on frozen sections or involved fixation of the specimens 

followed by décalcification. They were then processed and embedded in paraffin for 

immunodetection of the proteins. Such methods are often not applicable to bone tissues 

containing hard implants. Hillman et al. (1991) described the use of a light cured 

embedding resin (Technovit 7200 VLC) for the localisation of enzymes and antigens in 

the soft and hard tissues around implants at the light microscopic level.

According to Muda et al. (1992) most methyl methacrylate based embedding 

protocols, which are widely used in bone histology, are not generally suited for enzyme 

cytochemistry although some enzymes like acid phosphatase, can be successfully 

demonstrated when highly abundant. Conversely, glycol methacrylate based protocols 

offer excellent preservation of both morphology and most enzyme activities but are 

generally unsatisfactory as standard protocols for immunocytochemical studies. They 

proposed a protocol which combined freeze-drying of tissues and low-temperature 

embedding in glycol methacrylate to permit combined enzyme cytochemistry and 

immunostaining on the same tissue block. Alkaline phosphatase, tartrate-resistant acid 

phosphatase, collagen types I, and III and laminin were demonstrated on foetal rat bone 

rudiments.
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* Alkaline phosphatase and acid phosphatase

There are two main enzymatic activities which are searched for when studying 

the histochemical characteristics of bone: alkaline and acid phosphatase. Alkaline 

phosphatase is produced by osteoblasts and is involved in the mineralisation process. 

Two forms of acid phosphatase are present in bone. One of the two isoenzymes is 

resistant to tartrate inhibition and particularly abundant in osteoclasts. Piatelli et al.

(1995) described the distribution of alkaline phosphatase (ALP) and acid phosphatase 

(AGP) in the tissues adjacent to smooth screw-shaped threaded titanium implants in 

rabbit tibia. Positive staining for ALP was found in osteoblasts surrounding islands of 

soft tissue or woven bone near the implant surface during the first three weeks after 

implantation, corresponding to new bone formation originating from the periosteal and 

endosteal surfaces. Few cells with weak staining for AGP were detected up to two 

months. A later increase in AGP activity was noted and attributed to the bone 

remodelling process.

# Bone matrix proteins

Nanci et al. (1994) performed extensive immunocytochemical characterisations of 

the bone-titanium interface using the protein A-gold immunolabelling technique. 

Transmission electron microscopy and scanning electron microscopy in backscattered 

mode were used to observe the labelling. A panel of antibodies was used to identify non- 

collagenous bone proteins including: osteopontin, osteocalcin, ajHS-glycoprotein, 

albumin and fibronectin. Part of the implant surface was covered with a layer rich in 

osteopontin and ajHS-glycoprotein. Osteonectin, fibronectin and albumin show no 

preferential accumulation at the bone implant interface.

The future direction of histological examination of tissues around implants is 

heading towards the demonstration of genetic expression. The distribution of mRNA for 

specific proteins within the matrix formed on the biomaterials has been visualised using 

in situ hybridisation. Gasser-Bette et al. (1990) have applied the technique to detect 

osteocalcin mRNA in frozen sections of MG3T3-E1 within a three dimensional collagen 

matrix. Zhou et al. (1994) used a titanium chamber to harvest bone for examination
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using in situ hybridisation to show the temporal and spatial expression of mRNA for 

procollagen, alkaline phosphatase, osteopontin, and bone Gla protein during bone 

regeneration in vivo. A further technical breakthrough is needed before this technique 

can be extended to specimens in which the implant and hard-tissue interface is preserved.

1.5.5 Scope of in vivo experimentation

The factors which determine tissue responses to endosseous implants include 

implant material composition, implant design characteristics, implant surface 

characteristics, the surgical technique, state of the host bed and loading. All of these 

factors have been examined to a greater or lesser extent in whole animal models and it is 

outside the scope of this literature review to present details of the findings. The table 

below provides some useful references.

Table 1.4 In vivo studies of tissue response to endosseous implants

Factors studied References
Implant composition
metallic: Ti

sputter-coated Ta, Nb, Ti 
Zr

calcium phosphates and hydroxyapatite 

bioactive glass and glass ceramics

Albrektsson & Hansson (1986) 
Albrektsson (1984b)
Johansson et al. (1990)
Albrektsson et al. (1985)
Nimb et al. (1995)
Tisdel et al. (1994) Szivek et al. (1994) 
Nelson et al. (1993)
Burr et al. (1993)
Nimb et al. (1995)
Heikkila et al. (1993)
Nakano (1991)
Soballe et al. (1991)

Implant design Ivanoff et al. (1997) 
Steflik et al. (1996) 
Parr et al. (1992) 
Pilliar et al. (1991b)

Implant surface characteristics Wennerberg et al, (1996b) 
Huré et al. (1996)
Hartwig et al. (1995) 
Goldberg et al (1995)

Surgical technique Barzilay et al. (1996) 
Lundgren et al. (1996) 
Haider et al. (1993) 
Moy et al. (1993) 
Frodel et al. (1993) 
Akagawa et al. (1990)

Loading conditions Evans et al. (1996) 
Akagawa et al. (1986)
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1.5.6 Phases of healing following in vivo implantation

The surgical procedures to create space for implant insertion involve mechanical 

and possibly thermal damage to intercellular substances, cells and vessels. Secondary 

effects are caused by impaired circulation, exudation and haemorrhage (Gross et ah, 

1988). The exact distance over which such damage will occur is not known precisely 

amd probably depends on the particulars of the anatomical site, animal model, 

implantation technique, etc. The time course of events has been described in three 

stages:

The first stage of reaction comprises the formation of a haematoma and a 

circulatory change due to the liberation of a cascade of chemical products, which, 

functioning as mediators, act on vessels and surviving cells and attract cells from the 

blood and surrounding tissue. There will also be local changes in pH and oxygen tension 

(Hench & Ethridge, 1982). Inflammatory mediators as well as growth factors capable of 

stimulating cells involved in subsequent healing are released.

The second stage is characterised by organisation tissue, regeneration and repair. 

There is formation of new local connective tissue, new capillaries, new supportive cells. 

The duration and the number of the processes involved are related to the amount of 

damage and the geometry of the implantation site. Primary immobilisation of the 

implant will exclude repeated mechanical damage. The function of cells in the

implantation bed and the extracellular products can be affected by the soluble chemical 

products (ions) and soluble or insoluble particles derived from the implant as well as by 

the biomechanical influence of the implant itself. The interfaces of bone in animal 

experimental models with different implant materials have included soft tissue ^vith few 

inflammatory cells, marrow, non-mineralised bone (osteoid tissue) and bone (woven 

bone, lamellar bone).

The third stage comprises wound maturation via remodelling which is an ongoing 

process in bone and is affected by the transfer of strain via the interface between implant 

and tissue.
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1.5.7 The early bone-implant interface

Gross et al. (1991) commented that the early phase up to 1 week post-operatively 

has not been sufficiently investigated by research groups working in the field of glass 

ceramics and other implant materials. In one of their studies, in which the behaviour of 

the blood clot and the subsequent cellular reaction were reported in a combined scanning 

electron microscopy, light microscopy and histochemical (acid phosphatase) 

investigation, it was found that the first cells colonising the surface of bone-bonding and 

non-bonding glass ceramics were macrophages. These macrophages were said to settle 

for a longer time on the surface of the non-bonding glass ceramic than on the bone- 

bonding glass ceramic. The cause of the macrophages disappearing from the surface was 

not clear. After the macrophages had disappeared from the bone-bonding glass-ceramic, 

bone-forming cells appeared and developed extracellular matrix, matrix vesicles, leading 

to the primary mineralisation of bone.

Sennerby (1991) described the histology of the early bone-titanium implant 

interface in a rabbit femur model. Prior to the establishment of contact of mineralised 

bone with the implant surface a variety of cell types was observed at the surface of the 

implant during the first two weeks after implantation. Red blood cells and macrophages 

were present in the small gap between the implant and the cut bone surface. 

Multinucleated giant cells (MGC) feature prominently in the description of cells found 

on the implant surface. The nature of a large number of cells with large rounded nuclei, 

prominent nucleoli and extensive cytoplasms, designated as mesenchymal cells, was not 

established. Two weeks after implantation, remodelling of the old bone in the cortex area 

was observed. Blood cells and bone fragments had disappeared from the space between the 

implant and the cut bone. MGCs were still present. Newly formed woven bone, or 

acellular fibrous tissue occupied the space. In the endosteal area, newly formed trabecular 

bone was observed.
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1.6 Statement of the problem

With the proven clinical success of endosseous dental implants (Albrektsson & 

Sennerby, 1991), one could almost argue that there is no need for further basic science 

studies on the issue of osseointegration. However, when current clinical practice is 

examined further, there are two areas of great interest to the clinician who wants to 

extend the application of dental implants and optimise the treatment process. The first is 

the widely accepted guideline of leaving implants buried and/or unloaded for three 

months in the mandible and six months in the maxilla to permit healing. The question 

often asked is: Is there a way of accelerating the process of osseointegration? The second 

area of concern is in patients whose bone quality is poor and fixtures are more likely to 

fail to integrate at an early stage. The question here is: Is there a way of promoting new 

bone formation around implants? Both questions concern the early stages leading up to 

the formation of direct contact between bone and the implant interface but the majority of 

in vivo experimental work on dental implants focus on the outcome at several weeks or 

months after implant surgery. There is also some controversy over whether bone forms 

on implants or towards implants and whether some materials play a permissive role in 

the healing process with others inducing the formation of new bone on their surface.

In vivo animal work is well suited to empirical studies for measuring the outcome 

of different or new treatment protocols using models which are analogous to the clinical 

situation but it is less often used for unravelling the biological processes underlying the 

bone healing response to implant surgery. The difficulty lies in the complexity of the 

physiology of in vivo systems and the interactions between different cellular and 

molecular elements. At the other end of the scale, in vitro models have capitalised on the 

advances in cell and molecular biology and permit studies of individual cell types under 

more controlled environments. However, we require answers to the questions of which 

cells take part and what roles they play in the healing process, before meaningful and 

clinically relevant in vitro assays can be made. Cell culture studies have also by default, 

sidestepped the relationship and interactions between different cell types involved in the 

healing process.
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The initial events leading up to the formation of tissue-implant interface have not 

been closely studied. The original aim of the research presented in this thesis was to look 

into the dynamic behaviour of cells as they first come into contact with implant surfaces. 

Chapter 2 in this thesis describes a time-lapse video experiment recording the 

progressive, dynamic changes in the morphology of a fibroblast cell line as cell 

attachment took place on a glass-ceramic material.

Subsequent to the first set of experiments, it was felt that the early tissue-implant 

interactions involve a range of cell types and that a wide gap exists between what can be 

studied in vitro using cell and tissue cultures versus in vivo implantation experiments. In 

particular, implants placed in bone are interacting with a complex tissue involving not 

just the bone forming cells but many other cellular elements as well as the bone matrix. 

The normal structural organisation of its matrix is virtually lost in in vitro cell culture 

systems. Moreover, when bone is wounded, as in the preparation of a bone site for 

implants or following a fracture, it reacts as an organ in which the vascular, marrow, 

periosteal and bone tissues all contribute to the healing process. The premise was that if 

all these elements could be brought together in a culture system that mimics the in vivo 

response of bone to implant insertion, it may bridge part of the gap between in vitro cell 

and tissue cultures and in vivo studies for examining early bone responses to implant 

materials. Having reviewed the literature, it seems that in vitro cultivation of bone is 

limited by the absence of vascularisation. Bone organ cultures in vitro have slow rates of 

bone formation and in vivo diffusion chamber studies where implant materials were 

placed in the chambers with potentially bone-forming cells have inconsistent results in 

terms of actual bone formation. Effort was therefore directed towards the 

characterisation of a bone organ culture technique based on grafting bone on the 

chorioallantoic membrane of developing chick eggs, in which a blood supply to the bone 

in culture was rapidly established. The assessment of this model is reported in Chapter 3. 

The CAM graft technique was then applied in conjunction with the insertion of implant 

materials into the bone being cultured. The materials chosen for evaluating the model 

were commercially pure titanium, generally thought to be inert, and a glass-ceramic, 

thought to be ‘bioactive’. The general hypothesis is that a difference exists in the healing 

response to the two materials within the new culture model. In Chapter 4, the healing
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response within the bone graft containing implant materials at different time intervals are 

described and a quantitative evaluation of bone formation around the implants, together 

with histochemical, immunohistochemical and ultrastructural examination of the tissues 

surrounding the implants are presented.

Chapter 5 is a report on a set of experiments performed to assess the suitability of 

the CAM bone organ culture model for assessing growth factor effects on the healing 

response to implants. The result of localised delivery of basic fibroblast growth factor, 

one of the many growth factors present in bone which may contribute to bone wound 

healing, on the tissues within CAM cultured chick embryonic femurs, is presented and 

discussed.

The final chapter provides a general appraisal of this new bone organ culture 

model in terms of its advantages and drawbacks. Its role is discussed in the context of 

the experimental strategies for the evaluation of bone-biomaterial interactions and 

suggestions for future work are made.
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2. Dynamic recording of short-term cell behaviour 
on an implant surface

2.1 Introduction

Biocompatibility testing in vitro often involves the detection of cell damage and 

death, i.e. cytotoxicity (Doillon and Cameron, 1990; Haustveit et al., 1984; Johnson et 

al., 1985; Rae, 1986). Indeed, the International Standards Organization’s (1989) 

recommendation on test methods to assess biocompatibility of implants for bone and 

joint surgery includes cytotoxicity and mutagenicity tests. Whilst such screening is 

useful to detect overt adverse effects of a test material, other less dramatic expressions of 

incompatibility may be overlooked. The sequence of events during the interaction of cells 

with implant surfaces include:

1. Attachment of fibronectin and other substances affecting cell adhesion to

biomaterials.

2. Initial cell attachment.

3. Cell spreading.

4. Cell growth on the surface or in the interstices of the material.

5. Cell differentiation and expression of the phenotype.

6 . Post-implantation losses and changes in phenotype due to in vivo stresses.

The rate of growth, proliferation and differentiation of cells on a material may be 

dependent on successful initial attachment and spreading of the cells on the surface of the 

substratum. In this respect, the initial and short-term responses of cells to an implant 

material in vitro may provide valuable indicators of the long-term biocompatibility in 

vivo.

Although in vitro morphological responses of various cell types to different implant 

materials have been widely reported, such analyses are based almost without exception on 

fixed specimens examined by various combinations of light microscopy, scanning and 

transmission electron microscopy (Sharefkin and Watkins, 1986; Naji and Harmand, 1991; 

Jansen et al., 1991; Kônonen et al., 1992; Revel et al., 1974).
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This chapter describes a dynamic analysis of early behaviour of fibroblasts cultured 

on a glass-ceramic material using time-lapse video microscopy (TLV). Time-lapse video 

recording offers a number of advantages over analysis of fixed preparations. Firstly, it 

permits the continuous observation of a population of living cells exposed to the 

substratum, in contrast to observation of a fixed and stained preparation which at best is 

simply a 'fireeze-fiame' record. Secondly, it allows qualitative assessment of changes in the 

morphology and behaviour of individual cells. Thirdly, quantitative assessment of such 

changes in relation to time and the total population under observation can be made. This 

method of analysis can provide unique insights into the initial and dynamic interactions 

between connective tissue cells and a potential implant material and, as such, provides a 

valuable means of assessing biocompatibility before embarking on longer and more 

expensive testing strategies.

The experiment involved a common murine fibroblastic cell line and, using a 

combination of TLV and scanning electron microscopy, the behaviour of dispersed cells 

upon initial contact and attachment to a substratum consisting of a potential implant 

material was monitored. This has been facilitated by the inherent semi-transparency of the 

material selected, which permits visualisation of the living cells. A sequence of cell 

phenotypes can be distinguished, each refiecting the behavioural activity of the cell at that 

time. Morphometric analysis of cells populations as they pass through this sequence has 

been used to assess the short-term cellular response to the substratum.

2.2 Materials and methods

2.2.1 Substratum preparation

The substratum employed for this study was a translucent glass-ceramic material, 

one of a group called Apoceram, developed at at Imperial College, University of London, 

for bioengineering applications (Rawlings, 1993). Glass-ceramics are polycrystalline fine­

grained materials formed when glasses of suitable composition are subjected to a 

carefully controlled heat-treatment regime and thereby undergo controlled crystallisation. 

For this experiment, a cast and heat-treated form of Apoceram with CP31 composition 

was used (Table 2.1). Its phase proportions are: Apatite 44.3%, Wollastonite 39.9%,
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Residual glass 15.8%). Transcortical implantation of Apoceram in rabbit tibiae produced 

interfacial shear strengths in push-out tests comparable to those of commercially pure 

titanium (Wolfe, 1990).

Component
Normalised Mass % 

CP31
NajO 2.78
MgO 1 0 . 1 2

CaO 34.27
AI2 O3 1 0 . 1 2

SiOz 25.60
PA 14.45
CaFz 2.65

Table 2.1 Composition o f  Apoceram CP31

0.5mm thick sections of Apoceram were cut from a cast block using a precision 

wire saw (Laser Technology, California, U.S.A.). These were then serially ground with 

four grades of silicon carbide coated paper (P240, 400, 800, 1200) and polished with 5|um 

and then 1pm diamond compound (Hyprez 5 star; Engis Ltd., Kent, U.K.) on a Metaserv 

rotary polishing machine (Buehler Ltd., Coventry, U.K.). The samples were soaked 

overnight in a 1:10 aqueous dilution of 7X detergent (ICN Flow, Irvine, Scotland) and 

rinsed in running tap water for two hours. This was followed by ultrasonic cleaning for 3-5 

minutes in deionised water, a 30 minutes wash in 70% ethanol, after which the samples 

were heat-sterilised in an autoclave.

2.2.2 Cell culture

3T3 fibroblasts were maintained in alpha modification of Eagle's minimal essential 

medium (aMEM, ICN Flow, U.K.) + 10% foetal bovine serum (FBS, ICN Flow, U.K.) + 

Penicillin(50U/ml)/Streptomycin(50pg/ml) (Gibco Ltd., U.K.). When confluence was 

reached, the cells were dissociated from the culture flask by incubation with 0.05%(w/v) 

trypsin- 0.02%(w/v) EDTA (Gibco Ltd., U.K.) at 37°C for 4 minutes. The dissociated cells 

were washed, centrifuged and resuspended in aMEM + 10% FBS. Concentration of the 

cell suspension was calculated using a haemocytometer (Improved Neubauer) and adjusted 

to 1.5 X lOVml. 5 ml of the suspension was added to a 25cm^ standard treated polystyrene 

tissue culture flask (Grenier Labortechnik, Germany) containing the glass-ceramic
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specimen. 5ml of the cells suspension was put in a separate, empty flask. Tissue culture 

polystyrene (TCP), the material of the flask acted as a control substratum.

2.2.3 Video microscopy

The cell cultures were viewed using an Olympus IMT-2 inverted phase contrast 

microscope fitted with a high resolution (330TVLines) charge coupled device (CCD) 

colour video camera (JVC model TK-870U). Time-lapse video recordings were made at 

2 second intervals using a VHS recorder (JVC model BR-9000 UEK). Three-hour 

recordings of cells plated onto the glass-ceramic material and the control tissue culture 

polystyrene and maintained at 37°C, were taken separately and repeated twice. The size 

of each field examined was 57pm by 45pm. The average cell number per field analysed 

was 15 (range 10-20).

2.2.4 Scanning electron microscopy (SEM)

Specimens for SEM were fixed in 2% glutaraldehyde in O.IM sodium cacodylate 

buffer, pH 7.2, followed by 1% osmium cacodylate in O.IM cacodylate buffer. The 

specimens were then dehydrated through a graded series of acetone, critical point dried 

with CO2  and gold sputter-coated for examination in an Hitachi S800 field emission 

scanning electron microscope.

2.3 Results

2.3.1 Attachment and cell morphology

From the TLV recordings, a highly invariant sequence of events could be defined. 

On sedimentation onto the substratum from suspension, cells exhibited many bleb-like 

protrusions which were constantly in motion (the intensity of blebbing varied from cell to 

cell). At the point at which attachment to the substratum occurred, blebbing largely ceased 

and, upon withdrawal of the blebs, the cell acquired a 'smoother' profile. Initial attachment 

was followed by a spreading stage during which extension of the cytoplasm along the 

substratum proceeded with a concomitant flattening of the central mass. The margin of the
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spreading cell was invariably active. It was characterised by filopodia and lamellipodia 

being extended and withdrawn, giving rise to the appearance of ruffles. Typically, 

spreading took place in a radially symmetrical fashion but where a distinct leading edge 

became established, then the cell became polarised, both in its spreading and in its 

subsequent locomotion. Upon polarisation, the degree and rate of ruffling became reduced 

at non-motile regions of the cell margin. This general pattern of cell behaviour was 

observable in cell populations cultured on both Apoceram and TCP, although with 

important quantitative differences.

2.3.2 Changes in cell phenotypes

A number of behavioural phenotypes was defined which, in sequence, exemplify 

the changes in morphology displayed by a cell as it attaches and adheres to a substratum. 

High resolution images of key phenotypes, generated by SEM, are shown in Fig. 2.1. The 

major phenotypes are:

a) the onset of visible activity

b) blebbing of the cell surface (Fig. 2.1a)

c) border ruffling (Fig. 2.1b)

d) polarisation, defined as the cell being 50% longer in its longest 

dimension than in its broadest dimension (Fig. 2.1c)

e) onset of crawling (Fig. 2.1c inset)

f i  cell appearing well-spread and stable (Fig. 2.Id)
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Figure 2.1 a. SEM  o f a round 3T3 fibroblast on Apoceram. Surface blebs can be 
seen. Cytoplasmic extensions appear on the periphery as the cell begins to spread, b. 
The leading edge o f this apparently elongating cell shows layers o f ruffing  
lamellipodia. c. SEM o f a polarised and fattened 3T3 fbroblast. Inset. The large 
arrow indicates the most likely direction o f migration o f this fbroblast. Lamellipodia 
are seen extending from its leading edge (small arrows), d. The fibroblasts are well 
spread. Long thin filopodia appear to bridge some cells.
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From the TLV recordings, the position of every cell within a recording field was 

mapped. Each cell was followed through the duration of the recording in order to 

categorise the state of the cell, according to phenotype, at 15 minute intervals. The collated 

results for each of the cell populations (i.e. on TCP and on Apoceram) are presented in 

Figures 2.2 and 2.3.

100%

(0
^  60% 
"  50% 
® 40%

0:30 1:00 1:30
Hours

2:00 2:30 3:00

□  Onset of activity ■  Blebbing
□  Start crawling □  Polarisation

Border ruffling 
Spread & stable

Figure 2.2 Distribution o f behavioural phenotypes with time on tissue culture 
polystyrene
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Figure 2.3 Distribution o f behavioural phenotypes with time on Apoceram

Figures 2.2 and 2.3 reveal that on both substrata at 15 minutes post-plating, the 

majority of the cells are just contacting the substratum having sedimented out of 

suspension. In marked contrast, in both populations at 30 minutes, the majority of cells 

either display surface blebbing or have moved on to display ruffling. Subsequently, 

although both populations show the same progression, they do so at different rates. Thus, 

on TCP, the first spread and stable cells are seen at 30 minutes and both polarised and 

locomotory phenotypes are first observed at 45 minutes. On Apoceram, blebbing continues 

for longer, such that even at 1 hour 45 minutes, almost 20% of the cells display this 

phenotype (TCP controls, less than 10%). On the glass-ceramic, the first 'spread and stable' 

cells are only distinguishable at 45 minutes, the first locomotory cells at 1 hour and the first 

polarised cells at 1 hour 45 minutes. Clearly, there is a relative retardation of the behaviour 

pattern of the cells upon the glass-ceramic substratum. A further picture emerges from 

detailed analysis of the activity of the cell margin.
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Even within the relatively short time window employed in this study a progression 

in behaviour can be seen. Figure 2.4 shows examples of tracings of cells obtained from 

individual frames on the video recordings at 15, 30 minutes, 1,2 and 3 hours.

15m 30m

©

©

o
1h 2h

Oi lO]
7.5pm

Figure 2,4 Tracings of cells seen through the phase-contrast microscope, recorded
by the time-lapse video at 15, 30 min, 1, 2 and 3h. a. Progression from a rounded 
morphology to a spread cell which later exhibits crawling, b. This cell has spread and 
remained stationary with little ruffling activity, c. Constant ruffling of a large 
proportion o f the cell margin was observed on this cell throughout the recording 
period.

2.3.3 Cell Ruffling Activity

The activity of the cell margin will reflect the functional state of the cytoplasm at 

that point, in terms of adherence to the substratum. Well-spread and flattened margins 

reflect stable cell/substratum adhesions whereas ruffled margins indicate unstable 

cell/substratum adhesions and reflect movement of the cytoplasm at that point on the 

margin. Marginal ruffling can therefore be a sensitive indicator of cell/substratum
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interactions. To investigate this further, from the TLV recordings, cells were 

individually analysed for margin activity at 1, 2 and 3 hours post-plating using a method 

according to Bell (1978). The margins of selected cells were proportionately scored as 

being 'ruffled' (i.e. non-adherent and motile) or 'quiescent' (i.e. adherent, non-motile). 

Ruffled and quiescent sites are typically illustrated, using SEM, in Fig. 2.5. Using a 

transparent overlay on the monitor screen, the margin of a cell was divided into eighteen 

sectors each of which was individually scored and then summed on a per cell basis (Fig. 

2.5). The resultant data were plotted as scatter diagrams (Figs. 2.6 to 2.11).

Figure 2.5 Left: The margin o f this fibroblast has three ruffling sites (asterisks); 
the remainder o f the cell margin appears quiescent. Right: A transparent overlay was 
placed on a freeze frame^ image o f a similar cell on the video monitor. The cell was 
divided into 18 sectors. Border ruffling was observed in sectors 6, 7, 8,12 and 18.
This cell scored 5 out o f 18.
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It emerges from this analysis that for all three time intervals studied that the 3T3 

cells on Apoceram displayed, on a per cell basis, a higher number of ruffling sites with 

means of 1.69, 2.09, 2.00, at 1, 2 and 3 hours respectively. In contrast, the cells on TCP 

displayed a lower number of ruffling sites, with means of 1.59, 1.49, 1.38 at the equivalent 

time intervals, and with smaller upper limits to the distribution ranges. The average 

number of segments of ruffling cell margin, out of 18 segments per cell at 1, 2 and 3 hours 

was 3.17, 4.16, 4.26 for Apoceram and 3.32, 2.89 and 3.05 for TCP. In other words, over 

the period analysed, cells on the glass-ceramic are likely to be less adherent and less 

capable of locomotion (through an inability to maintain tractional purchase) than their 

counterparts on TCP.

2.4 Discussion

The results of this study show that 3T3 fibroblast plated onto tissue culture 

polystyrene and the glass-ceramic material, Apoceram, exhibited similar morphological 

changes but with differences in the timing of the typical behavioural response to contact 

and adhesion to the substratum in question. A higher proportion of cells on TCP appeared 

well-spread and fiattened at the end of the recording indicating the formation of stable 

adhesive contacts. The border ruffiing represents the activity of lamellipodia and cell 

processes extending from the spreading cells. Those lamellipodia that fail to attach firmly 

to the substratum, because of weak cell-to-substratum adhesions would be pulled backward 

by the cortical tension to produce a "ruffle" (Abercrombie et al., 1970). Ruffling activity 

was significantly more widespread on the Apoceram and this is interpreted as poor or weak 

cell-to-substratum adhesion as compared to that displayed by cells on the TCP.

The adhesion of cells in suspension to an artificial substratum involves the 

adsorption of serum proteins to the substratum (Revel, 1973), contact of rounded cells with 

the substratum followed by attachment and spreading of the cells. Three morphological 

stages have been described by Taylor (1961):

Stage 1. Spherical or irregular cells with no processes attached to the substratum.
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Stage 2. Flattening cells with attached processes, retaining an elevated cytoplasmic 

mass.

Stage 3. Spread cells, nuclei flattened.

A similar progression from rounded to spread morphologies has been observed in 

this study. However, assessment of the rate of progression through the sequence of 

behavioural phenotypes, and of marginal activity, provides a more sensitive view of cell 

response during the process of attachment and spreading on the substratum. Such activity 

can be influenced by range of factors such as surface energy, surface charge, wettability, in 

a protein-free medium (Baier et al., 1984; Weiss and Blumenson, 1967). Moreover, in the 

presence of serum, similar factors would affect the affinity of the substratum for adhesion 

proteins such as fibronectin, and thereby modify the rate of attachment (Grinnell and Feld, 

1981). The conformation of these proteins when they are adsorbed to the substratum may 

also influence their binding activity with cell surface receptors (Yamada et al., 1985). 

Additionally, surface preparation during either manufacturing or sterilisation can produce 

different adsorption properties on the same material (Kasemo and Lausmaa, 1988). Seitz et 

al. (1982) reported that in serum-free culture, coating of Bioglass (U. of Florida, 

Gainesville, U.S.A.) with fibronectin had no apparent effect on the initial adhesion of 

rounded fibroblasts but the rate of spreading was more rapid and the final morphology of 

the cells were more flattened. Tissue culture polystyrene is known to have enhanced 

fibronectin binding properties (Bentley and Klebe, 1985) and, although these variables have 

not been explored within this system, fibronectin from the serum will have been similarly 

bound in our assays.

The procedures described in this chapter whereby analysis of the dynamic train of 

events following initial cell/substratum interactions can be carried out, provide a very 

sensitive means of exploring the short-term attachment of cells on artificial materials with 

implantation potential. Phenomena emerge from such analyses which are not easily 

recognisable in the assessment of fixed and stained preparations on in vitro assays. Cell 

division is dependent on cell shape and anchorage (Ireland et al., 1987), possibly coupled to 

the changes in the organisation of the cytoskeleton when a cell attaches via transmembrane 

receptors to proteins which are in the extracellular matrix or adsorbed onto artificial
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substrata. Following the completion and publication of the work described in this chapter 

(Appendix I), many new reports on the either cell attachment and/or growth and 

differentiation on implant materials in vitro have appeared in recent biomaterials and 

implant literature, as evident in the literature review. Yet so far, very few of these have 

explored the association between the very early phenomena of cell attachment and 

spreading, and later cell proliferative rates or phenotypic expression on implant materials to 

the actual processes in the initial development of the tissue-implant interface in vivo.
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3. Bone tissue/organ culture on the 
chorioallantoic membrane
3.1 Introduction

The use of tissue and organ cultures to follow processes of differentiation and 

morphogenesis is limited by the absence of vascularisation under conditions of in vitro 

cultivation. Bone is especially dependent upon adequate vascularisation if it is not to 

undergo necrosis. A variety of in vivo grafting and transplantation procedures are 

available that overcome this limitation. One useful alternative method is the grafting of 

tissues or whole organs to the chorioallantoic membrane (CAM) of the embryonic chick.

allatitok: tneinbracK

C

Figure 3.1 Cross-section o f developing chick egg with 10 day embryo (from
Hamburger^ 1973)

The technique of using the chick chorioallantoic membrane (CAM) for the 

cultivation of isolated organs, tissues was developed by Willier in the 1920’s 

(Hamburger, 1973). The chorioallantoic membrane is formed by the fusion of the 

chorion and allantois at the 6 “’ day of incubation. It lies close to the egg shell underneath 

the egg membrane. (Figure 1). The CAM consists of a layer of mesodermal tissue 

covered by epithelium on both sides. At the outer surface (close to the egg shell) the 

epithelium is the chorionic epithelium and at the inner surface the epithelium is the
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allantoic epithelium. The mesodermal layer is well-vascularised by the 8 th day of 

incubation. Because of its extensive blood supply, the CAM has proven to be a valuable 

site for the cultivation of isolated organs and tissues, and also tumours and viruses (New, 

1966). Grafts placed on the membrane become invaded by allantoic blood capillaries 

and continue to grow.

This culture method has been extensively used in the study of self-differentiating 

capacities of isolated parts of the young embryo (Murray, 1936). Grafting embryonic 

tissues on the CAM is a method that allows the development of normal morphology and 

histogenesis of the tissue (Hall, 1978). It is relatively rapid and inexpensive. Eggs are 

readily available, so the method does not require maintenance of large colonies of 

laboratory animals. The eggs provide a pre-sterilized environment in which there is 

sufficient space so that during an 8 - to 1 0 -day period, tissue growth to lengths of the 

order of 2 cm can be accommodated. Tissues are normally grafted onto the CAMs of 

eggs incubated for between 8  and 10 days. Eighteen days of incubation represents the 

age at which the closing down of the chorioallantoic vasculature preparatory to hatching 

commences, which makes 1 0  days the maximum duration of life as a graft in that host. 

According to Hall (1978), mammalian tissues have to be recovered earlier since rejection 

mechanisms develop within the embryonic chick at around 15 or 16 days of incubation. 

Until that age, mammalian tissues survive very well. Non-mammalian tissues can be left 

on the CAM until 18 days of incubation of the host. Hall (1972) also suggested that the 

grafts can be regrafted from host to host and in this way be maintained for several weeks. 

Relatively large and complex structures, such as whole limbs can be grown by this 

method compared to what is possible using in vitro organ cultures.

The CAM itself has been used for testing the irritant effect of topically applied 

skin preparations and other chemicals in place of the Draize eye test in rabbits. 

(McCormick et al., 1984; Lawrence et al., 1986; Pape & Hoppe, 1991). The vascularity 

of the CAM also made it a popular model for studying angiogenesis. The system has the 

advantage of allowing many samples to be screened for angiogenetic activity in an 

inexpensive way (Vu et al., 1985).
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In recent years, the CAM has been utilised to examine giant cells/ osteoclast 

recruitment and function. Devitalised mineralised human bone particles (Groessner- 

Schreiber et al., 1992), hydroxyapatite and non-resorbable materials such as Sepharose 

beads, mica and methacrylate (Webber et al., 1990) placed directly on the CAM resulted 

in recruitment and differentiation of osteoclast precursors from the haemopoietic system 

of the host chick.

There are several reports on using the CAM model to study fracture healing. 

Monro (1988) examined the growth of the chick femur in ova, and its growth and repair 

in vitro and on the chorioallantoic membrane. He concluded that it was possible to 

mimic different fracture repair patterns and examine how they progressed. Takahashi et 

al. (1991) performed transverse osteotomies at the mid-shaft region of embryonic chick 

femurs and cultured the bone on the CAM of host eggs. The grafts were harvested from 

1 to 9 days after the transplant. Histologic examination showed that repair progressed 

rapidly. The fracture gap was invaded by blood vessels and fibrous ingrowth. 

Ossification followed and the repair process was completed by day 9. Bale & Andrew 

(1994) grafted fractured femurs from 12-18 days old chick embryos and neonatal chicks 

on the CAM of 9 days old host chick eggs. They reported that there was no callus 

response and minimal inflammatory response to fracture. Granulation tissue was not 

seen at the site. The bones appeared to repair by subperiosteal bone formation to bridge 

the fracture gap. The authors postulated that the graft was a chimera with the osteoblasts 

derived from donor bone and the osteoclast and marrow component derived from the 

host.

3.2 Aim and objectives

This exploratory study made use of the CAM as a vascularised culture bed for 

bone cells, tissues and bone as an organ with the aim of establishing a system for 

studying bone-biomaterial interactions.

The objectives were to establish protocols for the grafting of bone cells and 

tissue/organ on the chorioallantoic membrane of developing chick eggs and to evaluate
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different bone tissues for examining bone-implant interactions using the CAM as a 

culture environment. The experiments involved: i. Grafting bone cells from an 

established cell line and from human mandibular bone; bone tissue/organ from the 

developing chick embryo including the calvaria, the mandible, and the femur on the 

CAM. ii. Grafting combinations of implant materials and bone tissue on the CAM iii. 

Testing the feasibility of serial grafting in order to extend the culture period.

3.3 Materials and methods

3.3.1 Preparation of host eggs

Figure 3.2 View o f chorioallantoic membrane (CAM) in a developing chick egg 
incubated fo r  9 days. The capillary network o f the transparent CAM is seen overlying 
the yellow yolk sac. Original magnification x20

Fertile eggs of the common fowl (Gallus domesticus) were used. The eggs were 

incubated at 37”C and 70% relative humidity (in a humidified, forced-air incubator) for 8  

days (counting the day the eggs were placed into the incubator as day 0). Each egg was 

taken in turn out of the incubator and its surface was swabbed with 70% Industrial 

Methylated Spirit (IMS) for disinfection. The host egg was rested horizontally on a 

silicone elastomer support. A square window with sides approximately 1cm long was 

cut in the eggshell using a diamond cutting disk and a straight dental handpiece. 

Overlapping cuts were made to ensure that the corners of the square were complete. Care 

was taken during cutting to avoid puncturing the underlying shell membrane. The 

changing resistance of the shell indicated when the shell membrane had been reached. 

Then a pinhole was made in the shell at the blunt end of the egg to puncture the air space. 

This lowered the embryo, reduced the chances of damage to the chorioallantoic
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membrane (CAM) and created space for the graft. The shell window was gently levered 

upwards with a pair of sterile Watchmaker’s forceps No2 (A.Dumont and Fils, 

Switzerland), working around its sides until it was separated from the shell membrane. 

The shell should remain intact at this stage and there should be no rupture of blood 

vessels in the underlying CAM. A small slit in the shell membrane was made using 

Watchmaker’s forceps No5 to facilitate its detachment from the underlying CAM (Figure 

2). Again, care was taken in order not to rupture the CAM or to drop dust from the 

eggshell onto the CAM. Adhesive tape (3M, U.K.) was used to seal the window. The 

tape was used sparingly as the embryo required free shell surface for gaseous exchange. 

Finally, the eggs were returned to the incubator with the windows facing upwards.

3.3.2 Preparation of cell cultures for grafting

A human osteosarcoma cell line, MG63, was maintained in alpha modification of 

Eagle's minimal essential medium (aMEM, ICN Flow, U.K.) + 10% foetal bovine serum 

(FBS, ICN Flow, U.K.) + Penicillin(5OU/ml)/Streptomycin(50pg/ml) (Gibco Ltd., U.K.). 

When confluence was reached, the cells were dissociated from the culture flask by 

incubation with 0.05%(w/v) trypsin- 0.02%(w/v) EDTA (Gibco Ltd., U.K.) at 37°C for 4 

minutes. The dissociated cells were washed, centrifuged. The cell pellet was divided 

into three portions with a sharp scalpel and transferred in 0.2ml aMEM onto the CAM of 

a host egg.

Fragments of mandibular bone removed during third molar surgery of adult patients 

were collected and washed in Eagle's minimal essential medium (aMEM, ICN Flow, U.K.) 

Penicillin(50U/ml)/Streptomycin(50pg/ml) (Gibco Ltd., U.K.). The fragments were 

minced and placed in the bottom of 25cm^ tissue culture flasks with 10ml of Eagle's 

minimal essential medium (aMEM, ICN Flow, U.K.) + 10% foetal bovine serum (FBS, 

ICN Flow, U.K.) + Penicillin(50U/ml)/Streptomycin(50pg/ml) (Gibco Ltd., U.K.). When 

cell outgrowth from the bone fragments reached confluence, the cultures were passaged. 

Second passage cultures of mandibular bone cells derived from three patients were used for 

the experiments.
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3.3.3 Preparation of bone tissue for grafting

As a source of donor bone tissue, chick embryos at different stages of 

development were used. The incubation was timed such that the donor eggs and the host 

eggs achieved the required stages of development on the day the grafting was carried out. 

The tissues to be grafted were dissected out under sterile conditions. The procedure was 

as follows: A fertilised chick egg which has been incubated for the required period was 

taken out of the incubator and placed, with blunt end on top, in a plastic bowl. The egg 

shell was cut open and the egg membrane trimmed away. The CAM was cut with a pair 

of scissors, and the chick embryo was separated from the yolk sac and the amniotic 

membrane. The spinal cord of the embryo was then severed at the neck using the 

scissors. (The embryos were killed by decapitation, according to Home Office 

Guidelines). The mandible, parietal bones or femurs of each embryo were dissected out 

in a sterile petri-dish filled with sterile phosphate buffered saline (PBS). Under a 

dissecting microscope (magnification x7) (Olympus Optical Co. Ltd., London, UK), the 

bones were dissected from the skin and the muscles, retaining the periosteum. After 

dissection, the bones were transferred to a new petri-dish filled with PBS.

3.3.4 Grafting the bone tissue/organ

A host egg in which a window had been prepared was taken out of the incubator 

and the adhesive tape was removed. The donor tissue was removed from the petri-dish 

using a spatula and placed on the CAM of the host egg. The adhesive tape was used 

again to seal the window and the egg was placed in the incubator. From this point 

onwards, the eggs were kept with the window facing upwards and the turning mechanism 

in the egg incubator was switched off to stop rotation.

The above procedure was repeated until all grafts had been made. The host eggs 

were kept in the incubator for 6 - 1 0  days.

3.3.5 Implant materials

The implant materials used for this study were commercially pure titanium 

(Goodfellow, Cambridge, U.K.) and the glass-ceramic Apoceram. Titanium was chosen
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as a representative inert implant material and Apoceram selected for its surface reactivity 

(Ra^vlings, 1993).

33.5.1 Apoceram

This material was provided in hot-pressed form for the project by the Department 

of Materials at Imperial College, University of London, using the composition known as 

C PI. The parent glass batch compositions are listed in Table 3.1. The glass-ceramic had 

been prepared by melting dried powders of the raw materials followed by quenching to 

produce amorphous glass particles used as a material for sintering and crystallisation. 

This glass frit was milled to produce the ground powder for the production of the hot- 

pressed samples. Hot-pressing is analogous to pressing and sintering except that pressure 

and temperature are applied simultaneously.

Milled glass powders of CPI composition yielding a particle size distribution 

smaller than 2 0 pm with an approximate mean size of 1 0 pm had been processed at 

3.45MPa at a holding temperature of 1000°C for one hour.

Component
Normalised Mass % 

CPI
Na^O 4.47
CaO 28.62

AI2 O3 6.45
SiOz 50.65
P2 O5 7.04
Cap2 2.77

Table 3.1 Composition o f  Apoceram CPI

3.3.6 Preparation of the implants

0.5mm thick sections of Apoceram, composition CPI, were cut from a rectangular 

block using a precision wire saw (Laser Technology, California, U.S.A.). These were then 

serially ground with four grades of silicon carbide coated paper (P240, 400, 800, 1200) to 

thickness of 0.15 to 0.2mm and polished with 5pm and then 1pm diamond compound
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(Hyprez 5 star; Engis Ltd., Kent, U.K.) on a Metaserv rotary polishing machine (Buehler 

Ltd., Coventry, U.K.). The resulting slices were then fractured to produce smaller, roughly 

rectangular pieces. The samples were soaked overnight in a 1:10 aqueous dilution of 7X 

detergent (ICN Flow, Irvine, Scotland) and rinsed in running tap water for two hours. This 

was followed by ultrasonic cleaning for 3-5 minutes in deionised water, a 30 minute wash 

in 70% ethanol, after which the samples were heat-sterilised in an autoclave. The titanium 

implants were cut into 0.6mm by 0.8mm rectangular pieces from a 0.15mm thick sheet of 

commercially pure titanium. They were then cleaned and sterilised in the same way as the 

Apoceram implants.

3.3.7 Insertion of implants into the chick bone tissues

In this set of preliminary experiments, an implant was inserted into the 

mesenchymal tissue between the Meckel’s cartilage and the membrane bone in the 

posterior lateral part of one half of day 6 , 8  and 9 embryonic mandibles. The implants 

were also placed within the membrane bone in day 12 mandibles. Embryonic parietal 

bones (age 8  and 9 days) were trimmed into pieces, approximately 4mm by 4mm, using 

miniature scissors designed for opthalmic surgery. An implant was placed on the 

endocranial surface of the bone following the separation of the periosteum and the soft 

membrane bone was folded over the implant. Chick embryonic femurs (age 12, 14, 16 

days) had implants inserted into the diaphyses using the following method: At the 

midshaft of each femur a cut was made through the periosteum into the trabecular bone 

under the dissecting microscope using a sterile 26 gauge needle (Microlance 3, Beckton 

Dickinson, Dublin, Ireland). The wound was made parallel with the long axis of the 

diaphysis. With a pair of No 5 Watchmaker’s forceps, an implant was inserted into the 

wound which was then closed with gentle pressure. The implant was fully buried in the 

femur. One femur from each donor received a titanium implant and the contralateral 

femur received an Apoceram implant. The bones with the implants were placed on the 

CAM of host eggs which had been incubated for 9 days and were harvested 6  to 10 days 

after implantation.
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3.3.8 Retrieval of the grafts

To retrieve the grafts cultured on the CAM, the eggs were taken out of the 

incubator and the sealing tape was removed from the windows. The grafts were always 

near or below the window area. They would appear as discernible organised structures 

retaining the normal morphology of the bone. If the grafts were not near the window 

area, the remainder of the CAM was searched. The CAM was cut around the graft with 

scissors, and the CAM with the attached graft transferred to a petri-dish filled with PBS. 

Immediately after retrieval of the grafts, the host chick embryos were decapitated 

(according to Home Office guidelines). The grafts were examined under the dissecting 

microscope at x7 magnification prior to being transferred to a fixative solution.

3.3.9 Fixation and embedding of specimens

Grafts involving bone cells were fixed overnight in 10% neutral buffered 

formalin, processed and embedded in paraffin. Grafts involving bone tissue were fixed 

overnight in 1 0 % neutral buffered formalin and prepared for embedding in 

methylmethacrylate resin.

After fixation, the epiphyses of the femoral grafts were trimmed off with a sharp 

scalpel to assist dehydration and infiltration. The femurs, calvaria and mandibles were 

dehydrated in a graded series of ethanol and then infiltrated in LR White Resin 

(Monomethylmethacrylate resin) [LR White resin, London Resin Company Ltd, 

Reading, Berkshire, England]. Embedding was carried out at 4°C in gelatin capsules 

(Agar Scientific Ltd, Essex, U.K.) [see Appendix II].

3.3.10 Location of implants and preparation of sections for light microscopy

The LR White blocks were allowed to set for at least 24 hours at 4°C. The 

implants within the resin-embedded tissues were located visually, using the dissecting 

microscope and a strong fibre optic light source. The resin block was roughly trimmed 

with a metal file and razor blades and oriented to produce a block face perpendicular to 

the longest edge of the implants, and, for the femoral specimens, at right angles to the 

long axis of the diaphysis. Further trimming with a glass knife on an ultramicrotome
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(Ultracut E, Reichert Jung, Austria) produced a smooth block face without exposing the 

hard implant surface.

Conventional ground section techniques were not feasible for the specimens 

owing to the small size of the tissues and implants. The specimens containing implants 

were trimmed by cutting thick sections with an old diamond knife (Diatome 45°, 

Diatome, U.K.) with a clearance angle of 3°. Then 1-1.5pm thick sections were produced 

at approximately 50pm intervals using another diamond knife (Histoknife, Diatome, 

U.K.) with its boat filled with distilled water. The sections were lifted onto drops of 

distilled water on a glass slide and then dried on a hot plate. The sections were stained 

with 1  % toluidine blue plus 1 % borax for light microscopy.

3.3.11 Photomicrography

The stained sections were mounted using Histomount or DPX mounting resin and 

observed using an Olympus BH2 light microscope. In the early stages of the project, the 

sections were recorded using 35mm colour transparencies (Ektachrome 64T, Kodak, 

UK). Subsequently, all light microscopic images were captured electronically. The 

original mounted sections were recorded using a Kontron ProgRes digital camera 

attached to the light microscope. Version 2.0 of the associated software was used for 

image acquisition and the files were stored in JPEG format for handling via Adobe 

Photoshop v.3.0 or 4.0. The sections were scanned at a resolution of 1024 x 774 pixels. 

Contrast and brightness levels were adjusted during scanning. The images were cropped 

or rotated for presentation without further editing.

3.3.12 Serial grafting

To assess whether it was possible to extend the culture period, grafts of 12 day 

old embryonic femurs without an implant were retrieved after 5, 7 and 9 days of 

culturing on the CAM. These grafts were placed in sterile PBS and the CAM tissue 

away from the bone was trimmed off. The femurs were then transferred onto the CAM 

of a new host egg. The serial grafts were harvested after 7 days and the vitality of the 

bone examined under the dissecting microscope.
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3.4 Results

3.4.1 MG63 and human mandibular bone cells

Twelve grafts were made with MG63 cells and twelve with mandibular bone 

cells. The clump of cells placed on the surface of the CAM appeared as whitish plaques 

no larger than 1mm across at the time of retrieval. Many were difficult to locate visually. 

The grafted bone cells failed to produce any bone and remained as a clump on the surface 

of the CAM without any overt response from this tissue. The grafts which were visible 

had two types of histological appearance. The first showed that the clump of cells had 

settled on the outer epithelium of the CAM. The CAM did not proliferate around the 

cells which adopted a rounded morphology with poor intercellular contacts. Many were 

necrotic. There was no sign of matrix formation and the CAM showed slight thickening 

of the ectodermal epithelium but the mesodermal layer was not infiltrated by 

inflammatory cells. The second type of appearance was the encapsulation of the grafted 

cells by the CAM. The grafted cells had a mainly fibroblastic shape and were not 

distinguishable from those originating from the CAM. No bone formation was observed.

m

Figure 3.3 MG63 cells grafted on the CAM (left & right). The cells remained as 
clumps on the surface o f the CAM without being enveloped by the epithelium (e) or 
invaded by blood vessels within the mesenchymal tissue (m). Stain: H&E
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Figure 3.4 Human mandibular bone cells grafted on CAM (mbc). Left: The cells 
settled as a clump on the CAM (c). Right: The grafted cells enveloped by the CAM, 
showing fibroblast-like morphology (/). Necrotic cells were found at the centre o f the 
graft (nc). Stain: H&E.

3.4.2 Calvaria, mandibles and femurs

The numbers of grafts made, including those containing implants but excluding 

the serial grafts are shown in the table below:

Site Age of donor embryo Duration of culture 
on CAM

Number of 
grafts

Limb rudiments 6 7 4
Mandible 6 7 2

8 8
8 9 4
9 6 2

7 12
8 3

12 7 4
8 2

Calvariae 8 9 4
9 7 13

8 8
10 8 3

Femur 10 7 4
12 7 6

8 7
9 14
10 5

14 7 4
9 4

16 7 8
Total: 121

Table 3.2 Number and types o f grafts made
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3,4.2,1 Survival rates o f  the bone grafts

A total of 121 grafts was made. The outcome at the time of graft retrieval is 

shown in Table 3.3-3.7. The macroscopic appearance of the grafts can been seen in Figs

3.5 - 3.9. At the time of graft retrieval, 13 hosts had died, giving a host survival rate of 

89.2%. Out of the remaining 108 grafts, 21 were found to be completely or partially 

necrotic giving a graft survival rate of 80.6%.

Table 3.3 Grafts o f  limb rudiments, mandibles, calvaria and fem urs without
implants

Graft Source of Age of Duration Outcome
Number Tissue Donor of Culture

1 Forelimb 6 7 all 4 limbs enveloped by CAM, significant growth
2 Forelimb 6 7 showing normal morphology, feathers visible
3 Hindlimb 6 7
4 Hindlimb 6 7
5 Mandible(l/2) 6 7 both grafts enveloped by CAM, normal morphology
6 Mandible(l/2) 6 7
7 Femur 10 7 whole femur covered by CAM, vascularised
8 Femur 10 7 whole femur covered by CAM, vascularised
9 Femur 10 7 whole femur covered by CAM, vascularised

10 Femur 10 7 necrotic bone, connected to CAM at one end
11 Calvarium 10 8 dead host
12 Mandible 10 8 dead host
13 Mandible 10 8 mandible enveloped by CAM, became vascularised
14 Mandible 10 8 graft enveloped by CAM, blood clot at one end
15 Calvarium 10 8 graft appeared as a clump with capillary ingrowth
16 Calvarium 10 8 graft appeared as a clump with capillary ingrowth
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Table 3.4 Calvarial grafts containing implants

Graft
Number

Age of 
Donor

Implant Duration 
of Culture

Outcome

1 8 Titanium 9 necrotic graft
2 8 Apoceram 9 dead host
3 8 Apoceram 9 necrotic graft
4 8 Titanium 9 necrotic graft
5 9 Apoceram 8 tissue stuck to egg shell
6 9 Titanium 8 tissue integrated with CAM
7 9 Titanium 7 tissue integrated with CAM
8 9 Apoceram 7 tissue integrated with CAM
9 9 Titanium 7 necrotic graft

10 9 Apoceram 7 graft went through perforation in CAM
11 9 Apoceram 7 implant separated from tissue
12 9 Titanium 7 lost, egg tipped over during incubation
13 9 Apoceram 7 tissue integrated with CAM
14 9 Titanium 7 lost, egg tipped over during incubation
15 9 Apoceram 7 graft partly necrotic
16 9 Titanium 7 necrotic graft
17 9 Apoceram 7 implant separated from tissue
18 9 Titanium 8 necrotic graft
19 9 Apoceram 8 tissue integrated with CAM (Fig. 3.5)
20 9 Apoceram 8 dead host
21 9 Titanium 8 tissue integrated with CAM
22 9 Apoceram 7 tissue integrated with CAM
23 9 Apoceram 7 tissue integrated with CAM
24 9 Titanium 8 implant separated from tissue
25 9 Apoceram 8 tissue integrated with CAM
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Table 3,5 Mandibular grafts (mandible halves) containing implants

Graft
Number

Age of 
Donor

Implant Duration 
of Culture

Outcome

1 8 Apoceram 9 graft integrated with CAM, vascularised
2 8 Titanium 9 necrotic graft on CAM surface, not covered
3 8 Apoceram 9 necrotic graft not covered by CAM
4 8 Titanium 9 graft integrated with CAM, vascularised
5 6 Apoceram 8 graft integrated with CAM, vascularised
6 6 Titanium 8 graft integrated, fluid filled vesicle covered muscle
7 6 Titanium 8 graft integrated with CAM, vascularised
8 6 Apoceram 8 graft integrated with CAM, vascularised
9 6 Apoceram 8 necrotic graft

10 6 Titanium 8 dead host
11 6 Apoceram 8 dead host
12 6 Titanium 8 graft integrated with CAM, vascularised
13 6 Titanium 8 graft integrated with CAM, vascularised
14 9 Titanium 7 necrotic graft
15 9 Apoceram 7 graft integrated with CAM, vascularised
16 9 Titanium 7 graft integrated with CAM, vascularised
17 9 Apoceram 7 graft integrated with CAM, vascularised
18 9 Titanium 7 graft integrated with CAM, vascularised
19 9 Apoceram 7 graft integrated, fluid filled vesicle at proximal end
20 9 Apoceram 7 graft integrated with CAM, vascularised
21 9 Titanium 7 mand. damaged before grafting, graft small at retrieval
22 9 Titanium 7 necrotic mandible, enveloped by CAM
23 9 Titanium 8 graft integrated with CAM, vascularised
24 9 Apoceram 8 graft integrated with CAM, vascularised (Fig. 3.6)
25 9 Titanium 8 necrotic mandible, not covered by CAM
26 9 Apoceram 7 graft integrated with CAM, normal morphology lost
27 9 Titanium 7 dead host
28 9 Titanium 7 graft migrated to bottom of egg, ? CAM perforated
29 12 Titanium 8 dead host
30 12 Apoceram 8 graft necrotic
31 9 Apoceram 6 graft integrated with CAM, vascularised
32 9 Titanium 6 blood clot around graft, abnormal morphology
33 12 Apoceram 7 graft integrated with CAM, vascularised
34 12 Titanium 7 graft vital, curved membrane bone, cartilage separated
35 12 Titanium 7 graft integrated, pronounced curvature
36 12 Apoceram 7 graft integrated but implant separated from bone
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Table 3,6 Grafts o f 12 day embryonic femur containing implants

Graft
Number

Implant Duration 
of Culture

Outcome

1 Titanium 8 femur partly enveloped by CAM, half of implant outside bone
2 Apoceram 8 graft integrated, but femur morphology abnormal
3 Titanium 7 graft integrated, vascularised, > 1.5cm long
4 Apoceram 7 graft integrated, vascularised, growth ++
5 Titanium 7 graft integrated, stunted growth
6 Apoceram 7 dead host
7 Titanium 7 graft integrated, distorted shape
8 Apoceram 7 graft integrated
9 Titanium 9 graft well integrated, approx. 2cm long

10 Apoceram 9 graft integrated, bone curved
11 Titanium 9 dead host
12 Apoceram 9 graft integrated
13 Titanium 9 graft integrated, approx. 2cm long
14 Apoceram 9 graft integrated, approx. 2cm long
15 Titanium 9 graft integrated
16 Apoceram 9 graft integrated
17 Titanium 9 graft integrated, approx. 2cm long
18 Apoceram 9 graft integrated, approx. 2cm long

Table 3.7 Femoral grafts o f  different donor age without implants

Graft Age of Duration Outcome
Number Donor of Culture

19 12 8 whole femur covered by CAM
20 12 10 whole femur covered by CAM, bone curved
21 12 8 half of femur covered by CAM, blood clot on CAM
22 12 10 whole femur covered by CAM
23 12 8 whole femur covered by CAM
24 12 10 dead host
25 12 8 whole femur covered by CAM, blood clot on CAM
26 12 10 dead host
27 12 8 whole femur covered by CAM
28 12 10 whole femur covered by CAM, blood clot on CAM
29 14 7 whole femur covered by CAM
30 14 9 whole femur covered by CAM
31 14 7 whole femur covered by CAM
32 14 9 necrotic femur, partially covered by CAM
33 14 7 whole femur covered by CAM, blood clot on CAM
34 14 9 whole femur covered by CAM
35 14 7 femur covered by CAM at epiphyseal ends only
36 14 9 whole femur covered by CAM
37 16 7 dead host
38 16 7 femur necrotic at one end
39 16 7 femur covered by CAM
40 16 7 femur necrotic at one end
41 16 7 femur necrotic at one end
41 16 7 necrotic femur
43 16 7 necrotic femur
44 16 7 femur covered by CAM
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Figure 3.5 Graft o f calvarium from  9-
day old donor (containing an Apoceram 
implant) cultured for 7 days. Part o f the 
implant was situated outside the calvarial 
tissue. Original magnification x l6

Figure 3.6 Graft o f a half mandible
from 9-day old donor (containing an 
Apoceram implant) cultured fo r  7 days. 
Original magnification x9

Figure 3.7 A well-integrated fem ur  
cultured for 9 days. Its length was 19 mm. 
Original magnification x6

Figure 3.8 A femoral graft which had 
failed to be enveloped by the CAM. The 
bone appears necrotic. Original 
magnification x6
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Figure 3.9 One epiphyseal end o f this 
femur had become necrotic during the 
culture period and was enclosed in a 
fluid-filled vesicle. Original 
magnification x6

3.4.2.2 Serial grafts

Eighteen serial grafts were made. Groups of six femurs cultured for 5, 7 and 9 

days were retrieved and regrafted in new host eggs. At the time when serial grafting was 

performed, the femurs which had already been cultured on the CAM for 5, 7 and 9 days 

had lengths of 13mm, 15mm and 18-19mm respectively. All the serial grafts showed 

signs of partial or complete necrosis at the time of retrieval after 1 week of culture in the 

second host.
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3.4.3 Histology of grafts containing implants

During the sectioning procedure, the implant materials separated from the resin 

embedded tissue. Each time a titanium implant passed across the knife edge, the cut 

metal curled up and became partially detached from the resin as the section floated on the 

water surface. A light touch with a single eyelash attached to a wooden stick was all that 

was needed to make the metal sink to the bottom of the water-filled boat. Slices of 

titanium were collected from the boats of the diamond knives, allowed to dry and placed 

on self-adhesive carbon-coated pads on aluminium stubs. They were then coated with 

gold in a sputter coating unit (Polaron E5000) and examined under a scanning electron 

microscope (Cambridge Instruments Stereoscan 9B). Figure 3.10 shows examples of 

these titanium pieces. The edges which were at the interface between the implant and the 

bone had few tissue remnants.

3 . 9 3 K X  25KV UD 31HF1 leUM------------- S 0 0 6 6 4  P 0 0 0 0 7 8 0 6 6 4  P 0 0 0 0 1

Figure 3.10 Examples o f SEM images o f the side view o f pieces o f titanium retrieved 
after sectioning. The surface facing (a) was produced by the ^good' diamond knife for  
producing 1-2jum sections, (b) is the edge in contact with the resin embedded tissue.
(c) was produced by the old diamond knife used for rough trimming. The curvature o f 
the titanium is evident in both pictures (original magnification x4980)

When Apoceram was sectioned, the glass ceramic remained as a film attached to 

the resin as the section floated on water. The film disintegrated as the section was lifted 

out of the boat. However, particles of the glass ceramic remained attached to the tissue 

along the bone-implant interface. This is evident in all light micrographs o f specimens 

containing Apoceram. An example can be seen in Fig. 3.15.
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3.4.3.1 Calvarial grafts with implants

Several implants were displaced completely from the calvarial tissue during the 

culture period by movement of the host embryo. They became surrounded by the 

mesenchymal tissue of the CAM (Fig. 3.11). The surfaces of the implants were covered 

by fibroblast-like cells. There was no inflammation except at the sharp comers of the 

implants in some specimens. In those areas, aggregations of small round leukocytes 

were observed. None of the implants was entirely enveloped by the calvarial tissues at 

the time of graft retrieval. The calvarial bone grew into a ball-like mass and the implant 

protmded partly outside the bone tissue. Where the membrane bone faced the implant, 

migration of mesenchymal cells towards the direction of the implant was observed but 

there was no new bone formation on the implant surface (Fig. 3.12).

3.4.3.2 Mandibular grafts with implants

Implants placed within the mesenchymal tissue between cartilage and membrane 

bone in the developing mandible had a layer of fibroblast-like cells on their surfaces and 

were surrounded by poorly differentiated connective tissue (Fig. 3.13). When the 

implants were inserted into the thin body of the mandibular bone, they were surrounded 

by marrow-like tissue with many blood vessels (Fig. 3.14). Again bone formation on the 

implant surfaces was not seen either with titanium or Apoceram.

3.4.3.3 Femoral grafts with implants

Some of the sites in which implants were placed into the chick embryonic femurs 

were invaded by the CAM tissue. This occurred when the wound created for the 

insertion of the implant was too large and the edges were not approximated when the 

femur was grafted on the CAM with the wounded side facing the membrane. When the 

implants were well buried within the femurs and the CAM excluded, new bone formed 

around the implants. Direct contact between the implant surface and osteoid and 

mineralised bone was observed for both titanium and Apoceram (Figs. 3.15 and 3.16).
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Figure 3.11 The titanium implant (i) had been displaced from the folded calvarial 
bone (ca) during the culture period and became located within the mesenchymal tissue 
o f the CAM (c)

Figure 3.12 Mesenchymal cells (m) from the calvarial bone tissue (ca) migrating 
towards the surface o f this titanium implant (i), their morphology resembles fibroblasts 
rather than osteoblasts (o) seen on the surface o f the calvarial bone.
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Figure 3.13 The implant (i) in this mandibular section was placed in the interstitial 
connective tissue (ct) between the MeckeTs cartilage (me) and the associated 
membrane bone (mb); it is covered by a layer o f fibroblast-like cells.
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Figure 3.14 The implant (i) was inserted within the membrane bone (b) in this 
mandibular graft. Its is surrounded by marrow tissue with many large blood 
capillaries (m). The MeckeTs cartilage is at the top left corner.
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Figure 3.15 A femoral graft which received an Apoceram implant showing new 
bone formation on the implant surface (nb). The thickness o f bone on the implant 
surface varies, on one side consisting o f a very thin seam (arrow); implant space (i); 9 
day graft.
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Figure 3.16 A femoral graft which received a titanium implant. Bone formation 
parallel to the surface o f the implant within the central marrow cavity (m). Direct 
bone-implant contact (b); implant space (i); 9 day graft.
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3.5 Discussion

3.5.1 Culture of bone cells on the CAM

The culture of pelleted bone cells on the CAM was not successful, probably for 

two principal reasons: a) The cells were dissociated, washed and centrifuged before they 

were grafted and the cell-cell association would have been disrupted by this procedure 

and could have failed to restablish on the CAM before the fluids within the egg had 

dispersed the cells, b) In most cases where the cells had remained as clumps on the 

CAM, they failed to elicit the proliferation of the CAM or the invasion of blood 

capillaries. Most of the cell transplants thus remained avascular and had to rely on the 

fluids bathing the CAM for gaseous exchange and nutrients. Nijweide et al. (1982) 

placed cells from the calvaria of chick embryos onto the CAMs of quail embryos and 

reported a survival rate of only 25% for all their transplants after 6  days on the CAM. 

They felt that the absence of blood vessel ingrowth was one of the major reasons for the 

failure of many transplants.

The reason behind this attempt to culture bone cells on the CAM was that bone 

cells, especially those derived from human sources, do not readily form bone in vitro. 

An alternative approach might have been to allow the cells to attach and grow on 

substrates such as Millipore filters or even the implant materials for a short period in 

vitro, and the combination transferred to the CAM for further culture.

3.5.2 Bone organ culture on CAM

With bone tissue/organ cultures, 10% of the hosts were lost during culture. The 

probable causes of this include infection and inadvertent damage to the CAM during 

grafting. Also, not all host eggs incubated were viable at the time of window preparation 

for grafting. This tended to occur in clusters within certain batches of eggs. Factors such 

as the temperature during transport of the eggs, the duration of storage prior to incubation 

and the season can all affect the viability of the embryos. Even without undergoing the 

grafting procedure, not all fertilised eggs could be expected to develop to full term. 

There was variability in the stage of development of the CAM at the time of grafting and 

it was noted that the CAM was not vascularised to the same degree in all eggs when the
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windows were made. Where there was any doubt about underdevelopment of the CAM, 

the eggs were not used for grafting. The same criterion was applied to the donor chicks.

Partial or total necrosis of the grafts were regarded as failures. This happened in 

20.3% of the grafts retrieved in this preliminary study. The rate is based on the 

combined results of all donor bone sites and ages, and appeared to be lower than that 

reported by Takahashi et al. (1991) for their experiment on fracture healing of chick 

femurs in CAM culture. They found 21 out of 70 (i.e.30%) 14-day old femurs had failed 

to integrate completely on the CAM.

Most of the grafts which were totally necrotic at the time of retrieval were either 

not connected to the CAM at all or had small patches attached to the CAM. Only a few 

were completely covered by the membrane. Many of the larger grafts were not 

completely surrounded by the CAM and became partially necrotic with reduced growth. 

The starting lengths of the embryonic femurs were, at 12 days: 9-10mm; 14 days: 12- 

13mm; and 16 days: 14-15mm. The size of the 14 day old femur seemed to be the limit 

in relation to the viability of the graft. 16 day old femurs became necrotic during culture. 

This inverse relationship between the size of the tissue to be grafted and the subsequent 

viability and incorporation into the circulation of the CAM was also reflected in the 

results of the serial graft experiment. By the time the second stage grafting was 

performed, the size of the bone had become too large for complete incorporation into the 

vascular system of the CAM of the second host egg before bone necrosis occurred.

The grafts which were totally enveloped by the CAM and were connected to the 

blood supply of the host embryo showed good vitality and growth. Kirchner et al. (1996) 

showed in a chimera experiment where limb buds of three day old quail embryos were 

transferred to the CAM of chicks that such grafts were vascularised by a network of 

capillaries which were partially derived from sprouts of the chick CAM vasculature. 

Using the Feulgen reaction and an antibody to quail endothelial and haemopoietic cells, 

they detected numerous chimeric capillaries which consisted of host endothelial cells and 

graft pericytes.
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The growth of successful grafts may be illustrated by the change in length of 14 

day old embryonic femurs. At the time of grafting, the femurs were between 12-13mm 

long (measured to the nearest half mm). Where the bones became fully integrated with 

the host vasculature, they grew to 15-16mm long after 7 days of culturing on the CAM, 

and after 9 days, they measured 18.5-20.5mm. This served as a benchmark for 

subsequent experiments (Chapters 4 and 5) studying the bone-implant interface.

The morphology of the grafts was generally well maintained. But with increasing 

size of the bone at the time of grafting, there was a tendency to develop abnormal 

morphologies. The mandibles and long bones became curved suggesting that the 

direction of longitudinal growth was restricted by the surrounding CAM tissue.

3.5.3 Choice of model for studying bone-implant interactions

The outcome of the implant experiment using different types of bone tissue 

revealed several parameters which affected the type of interface between the implant and 

tissue in which it was grafted. The size of the donor tissue affects its suitability for 

receiving implants in two ways. The tissue must have sufficient bulk to accommodate 

the implant without the bone breaking up during the implantation procedure. Invasion by 

the CAM tissues was a risk if the wound created for insertion of the implant remained 

open. However, using bulkier donor tissue would increase the chance of bone necrosis 

during culture.

The stage of the development of the donor bone as an organ also affected the 

outcome. When the implant was inserted into undifferentiated mesenchyme, as was the 

case with some of the mandibular grafts, new bone formation did not take place on the 

implant surfaces within the duration of the culture experiments. Implants placed within 

the newly formed mandibular membrane bone in which there was an open trabecular 

structure and large marrow spaces became surrounded by marrow tissue. For the 8-9 day 

calvarial tissue, the periosteum became detached from the bone when it was lifted in 

order to place the implant against the endocranial surface. Folding the bone tissue over 

the implant was not a reliable way of maintaining contact between the donor tissue and 

the implant during culturing on the CAM. Disturbance by movement of the host embryo
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resulted in exposure of the implant material to the cells derived from the CAM. Even for 

the embryonic femurs, it was important that the CAM was excluded from the healing 

process around the implant for bone formation to occur at the interface. As for the age of 

the embryonic femurs, the oldest ones used, 16 day long bones, were easiest to handle 

during the insertion of implants in terms of control over the size and position of the 

wound but the bones became necrotic during culture. The 12 day old femurs often had 

remnants of the central cartilage core at the mid-diaphyseal region at the time of grafting, 

whereas in 14 day old femurs, the formation of the central marrow cavity was complete 

at the site of implant insertion. On balance, amongst all the bone tissues tested, the 14 

day embryonic femur was the most suitable for further investigations on the early bone 

healing response around implant materials.

3.5.4 Chick vs. Man

There are several fundamental differences between chick and humans in terms of 

tissue histology which have to be taken into account in the interpretation of the sections 

of the retrieved specimens in this and subsequent experiments.

Birds have evolved bones which are trabecular (less dense than human bones) to 

reduce body weight so that they can fly (although domestic chickens do not fly). The 

typical histological appearance of the embryonic chick bone grafts is the presence of 

many inter-trabecular channels containing marrow tissue and the lack of lamellar 

structure in the cancellous bone. The organisation of bone marrow of the chicken is 

different from that of mammals. Erythropoiesis takes place within the vascular 

sinusoids, rather than in the extravascular tissue. The immature red blood cells are found 

adjacent to the endothelium of a sinusoid. As division and maturation of these cells 

progress, the older ones move inward. Thus, mature erythrocytes accumulate in the 

centre of the vessel. As in mammals, cells of the granulocytic series (heterophils, 

eosinophils and basophils) develop in the extravascular spaces of the marrow. Birds 

have mature erythrocytes and thrombocytes (platelets) which are nucleated. The avian 

heterophil is equivalent to the neutrophil in other species. It is so named because its 

cytoplasm contains a large number of eosinophilic granules. The term neutrophil is 

therefore not appropriate.
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4. The bone-implant interface in the femoral graft 
model

4.1 Introduction

On the basis of the results of the experiments described in Chapter 3, the 14 day 

old embryonic femur was chosen as the model in which the early stages of the 

development of the bone-implant interface were to be studied using the CAM as the 

organ culture environment. It is important to remember that the healing response around 

the implants took place within a background of continuing bone development and 

growth. The development of the mid-diaphyseal region of embryonic chick long bone 

has been described by Caplan & Pechak (1987) as follows:

Day 8  The first collar of mineralised bone has formed around a non-mineralised 

cartilaginous core and a periosteum is evident.

Day 9 Bony struts have formed which radiate from the first mineral ring or collar.

Day 10 A second mineral ring is almost complete and vasculature and perivascular 

elements have invaded the cartilage core.

Day 11 Most of the cartilage core has been replaced by marrow and new bone is 

deposited in a radial direction as the bone increases in girth.

Day 12 The marrow cavity as well as the innermost channels between trabeculae 

contain numerous haemopoietic cells, while the outermost channels are lined 

with active osteoblasts.

Day 14 The number of mineral trabeculae has increased substantially from earlier 

stages and each trabecula is separated by extensively anastomosing channels.

Day 18 Extensive remodelling of the innermost trabeculae has occurred, with a 

resultant increase in diameter of the marrow cavity. New trabeculae and 

channels have become more uniform in shape and are less interconnected 

than in earlier stages.

2 days post-hatching. Removal of the innermost trabeculae and the addition of new 

trabceulae to the outside of the bone increases the size of the marrow cavity 

and the circumference of the bony collar.
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4.1.1 Aims and objectives

The aims of the main study were to:

1. To describe the healing process of bone around titanium and Apoceram in the 

femur CAM culture model.

2. To carry out quantitative assessment of bone-implant contact in femur grafts,

3. To perform histochemical and immunohistochemical characterisation of the peri- 

implant tissue in the femur graft model.

4. To examine the deposition of matrix at the bone-implant interface at the 

ultrastructural level.

The objectives of culturing femurs implanted with titanium or Apoceram on the 

CAM were to perform the following:

1. Descriptive histology using light microscopy.

2. Histomorphometry of bone-implant contact.

3. Demonstration of mineralized bone tissue using von Kossa technique.

4. Histochemical staining for alkaline phosphatase (marker for osteogenic activity).

5. Histochemical staining for tartrate resistant acid phosphatse (marker for 

osteoclastic activity).

6 . Demonstration of new bone formation by tetracycline staining.

7. Immunohistochemical staining for bone matrix proteins: type I collagen & 

osteonectin.

8 . Examination of the organisation of the matrix at the bone-implant interface using 

transmission election microscopy.

4.2 Materials and methods

4.2.1 Histology

14 day old embryonic chick femurs were implanted with either titanium or 

Apoceram at the mid-diaphyseal region as described in Chapter 3. The femurs were 

cultured on the CAM for 1, 2, 3, 5, 7, and 9 days. The grafts were retrieved and fixed in
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10% neutral buffered formalin. Only those femurs which had remained viable with no 

signs of necrosis were processed and embedded in LR White resin. The development of 

the bone-implant interface was assessed using light microscopy of toluidine blue stained 

sections.

4.2.2 Histomorphometric analysis

The Quantimet 520 image analysis system (Cambridge Instruments, UK) was 

used for assessing the percentage of implant contact with osteoid and mineralised bone in 

the resin-embedded sections. This system consists of an Olivetti M240 computer 

(Olivetti, Italy), two colour monitors, an image store and a digitablet. The image of the 

toluidine blue stained section was produced by a video camera (JVC, Japan) attached to 

the optical microscope (Standard microscope 14, Carl Zeiss, Germany) and displayed in 

colour on the first monitor as a reference image. The video signal was also fed into a six 

bit analogue to digital converter to produce a 64 levels grey image on the second display 

unit which contained the detection and measurement frames.

By using the IMAGE SET-UP function both the contrast and the brightness of the 

grey image were adjusted. The microscope was set at xlOO magnification and the 

implant space was positioned in the centre of the measurement field. Spatially, the 

measurement field consisted of 512x512 picture points or pixels.

Image set-up was followed by CALIBRATION. Using a micrometer slide placed 

under the microscope, the dimensions represented by each pixel in the image seen was 

computed. This dimension then remained constant every time the image was set-up and 

this facility was used to check that the camera and microscope settings remained constant 

during different measurement sessions.

Next the EDIT function was used to mark the outline of the implant and the sites 

of implant-bone contact. Four sections of each specimen were used for the assessment. 

For every section a line was traced at the perimeter of the implant space using the 

digitablet and submitted to a new bit plane as a binary image for measurement. The 

length of this line was measured by recording the PERIMETER output of the
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MEASURE FEATURE function (see Appendix III for discussion of feature parameters). 

Then, the image of the line was edited to erase parts of the line where the implant was 

not in contact with mineralised bone or osteoid. Mineralised bone appeared as pale pink 

and in the osteoid, osteoblasts were surrounded by dark bluish purple extracellular 

matrix. To distinguish between soft tissue and osteoid contact, the sections were 

reviewed through the microscope eyepiece at a higher magnification (x400) before the 

line on the monitor, produced at xlOO magnification, was edited. The length of the 

portions of the implant perimeter adjacent to bone and osteoid was measured. The lines 

were further edited to erase the segment(s) representing contact with osteoid. A final 

measurement of these lines was taken to obtain the length of contact with mineralised 

bone. The percentages of the implant-mineralised bone contact, implant-osteoid- 

mineralised bone contact over the whole perimeter of the implant were calculated. The 

reproducibility of the measurements was assessed by selecting randomly one section 

from each time period and performing the measurements six times.

4.2.3 Von Kossa staining

Slides containing sections of femurs embedded in LR White resin were placed in 

1% aqueous silver nitrate solution and exposed to strong light for 60 mins. The slides 

were washed in distilled water, treated with 2.5% sodium thiosulphate for 5 mins and 

washed again in distilled water. Toluidine blue was used for counter staining.

4.2.4 Alkaline phosphatase and tartrate resistant acid phosphatase

Femur specimens containing implants were fixed in 90% ethanol and embedded 

in glycol-methacrylate (Agar Scientific Ltd., Stanstead, U.K.) (see Appendix II). 

Reagents from Sigma Kits N 0 .8 6 R and 387A (Sigma Diagnostics, St. Louis, U.S.A.) 

were used for histochemical staining of alkaline phosphatase and tartrate resistant acid 

phosphatase.

lOOpl of Fast Garnet GBC Base solution (7.0mg/ml Fast Garnet GBC base in 0.4 

mol/L hydrochloric acid with stabiliser) was mixed with lOOpl of sodium nitrite solution 

(O.lmol/L) and allowed to stand for 2 mins. lOOul of this mixture was added to two test- 

tubes, each containing 4.5ml of deionised water pre-warmed to 37°C. 50pl of naphthol
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AS-BI phosphoric acid solution (12.5mg/ml), 200pl of acetate solution (2.5mol/L, 

pH5.2) were added to the first tube (Solution A). 50pl of naphthol AS-BI phosphoric 

acid solution, 200pl of acetate solution and of tartrate solution (O.335mol/L, pH4.9) were 

added to the second tube (Solution B).

lOOpl of FRV-Alkaline Phosphatase solution (Fast Red Violet LB Base 5mg/ml 

in 0.4mol/Lhydrochloric acid with stabiliser) was added to lOOpl of sodium nitrite 

solution (O.lmol/L) and allowed to stand for 2 mins. This mixture was added to 4.5ml 

of deionised water at 18-26°C. lOOpl of naphthol AS-BI alkaline solution (4mg/ml 

naphthol AS-BI phosphate in 2mol/L AMPD buffer, pH9.5) was added to the diluted 

diazonium salt solution (Solution C).

Glycol-methacrylate embedded specimens were cut dry and placed onto drops of 

distilled water on slides coated with poly-L-Lysine. The slides were allowed to dry 

thoroughly at room temperature before lOOpl of Solution A or Solution B or Solution C 

was placed on each slide. The slides were transferred to a light-proof box placed in a 

37°C water bath and incubated for one hour (acid phosphatase) or ISmins (alkaline 

phosphatase). After incubation, the slides were rinsed in deionised water and 

counterstained with Gill No. 3 Haematoxylin solution.

4.2.5 Tetracycline labelling

Tetracycline hydrochloride in pulverised powder form was dissolved in sterile 

PBS (Achromycin, Lederle Laboratories, Gosport, U.K.) and administered to the host 

eggs twenty-four hours prior to retrieval of the grafts for intra-vital labelling of the 

mineralisation front. The dosage recommended for whole animal studies was 20-30 mg 

per kg body weight when injected peritoneally (Berry, 1985). Twelve intact unincubated 

eggs were weighed with and without their contents. The average weight of the egg 

contents was around 50g (range 47-52g). For each egg, Img tetracycline hydrochloride 

in 0.5ml PBS was placed directly on the CAM for it to be absorbed via the capillary 

network in the membrane. The grafts were retrieved a day later, fixed in 10% neutral 

buffered formalin, dehydrated and embedded in LR White resin. 2pm sections were cut 

and dried onto glass slides, mounted with Citifluor and examined using an Olympus BH2
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microscope set up for epifluorescence microscopy with an excitation filter for 440nm 

wavelength and emission filter for 530nm. Images of the sections were recorded using 

Kodak TMAX3200 black & white film.

4.2.6 Immunohistochemistry of bone matrix proteins

Polyclonal antisera raised in rabbits, reactive against (i) human a l( l)  carboxy- 

telopeptide in type I collagen (LF-67) which was cross-reactive with chick and (ii) 

osteonectin (LF-8), specific for chick and quail, (Fisher et al,, 1995) were kindly donated 

by Dr. Larry Fisher, National Institute of Dental Research, Bethesda, U.S.A.

Femur specimens containing implants were fixed with 4% paraformaldehyde in 

O.IM phosphate buffer, pH7.2, at 4°C for four hours. Dehydration was carried out in a 

graded series of ethanol at 4°C, followed by infiltration in increasing concentrations of 

cold LR White resin. The specimens were embedded in LR White resin held in gelatin 

capsules placed in an ice cold aluminium block. Sections were cut and placed on drops 

of distilled water on poly-L-lysine coated glass slides. They were allowed to dry at room 

temperature for at least 12 hours prior to staining. The sections were pre-treated by 

incubation with 0.1% trypsin (Sigma) for 30 minutes at 37°C. They were then washed in 

phosphate buffered saline (PBS) for 5 minutes. Endogenous peroxidase was blocked 

with 3% H2 O2  in PBS for 15 minutes at room temperature. The sections were washed 

twice in PBS. Background blocking was carried out by incubating the sections with 1% 

bovine serum albumin (BSA), 10% foetal calf serum (PCS) in PBS for 30min at room 

temp followed by washing three times for 5 minutes with PBS. The primary anti-sera 

were diluted to 1:20 and kept on ice. The slides were dried carefully around the sections, 

taking care not to dry sections out. lOOpl of primary antibody solution was placed on 

each slide and covered with a plastic coverslip to prevent drying out. The slides were 

incubated at 4 °C overnight. For negative control, pre-immune rabbit serum was used. 

After incubation, the coverslips were removed and the sections washed once in PBS, 

once in milloRo water, and once in Tris-buffered saline (TBS) with 1% Triton X. 

Biotinylated goat anti-rabbit IgG was diluted to 1:20 in PBS with 10% PCS and 1% 

BSA. lOOpl of this secondary antibody solution was applied to each slide and incubated 

for 20-30 minutes. The slides were rinsed twice with TBS with 1% Triton X. lOOpl
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ExtrAvidin Peroxidase in buffer (1:20) was applied and left for 20-30 min. 3,3’- 

diaminobenzidine tetrahydrochloride (DAB) solution was made in milliRo water, 

vortexed to dissolve and passed through a 0.2pm filter. The slides were washed three 

times in milliRo water. 200-3OOpl DAB solution was applied to each slide and left for 5 

minutes after which the slides were given three final washes in milliRo water.

4.2.7 Ultrastructure of the bone-implant interface

Femurs implanted with Apoceram or Titanium were grafted onto the CAM and 

retrieved after 9 days. They were fixed overnight in 3% glutaraldehyde in 0.1 M sodium 

cacodylate buffer at 4°C. Dehydration was carried out in a graded series of ethanol, 

followed by infiltration in increasing concentrations of LR White resin. The specimens 

were embedded in LR White resin held in gelatin capsules placed in a cold alumium 

block.

A fi-acture technique was used for preparing resin blocks containing titanium 

implants. First, a block face was produced, using the method employed for the 

preparation of sections for light microscopy, to reveal a cross-section of the femur with 

the implant. Two score lines were then made in the resin extending from the ends of the 

implant to the sides of the block. The resin was fractured along the lines using a new 

disposable razor blade. The implant either remained attached to the main block or to the 

fractured resin. The side without the implant was then re-embedded in LR White resin 

and a new block face prepared for sectioning. For Apoceram it was possible to produce 

sections suitable for transmission electron microscopy without first removing the implant 

from the resin-embedded tissue.

Thin sections (light gold interference colour, 90-100nm) were prepared using a 

diamond knife (Diatome 45°, Diatome Ltd., Bienne, Switzerland) set at a clearance angle 

of 3° on a Reichert-Jung Ultracut-E ultramicrotome (Reichert-Jung, Vienna, Austria). 

The sections were floated on water and lifted onto Formvar/carbon-coated 200mesh 

copper grids (Agar Scientific Ltd., Stanstead, U.K.). They were stained with uranyl 

acetate in absolute ethanol, washed twice in absolute ethanol for 5 minutes followed by 

staining in Reynold’s lead citrate solution and washing in distilled water for 5 minutes.
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The grids were allow to dry prior to ultrastructural examination using a JEOL CXI00 

transmission electron microscope set at 60kV. The TEM images were recorded on 6.5 x 

9 cm format film (Estar thick base 4489 electron microscope film, Eastman Kodak Co., 

Rochester, U.S.A.).

4.3 Results

The number of grafts, consisting of femur with implants, placed on the CAM of 

host eggs and successfully retrieved at different time intervals are shown in Table 4.1

Table 4.1 Grafts o f femur with implants on CAM

Duration of Culture Implant No. of grafts made No. of grafts retrieved
1 day Apoceram 6 6

Titanium 6 6
2 days Apoceram 6 6

Titanium 6 6
3 days Apoceram 6 6

Titanium 9 6
5 days Apoceram 18 16

Titanium IS 14
7 days Apoceram 18 14

Titanium 18 15
9 days Apoceram 18 15

Titanium 18 14

4.3.1 Chronological development of the bone-implant interface

A descriptive account of the changes within the tissues surrounding the 

Apoceram and titanium implants at different time intervals is presented in this section, 

accompanied by images of the toluidine blue stained cross-sections of the diaphyseal 

region of femurs containing the implants (Figures 4.1 to 4.14). Since the implants 

separated from the tissue during sectioning, the original location of the implants will be 

denoted with an ‘i’ for orientation. The day on which grafting was performed is counted 

as Day 0.
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At the time of grafting, the cross-section of the mid-diaphyseal region o f the 14 

days old chick embryonic femur consists of the periosteum with its outer proliferative 

layer with osteoprogenitor cells of fibroblastic morphology. Beneath this layer are the 

preosteoblasts followed by the secretory osteoblasts either overlying, or within the layer 

of osteoid on the surface of the mineralised bone trabeculae with lacunae containing 

osteocytes. The trabeculae are separated by interconnecting channels containing marrow 

cells and vascular tissue. This collar of cancellous bone surrounds the central marrow 

cavity which is gradually enlarging through resorption at the endosteal surface. Overall 

growth in the circumference of the femur arose from subperiosteal bone deposition, 

reflected by the higher number of secretory osteoblasts and a thicker osteoid layer on the 

outermost bone trabeculae. As seen in the cross-section of the femur in Figure 4.1, the 

implant was partly located in the central marrow cavity and partly within the trabecular 

bone collar. The base of the implant rested on bone fragments displaced into the marrow 

cavity when the implant was inserted into the femur or on the endosteal surface of the 

bone facing the marrow cavity.

M

Figure 4.1 Cross section o f a femur containing an Apoceram implant one day after 
grafting on the CAM. The implant was inserted via the wound (w) made through the 
thickness o f the bone collar. Part o f the CAM on which the graft lay is seen at the top 
right (c). Periosteum (p).
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Day 1

Blood supply to the femur had ceased when it was removed from the host chick 

embryo. Despite this, there was extravasation of blood cells into the tissues at the site of 

implant insertion. One day after the insertion of the implant and placement of the femur 

on the chorioallantoic membrane, the undersurface of the graft has become attached to 

the CAM. Gaseous and nutritional supply for the graft came from the chorioallantoic 

fluid. Marrow cells as well as osteocytes and bone-lining cells at the centre of the graft 

had undergone necrosis while the periosteal and subperiosteal areas remained vital. 

There were patches of contact between the implant and the bone trabeculae within the 

femoral shaft. The wound through which the implant was inserted was filled with a 

fibrinous blood clot. Most of the implant was surrounded by marrow spaces containing 

large numbers of blood cells, mostly erythrocytes and thrombocytes and a small number 

of monocyte/macrophages and granulocytes (Figure 4.2).

I

k

Figure 4.2 Day 1 after grafting. Apoceram. Blood cells accumulated adjacent to 
the implant (arrow). Osteocytes at the centre o f the graft became necrotic^ some empty 
lacunae can be seen (I). There is degeneration o f the marrow tissue between the 
trabeculae.
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Day 2

The CAM has proliferated to cover nearly half the circumference of the femur but 

a new blood supply to the centre o f the graft has not yet been established. The centre of 

the grafts showed, typically, cell necrosis and degeneration of the marrow; whereas at the 

peripheral areas, capillaries containing blood cells were visible. The central marrow area 

adjacent to the implant was still filled with cell debris. Amongst the degenerating 

erythrocytes and fibrinous clot, there were some macrophages showing multiple vacuoles 

formed after the ingestion of the debris. There was no obvious difference at this stage 

between grafts containing Apoceram and titanium implants.

m
Figure 4.3 Day 2. Titanium. The marrow spaces are filled with cell debris. There 
are many macrophages with cytoplasmic vacuoles (arrows)
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Day 3

Vascularity has been re-established by Day 3. The marrow tissue was 

regenerating. New blood vessels were found within the central marrow cavity. There 

were still macrophages within the marrow, distinguishable by the numerous cytoplasmic 

vacuoles formed after the ingestion of cell debris. In the subperiosteal area, formation of 

osteoid had resumed and the surface of the trabeculae near the centre of the bone collar 

which had been devoid of cells were being repopulated by osteoblasts. Mesenchymal 

cells began to accumulate adjacent to the implant surface. Cells with migratory 

phenotypes were observed on the surface of existing bone trabeculae which were situated 

close to the implant surface, in particular those at the two ends of the implant away from 

the central marrow space. The cells which made contact with the implant surface were of 

elongated shape. There was no obvious difference between specimens containing 

Apoceram and titanium. (Figure 4.3 Titanium, Figures 4.4, 4.5 Apoceram)

*

r
Figure 4.4 Day 3 after grafting. Titanium, m - mesenchymal cells, bv - blood 
vessel, o - osteoblasts, * - new osteoid, arrow - macrophage.
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Figure 4.5 Day 3 after grafting. Apoceram. Blood vessels (bv) are clearly visible in 
the central marrow cavity. Osteoblasts (*) repopulate the surface o f an existing bone 
trabeculum close to the implant surface and lay down new matrix.

Figure 4.6 Day 3 after grafting. Apoceram. Cell proliferation and migration are 
the key features at regions near the end o f the implant (i). Osteoid formation (*) has 
resumed at the surface o f the existing bone trabeculae, o = osteoblasts.
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Day 5

New bone formation on the implant surface was evident by day 5, On Apoceram 

implants, new bone extended from existing trabeculae onto the surface of the implant or 

was laid down as a thin seam directly on the implant by osteoblasts which had migrated 

onto the implant surface. For titanium implants, new bone trabeculae extended along the 

side o f the implant with the osteoid and base of the cells laying down the matrix facing 

the implant surface. These cells were either enclosed within the osteoid or became 

flattened where the osteoid made contact with the implant. In many areas, struts of 

osteoid lined by osteoblasts were separated from the implant by bone marrow with small 

capillaries.

Figure 4.7 Day 5 after grafting, Apoceram, Osteoid (*) being laid down on the 
surface o f the implant, A bone trabeculum (t) from the endosteal region extends down 
the side o f the implant, A thin seam o f new bone is formed on the marrow-facing 
surface o f this implant (arrow).
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Figure 4.8 Day 5 after grafting. Particles o f Apoceram (a) are attached to the 
newly formed osteoid (*). The osteogenic cells, some o f which lie directly on the 
implant surface (arrow), become trapped within the matrix.

â û

%

Figure 4.9 Day 5 after grafting. Titanium. A new T-shaped strut o f bone is being 
formed (nb). Osteoblasts (o) line the surface o f the new bone which is separated from  
the implant surface by marrow tissue (m) in which a blood vessel with a pericyte (p) 
can be seen. Adjacent to this pocket o f marrow are flattened cells (f) trapped between 
the osteoid and the implant surface (i).
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Day 7

New bone formation continued and the contact between osteoid and the implant 

surface increased. It was noted that on the Apoceram implants adjacent to the areas of 

osteoid and new bone formation, large multinucleated cells were present on the implant 

surface. These cells were not observed on titanium implants.

^  20pm

Figure 4.10 Day 7 Apoceram. Multinucleated giant cells on the surface o f the 
implant (i), in close proximity to a region o f new bone formation (nb). bv = blood 
vessel, fc  =fat cell.
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Day 9

By day 9, a significant proportion of the implant surface was in contact with 

mineralised bone. For Apoceram, such contact was found in areas where the implant 

passed through the pre-existing bone collar as well as in the region of the central marrow 

cavity. This mineralised bone usually appeared as a broad band forming an extension of 

trabeculae from the original bone collar, growing down the side of the implant. But 

within the central marrow cavity, often a continuous thin seam of mineralising matrix 

was produced by osteoblasts which had migrated onto the implant surface. The bone- 

forming cells were either trapped within the mineralised matrix or were interspersed in 

the osteoid further away from the implant surface. (Figures 4.11 and 4.12)

With titanium implants, contacts with mineralised bone were found mainly in the 

areas where the implant passed through the pre-existing bone collar. At x200 and x400 

magnification, a thin dark blue line, 200-800nm thick was observed on the surface of the 

mineralised bone facing the implant space in the sections. Where the titanium implant 

extended into the central marrow cavity, there were patches of contact with mineralised 

bone and osteoid from trabeculae orientated parallel to the implant surface. Within 

pockets of marrow tissue, there were elongated, fibroblast-like cells adjacent to the 

implant. Occasionally, on the endosteal surface of the bone facing the central marrow 

cavity, and at the junction between bone, implant and marrow, isolated osteoclasts with 

their bases oriented towards the bone surface could be identified. (Figures 4.13 and 4.14)
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Figure 4.11 Day 9. Apoceram implant across the central marrow cavity. 
Mineralised bone (mb) in direct contact with implant surface.

os .mb \/ o

Figure 4.12 Day 9. Apoceram. A thin seam o f bone has been laid down on the 
implant surface. The distribution o f mineralised bone matrix (mb) and osteoid (os) 
suggests that the osteoblasts (o) secreted the matrix directly on the implant. The 
earlier formed matrix becomes mineralised first, new osteoid is deposited as the 
osteoblasts move away from the implant surface.
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Figure 4.13 Day 9. Titanium. Mineralised bone tissue forming direct contact with 
the implant surface with an intervening basophilic line (b). A t the junction between 
mineralised bone, implant and marrow, an osteoclast (oc) can be seen with its base 
against the bone surface.

Figure 4.14 Day 9. Titanium. Magnified view o f field shown in Fig. 4.13. The 
basophilic line can be seen clearly at a higher magnification.
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Key features in the chronological development of the tissue surrounding the 

implant can be summarised in Figure 4.15.

Sequence of Events Following Grafting of Femur on CAM

Mineralised bone

Osteoid formed

Re-establish
vascularity

Macrophages

Ceil Death

10 2 3 4 6 75 8 9

Days after grafting

Figure 4,15 Chronological development of the bone-implant interface

The stages and timing of the initial phases before Day 5 are similar for grafts 

containing Apoceram and titanium implants. When new bone is formed within the graft 

following the re-establishment of the blood circulation, the pattern and amount of bone 

formation appeared to differ between the two materials. Results of the assessment of the 

percentage of implant surface in contact with bone is presented in the next section.
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4.3.2 Percentage o f bone-implant contact

For histomorphometric analysis, sections from six femurs containing titanium 

implants and six containing Apoceram implants harvested at each of the following time 

intervals: 1, 2, 3, 5, 7 and 9 days were assessed. The 95% confidence intervals for six 

measurements of the percentages of the perimeter of the implant in contact with 

mineralised bone and osteoid, and with mineralised bone alone in one sample section at 

each time period ranged from ±0.8% to ±3.0% (Appendix III)

The means and standard deviations of the percentages of the perimeter of the 

implant in contact with mineralised bone and osteoid, and with mineralised bone alone, 

measured once in four sections from each specimen, are shovm in Tables 4.2 to 4.13. The 

group means and group standard deviations are also presented in the same tables.

The raw data for each time period were analysed using a repeated measures 

analysis of variance to explore the effect of the type of implant and the within-specimen 

effect of the sections on the percentage contact with bone & osteoid and with bone alone 

(Appendix IV). Each femur was treated as one case, with the section variable set as a 

within-subject factor.

In Tables 4.2 to 4.13, group means marked with asterisks denote that statistically 

significant differences (p<0.05) exist between Apoceram- and titanium-containing 

specimens harvested at the same time period. Figure 4.16 provides an overall summary 

of the results for the six time periods assessed.
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Table 4.2 Day 1 Titanium

Specimen % contact with bone 
mean s.d.

1 3.8 2.5
2 5.4 2.3
3 7.5 3.0
4 6.4 1.6
5 2.9 1.5
6 10.3 3.4

Mean 6.1 
S.D. 2.7

Table 4.3 Day 1 Apoceram

Specimen % contact with bone 
mean s.d.

1 4.1 2.8
2 3.5 1.2
3 5.1 2.4
4 2.7 2.1
5 9.9 4.6
6 5.4 3.3

Mean 5.1 
S.D. 2.5

Table 4.4 Day 2 Titanium

Specimen % contact with bone 
mean s.d.

1 6.1 2.3
2 9.2 2.1
3 5.4 3.5
4 3.6 1.8
5 6.3 2.4
6 2.8 2.0

Mean 5.6 
S.D. 2.3

Table 4.5 Day 2 Apoceram

Specimen % contact with bone 
mean s.d.

1 2.4 1.9
2 7.5 2.0
3 4.9 1.8
4 6.6 2.5
5 3.4 1.3
6 3.7 3.2

Mean 4.8 
S.D. 2.0
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Table 4,6 Day 3 Titanium

Specimen % contact with bone and osteoid 
mean s.d.

% contact with bone 
mean s.d.

1 4.1 1.4 3.0 0.7
2 7.6 3.4 6.2 3.4
3 9.4 2.7 7.4 1.3
4 6.2 2.1 5.4 1.5
5 6.3 2.7 5.7 2.5
6 8.6 2.4 7.3 2.1

Mean 7.0 
S.D. 1.9

Mean 5.3 
S.D. 3.8

Table 4.7 Day 3 Apoceram

Specimen % contact with bone and osteoid 
mean s.d.

% contact with bone 
mean s.d.

1 4.3 2.4 4.3 2.4
2 7.3 2.3 5.8 3.7
3 5.8 3.9 2.5 1.6
4 11.5 4.2 7.0 2.6
5 12.0 2.3 8.4 2.5
6 11.1 2.6 7.8 1.5

Mean 8.7 
S.D. 3.3

Mean 6.0 
S.D. 2.2

Table 4.8 Day 5 Titanium

Specimen % contact with bone and osteoid 
mean s.d.

% contact with bone 
mean s.d.

1 14.1 3.9 5.2 2.5
2 23.1 4.8 16.8 6.8
3 20.5 3.8 11.4 2.8
4 24.9 9.6 13.4 5.2
5 20.9 7.5 6.3 4.5
6 18.1 6.2 7.9 2.6

Mean 20.3 * 
S.D. 3.8

Mean 10.0 
S.D. 4.3

Table 4.9 Day 5 Apoceram

Specimen % contact with bone and osteoid 
mean s.d.

% contact with bone 
mean s.d.

1 38.9 5.2 11.4 3.4
2 43.7 5.6 17.3 4.0
3 36.4 5.5 11.8 2.3
4 39.6 6.3 15.2 3.5
5 34.5 6.7 14.8 4.7
6 29.1 9.7 8.6 3.0

Mean 37.0 * 
S.D. 5.0

Mean 13.7 
S.D. 3.2
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Table 4,10 Day 7 Titanium

Specimen % contact with bone and osteoid 
mean s.d.

% contact with bone 
mean s.d.

1 35.3 5.0 22.4 6.8
2 28.0 8.4 14.0 7.8
3 29.1 4.9 17.8 5.3
4 21.8 4.7 13.4 5.4
5 26.1 9.2 16.8 4.9
6 25.7 8.7 11.6 5.2

Mean 27.7 * 
S.D. 4.5

Mean 16.0 
S.D. 3.9

Table 4,11 Day 7 Apoceram

Specimen % contact with bone and osteoid 
mean s.d.

% contact with bone 
mean s.d.

1 33.9 11.8 15.6 4.3
2 32.4 9.4 13.9 3.4
3 39.2 5.8 22.6 5.7
4 33.2 8.1 17.8 4.8
5 44.5 8.8 21.4 7.5
6 46.1 8.7 30.7 4.5

Mean 38.2 * 
S.D. 6.0

Mean 20.3 
S.D. 6.1

Table 4,12 Day 9 Titanium

Specimen % contact with bone and osteoid 
mean s.d.

% contact with bone 
mean s.d.

1 46.1 6.8 32.7 7.8
2 39.7 7.1 27.5 7.7
3 21.8 4.9 14.7 6.9
4 42.1 6.3 22.0 8.9
5 40.6 4.9 23.0 6.4
6 42.6 5.4 20.0 8.3

Mean 38.8 * 
S.D. 8.6

Mean 25.0 * 
S.D. 7.3

Table 4,13 Day 9 Apoceram

Specimen % contact with bone and osteoid 
mean s.d.

% contact with bone 
mean s.d.

1 66.1 11.8 55.9 6.4
2 64.9 10.8 54.6 8.3
3 47.3 7.0 29.7 2.4
4 62.4 12.4 48.2 10.1
5 57.8 8.4 50.6 10.2
6 57.9 9.7 47.6 7.2

Mean 59.7 * 
S.D. 6.8

Mean 47.8 * 
S.D. 9.5
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Figure 4.16 Summary o f the means and standard errors o f percentage o f implant 
perimeter in contact with bone and osteoid. Titanium: Ti. Apoceram glass ceramic 
:GC.

4.3.3 H istochem ical and im m unohistochem ical stain ing

4.3.3.1 Von Kossa staining for mineralised bone tissue

Contact between mineralised bone and the implants was confirmed with Von 

Kossa staining. Mineralised bone trabeculae stained chocolate brown. Examples of 

sections are shown in Figures 4.17 and 4.18.
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Figure 4.17 Von Kossa staining. Titanium implant. Calcified bone is stained dark 
brown. Toluidine blue counterstain.

Figure 4.18 Von Kossa staining. Apoceram. Mineralised bone forming direct 
contact with particles o f the glass ceramic attached to the interface.
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4.3.3.2 AI kakin e ph osph atase stain ing

The results of alkaline phosphatase staining are illustrated in Figures 4.19 - 4.20. 

The enzyme appears red in the sections. Within the cross-section of the femur, the 

periosteal region can be seen to stain intensely positive for alkaline phosphatase, the cells 

lining the trabeculae also stained positive for the enzyme but the level of expression at 

the endosteal surface was lower than that at the periosteal region. Alkaline phosphatase 

staining was found directly on the implant surface where there was active new bone 

formation.
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Figure 4.19 Alkaline phosphatase distribution. Titanium implant. 7 days after 
grafting. Haematoxylin counterstain.
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Figure 4.20 Apoceram at 7 days after grafting. Many alkaline phosphatase positive 
cells are present on the surface o f the implant. Haematoxylin counterstain.

4.3.3.3 Tartrate resistant acid phosphatase

Within the cross-section of the femur, positive staining for tartrate resistant acid 

phosphatase (TRAP) was found along the endosteal surface around the central marrow 

cavity and largely absent in the periosteal tissue. Intense staining was found in large 

multi-nucleated cells, presumably osteoclasts and the trabecular surfaces in contact with 

them. When tartrate solution was omitted from the reagents for staining, the distribution 

of positive staining represented that o f acid phosphatases. This showed a distribution 

similar to that of TRAP except for the additional positive staining of a small number of 

mononuclear cells within the bone marrow. The distribution of TRAP positive cells 

differed between specimens with the titanium and glass ceramic implants in that several 

of these large multinucleated cells could be present along the perimeter o f Apoceram 

implants and the positive staining for TRAP extended onto the implant surface and bone 

surface adjacent to these cells. TRAP positive cells were not observed on the titanium 

surface in the specimens examined (Figures 4.21 and 4.22).
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Figure 4.21 Apoceram 5 days. Intense staining for TRAP is present in a 
multinucleated giant cell (mgc) on the surface o f the implant and osteoclasts (oc) on 
the bone trabeculae. The endosteal bone surface and the implant surface also showed 
positive staining.
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Figure 4.22 Titanium at 5 days. Positive staining for acid phosphatase is found  
mostly on the endosteal surfaces and in osteoclasts and some mononuclear cells in the
marrow.
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4.3.3.4 Tetracycline labelling

The dosage used for labelling of the mineralisation front was Img tetracycline 

hydrochloride in 0.5ml PBS per egg. It was not possible to produce sections much 

thicker than 2-3 pm using the diamond knife without inducing excessive damage in the 

section and the knife-edge. Tetracycline fluorescence faded very quickly at the light 

intensity used for photography of the sections. The images presented in Figures 4.23 to 

4.26 provide a limited amount of information. In general, the mineralisation front could 

be clearly seen in the subperiosteal region of the graft where new bone formation was 

most abundant.

Figure 4.23 Day 7. Titanium. 
The mineralisation front on the 
bone trabeculae. Original 
magnification: x200

Figure 4.24 7 days after
grafting. A thin line o f 
fluorescent material lies against 
the surface o f this Apoceram 
implant. Original magnification: 
x400
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Figure 4.25 Day 9. Apoceram. 
Tetracycline fluorescence located 
between the osteoid and 
mineralised bone at the 
mineralisation front. Original 
magnification: x200

Figure 4.26 Day 9. Titanium. 
Tetracycline fluorescence located 
between the osteoid and 
mineralised bone at the 
mineralisation front. Original 
magnification: x200
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4.3.3.5 Immunohistochemistry of bone matrix proteins

The negative control sections in which non-immune rabbit serum was used 

instead of the primary antibodies had no positive staining, as seen in Fig. 4.27. The long 

periods of immersion in aqueous solution required for the staining protocol resulted in 

lifting and creasing of the sections even though the slides have been precoated with poly- 

L-lysine. Positive staining for LF67 (type I collagen) was present in the periosteum, 

within the bone trabeculae and overlying osteoid and weakly in osteoblasts and some 

osteocytes. For titanium implants, where the surfaces contact marrow tissue, there was 

no staining for LF67. Positive staining for the same antigen could be detected in seams 

of tissue on Apoceram implants. Positive staining for LF8 (osteonectin) was found in the 

periosteum, the matrix of fully mineralised bone trabeculae but only weakly in the 

osteoid, in osteoblasts and some osteocytes. The pattern of distribution of Type I 

collagen (LF67) and osteonectin (LF8) are shown in Figs. 4.28- 4.29.

Figure 4.27 Negative control, pre- 
immune rabbit serum used instead o f 
primary antibody. The section is clear at 
the end o f the staining procedures.

100pm
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Figure 4.28 Staining for type I  collagen (LF67). Left: Day 7. Titanium. No 
counterstaining. (m) central marrow cavity. Right: Day 7. Apoceram. Counterstained 
with toluidine blue.
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Figure 4.29 Staining for osteonectin (LF 8) Left: Day 7. Titanium. No 
counterstaining. Right: Day 7. Apoceram. Counterstained with toluidine blue.
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4.3.4 Ultrastructure o f the bone implant interface

The preservation of the tissues at the bone-implant interface during the 

preparation of ultra-thin sections of grafts containing the hard implants was essential to 

the interpretation of such sections. During sectioning, the glass ceramic material, 

Apoceram, firactured as the knife-edge passed through the implant. When the sections 

were floated in the boat, fractured particles could be seen to sink slowly to the bottom of 

the boat. Care was taken to prevent loose particles from floating onto the surface of the 

embedded bone tissue. In the electron micrographs, there is good evidence of the 

preservation of the interface tissue as glass ceramic particles remained attached to the 

embedded tissue. For specimens containing titanium implants, it was not possible to 

produce ultrathin sections without removal of the metal. The fi*acture technique used for 

separating the implants from the resin-embedded tissue yielded a small number of 

fragments of tissue cleanly separated from the metal surface but in an unpredictable 

fashion. When these fragments were re-embedded and sectioned, the titanium-tissue 

interface appears as a thin electron dense line. The images presented here are of 

interfaces between the implants and the bone tissue at 9 days after implantation and 

grafting. (Figures 4.30 to 4.44)

4.3.4J Apoceram

Areas of contact between Apoceram and bone show a variety of ultrastructural 

features. Figure 4.30 shows the direct attachment of an osteocyte on the surface of the 

glass ceramic material. The cell is well spread on the implant surface and surrounded the 

other side by a matrix of mineralised collagen. There is no distinct direction of 

orientation of collagen fibres in this region in which osteocytes vdth cell processes are 

embedded in the matrix. Also present on the implant surface are polygonal osteoblasts 

with matrix vesicles and secreting collagen. A zone of osteoid, in which collagen fibres 

are clearly distinguishable, surrounds the secretory osteoblast and more electron dense 

mineralised matrix appears adjacent to this, extending along the surface of the implant 

material (Figure 4.31). In areas where osteoid was in contact with the implant surface, 

collagen fibres with characteristic banding can be seen immediately adjacent to the glass 

ceramic remnants without an intervening afibrillar zone. (Figure 4.32)
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There are also areas where the implant surface is covered by one or multiple 

layers of loosely packed flattened cells. These cells frequently show signs of 

degeneration. (Figure 4.33)

A small number of the ultrathin sections contained parts of the multinucleated 

giant cells attached to the surface of the Apoceram particles. Numerous lysosomal 

granules are present in their cytoplasm. (Figures 4.34, 4.35)

In areas where more heavily mineralised matrix was adjacent to the Apoceram 

implant surface, the calcified material either appears to be continuous with the glass 

ceramic particles (Figure 4.36) or shows several other distinctive features at the interface 

zone. At x40,000 magnification, there were globular calcified deposits, often fused 

together, which were continuous with the Apoceram particles. Needle-like mineral 

aggregates as well as amorphous electron dense globules were interspersed between 

collagen fibrils at the interface zone (Figures 4.37, 4.38). Another type of interface 

arrangement showed this spherical calcified material adjacent to mineralised collagen 

matrix which was separated from the Apoceram particles by a layer of loosely arranged 

fibrils (Figure 4.39).

43.4.2 Titanium

The tissue-titanium interface was represented by an electron dense line in the 

TEM sections presented. Some osteoblasts lie directly on this line, with osteoid laid 

down on the other sides of the cell (Figures 4.40 to 4.42). Mineralised bone matrix was 

separated from the electron dense line by a zone of collagen fibres and a band of fibrillar 

material around SOOnm thick, with a reticular appearance (Figures 4.43 and 4.44).
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Figure 4.30 An osteoblast (o) 
on the surface o f Apoceram (gc) 
is being surrounded by 
mineralised matrix (mm). Two 
osteocytes with cell processes (cp) 
can be seen within the bone 
matrix. Collagen fibres in cross- 
section can be seen at the top o f  
the field. Field width: 25 pm

Figure 4.31 The osteoid and 
mineralised matrix surrounding 
this osteoblast on Apoceram (gc) 
can be differentiated by the 
different levels o f electron 
density. Collagen fibres are 
visible within the osteoid (os) but 
not discernable where they are 
more heavily mineralised (mm). 
Matrix vesicles are present in the 
cytoplasm o f this bone forming 
cell (arrow). Field width: 25pm

Figure 4.32 Apoceram. 
Collagen fibres at different 
orientation surrounding a 
lacuna containing the cell 
process o f an osteoblast.
Osteoid in direct apposition 
against the glass ceramic (gc) 
particles. # collagen fibres in 
longitudinal section. * collagen 
fibres in cross-section. Field 
width: 14 pm
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Figure 4.33 Apoceram. The 
presence o f ceramic particles (gc) 
at the top o f the field reflects the 
preservation o f the interface.
The implant surface is covered 
by several elongated cells 
showing signs o f degeneration. 
Field width: 14pm

%
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Figure 4.34 Part o f a 
multinucleated giant cell on the 
surface o f Apoceram (gc). Two 
nuclei (n) are visible with many 
electron dense lysomal granules 
in the cytoplasm (*). m - 
mineralised matrix. Field 
width: 17.5pm

Figure 4.35 Part o f a 
multinucleated giant cell 
attached to the surface o f an 
Apoceram implant (gc). Arrows: 
lysosomal granules. Field width: 
8.75 pm
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Figure 4.36 Dense mineralised 
matrix (mm) making direct 
contact with Apoceram. The 
arrows indicate a continuous 
layer o f the glass ceramic 
remaining attached to the 
mineralised matrix following 
sectioning. Field width: 35pm

Figure 4.37 Apoceram (gc). 
Needle-like mineral aggregates 
(s) amongst the collagen fibres. 
The glass ceramic is continuous 
with amorphous globular 
deposits (g), collagen fibres (c) 
with characteristic banding 
intermingle with the mineral 
deposits. Field width: 1.75pm

Figure 4.38 Apoceram (gc). 
Fused globular mineral deposits 
continuous with the glass 
ceramic particles. Isolated 
spheres o f mineral (arrow) 
interspersed among banded 
collagen fibres (f) on a 
background o f thin fibrillar 
material. Field width: 1.75pm
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Figure 4.39 Apoceram. A less 
dense fibrillar zone (f) is present 
between the mineralised matrix 
and the glass ceramic particles 
(gc). Spherical mineral deposits 
are present along the edge o f the 
calcified collagen matrix (me). 
Field width: 3.5pm
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Figure 4.40 Titanium. A 
continuous electron dense line at 
the metal interface with the 
tissue (arrows). Collagen fibres 
within a band o f osteoid 
surround the cytoplasm and part 
o f the nucleus (n) o f this 
osteoblast on the implant 
surface. A small area o f 
mineralised matrix (m) can be 
seen at the bottom right o f the 
field. Field width: 7pm
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Figure 4.41 Titanium. 
Mitochondria (m) and rough 
endoplasmic reticulum (r) in the 
cytoplasm surrounding the 
nucleus (n) o f this osteoblast 
surrounded by osteoid (os) at the 
interface, i - implant space. 
Field width: 8.75pm
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Figure 4.42 Titanium. 
Electron dense secretory 
granules (sg) within the 
cytoplasm o f a secretory cell 
depositing collagen (c). mm- 
mineralised matrix. Arrows - 
interface. Field width: 7f^m

Figure 4.43 Titanium. A layer 
o f loose fibrils with a reticular 
appearance (f) lies between the 
titanium surface and collagen 
fibres (c) on the surface o f the 
mineralised matrix (mm).
Arrows - electron dense line at 
the interface. Field width:
2.6pm

Figure 4.44 Titanium. 
Unmineralised layer with thin 

fibrils (f) between the titanium 
surface (arrow) and collagen 
fibres (c)overlying the 
mineralised matrix (m). Field 
width: 2.6pm
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4.4 Discussion

4.4.1 The sequence o f events following implantation and grafting

In the chick embryonic femur CAM graft model, the process of bone healing 

following implant insertion can be divided into two phases: before and after the re­

establishment of the vascular supply to the graft. The first phase took place over the first 

three days following grafting. During day 1 and day 2 of the culture period, the key 

features were extravasation of blood cells into the marrow spaces and cell death within 

the centre of the graft. Marrow tissue, osteoblasts and osteocytes all underwent necrosis 

while the periosteal and subperiosteal regions remain viable since the graft was bathed in 

chorioallontoic fluid which formed the medium for exchange of gases, nutrients and 

metabolic wastes.

During this time, the CAM proliferated around the periosteum of the femur. By 

day 3 the whole femur was enveloped by the CAM tissue which has brought with it a 

new blood supply. The re-establishment of the blood circulation was evident in the 

formation of new blood vessels and re-organisation of the marrow tissues with large 

numbers of macrophages removing the dead marrow tissue. Surfaces of the bone 

trabeculae became repopulated by cells which go on to form osteoid.

By day 5, the wound created for the insertion of the implant had become bridged 

by periosteal proliferation and new osteoid joining the two sides of the bone margins. 

There were several patterns of osteoid deposition at the interface with Apoceram. The 

first was where an existing bone trabeculum was in close proximity with the implant. 

Following repopulation of the bone surface, osteogenic cells laid down new matrix which 

extended along the implant surface. The cells became enveloped in the matrix which 

eventually became mineralised. The second pattern was one in which the base of the 

osteblasts was first attached to the implant surface and osteoid was formed towards the 

direction of the marrow cavity. The new bone thus formed had the mineralised region on 

the implant surface and the osteoid further away from it. This arrangement was most 

frequent at the region of the implant within the central marrow cavity. The first pattern 

described was also evident on titanium surfaces, but the second was predominantly found
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in Apoceram. A different pattern was observed in regions where titanium crossed the 

central marrow cavity, where struts of new bone were formed parallel to the implant 

surface but not directly on its surface. Patches of marrow tissue separated the new bone 

from the titanium. Further deposition of matrix on these new struts of bone resulted in 

the bone-forming cells being trapped between the osteoid and the implant surface. The 

distribution of alkaline phosphatase staining in the glycol-methycrylate embedded 

sections further reinforced the observed difference in the pattern of bone formation 

between the two materials. On day 7, many of the cells on the surface of Apoceram had 

positive staining for alkaline phosphatase, corresponding to the regions of osteoid and 

bone formation directly on the implant surface. For the femoral grafts with titanium 

implants, alkaline phosphatase staining was found on the surface of new bone formed 

adjacent to titanium surface. Positive staining was present in the osteoid and the 

associated cell layers making contact with the implant surface.

4.4.2 Cells contributing to the healing response

The bridging of the wound created for the insertion of the implant is likely to 

have arisen from the periosteum within which osteoprogenitor cells proliferate and 

differentiate into active osteoblasts laying down new matrix across the gap. The bone 

cells originally on the surface of the trabeculae at the centre of the graft underwent 

necrosis during the first two days following grafting and were replaced by new 

osteoblasts when the circulation was re-established. Extensive anastomosis of the 

marrow spaces would allow the migration of cells from the viable areas of the graft. The 

newly organised marrow also provided a source of mesenchymal stem cells which 

differentiated into the osteoblasts that lay down new matrix on the existing bone 

trabeculae and on the implant surface. On day 5, many of the cells on the surface of 

Apoceram showed intense positive staining for alkaline phosphatase, a marker for 

differentiated osteoblasts.

The new osteogenic cells are likely to originate from the graft rather than the 

host. This is supported by observations in chimera experiments reported in the literature. 

Simmons and Gilliam (1981) performed an experiment in which wounds were produced 

in the cartilaginous epiphyses of quail femurs which were then grafted on the CAM of
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chick eggs. The cell nuclei of the quail contains distinctive heterochormatic nucleoli and 

this feature can be used to distinguish quail cells from chicken cells by using Feulgen 

staining (Nijweide et al., 1982). Simons and Gilliam (1981) found that femurs in which 

the wound was restricted to the proliferative and hypertrophic zones of the cartilaginous 

epiphyses failed to repair with cartilage. But wounds which had penetrated through the 

cartilage into the subchondral marrow space were filled with calcified bone trabeculae. 

All the osteoblasts and osteocytes in the repair bone had nuclei of the quail (graft). They 

concluded that new bone was derived from osteoprogenitor cells in the marrow stroma 

which moved with capillaries into the wounded area.

Numerous macrophages were observed in the marrow spaces during the early half 

of the grafting period. They performed the ftmction of clearing necrotic cell debris and 

were present even prior to the re-establishment of the circulation. At that stage, they 

would have arisen from the blood monocytes which were released into the inter- 

trabecular spaces when the implant was inserted. Reorganisation of the marrow spaces 

with formation of new blood vessels from day 3 onwards would provide a new source of 

macrophages derived from the host blood circulation.

4.4.2,1 Multinucleated giant cells

In the femur CAM graft model, multinucleated giant cells were observed only on 

the surface of Apoceram but not the titanium implants. Only three to four of these cells 

were observed on the implant surface in any one section. These cells showed intense 

staining for TRAP but did not show a ruffled border where they contacted the Apoceram 

surface. They were found in close proximity to bands of osteoblasts laying down osteoid 

on the implant surface. In some of the sections involving titanium implants, at day 9, 

osteoclasts were occasionally found at the endosteal surface of bone facing the marrow 

cavity adjacent to the point where the implant traversed the marrow space.

Multinucleated giant cells have been reported in many studies involving metallic 

as well as ceramic implants in experimental animals. Their existence at the interface is 

not universal and there are sometimes contradictory findings. Piatelli et al. (1996) 

reported that large numbers of multinucleated giant cells were present on the surface of
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plasma-sprayed titanium implants but not on machined and sandblasted titanium placed 

in rabbit femurs. However, Rahal et al. (1993) placed machined titanium screws in 

femurs of mice and observed prominent multinucleated giant cells with phagocytic 

inclusions on the part of screws within the marrow cavity. Sennerby (1991) has observed 

multinucleated cells in a similar rabbit tibia model involving machined titanium. When 

Johansson et al. (1990) compared tantalum, niobium, and titanium sputter-coated on to 

the surfaces of polycarbonate plastic implants in the rabbit tibia model, they noted 

differences in the presence of MGCs between the materials. Multinucleated cells could 

occasionally be recognized at the interface zone for tantalum. They were more numerous 

and more striking at the niobium interface but not observed at the titanium interface. 

Gross et al. (1991) also reported the presence of such multi-nucleated cells at the edge of 

bone trabeculae bonding to hydroxyapatite implants placed in rabbit femurs and on coral 

implants in rat femurs. The same group investigated glow-discharge treatment of 

implants and found ‘osteoclast-like’ cells without ruffled borders on bone-bonding glass 

ceramics implanted in rat femurs (Müller-Mai et al., 1992).

The exact nature of these multinucleated cells has yet to be determined. It is 

interesting to find that Piatelli et al. (1996) noted that the MGCs observed in their study 

showed a negative reaction when stained for acid phosphatase. From this, they deduced 

that these cells were not ‘activated’. They also commented that these cells were present 

mostly where there was a higher quantity of newly formed bone, similar to the 

observations in the chick embryonic femur in this study. The multinucleated giant cells 

present on titanium implants were described by Sennerby (1991) as lacking a ruffled 

border characteristic of osteoclasts. He went on to suggest that these cells could either be 

osteoclasts or foreign body type giant cells and concluded that it was not possible to 

safely distinguish between osteoclasts and foreign body giant cells with morphological 

techniques and that immunocytochemical methods are required. This is only partly 

correct since distinguishing between foreign body giant cells and osteoclasts is difficult, 

even by immunocytochemistry. Kadoya et al. (1994) found that foreign body giant cells 

in peri-implant tissues of loosened total joint arthroplasties showed siginificant 

heterogeneity and in some cases, they were found to express markers for osteoclasts.
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An experiment performed by Webber et al. (1990) may provide some insight into 

the potential for different types of giant cells to form within the haemopoietic system of 

the embryonic chick in response to implant materials. They placed different materials 

directly on the CAM for the purpose of examining giant cell/osteoclast formation. 

Multinucleated giant cells were classed as active osteoclasts by the morphological 

appearance of a ruffled border and immunolabelling with monoclonal antibody 12IF. 

Giant cells formed on devitalised bone grafted on the CAM had ruffled borders and 

stained positive for the antigen. In contrast, those that formed on non-resorbable 

materials such as Sepharose beads, mica and methacrylate lacked ruffled borders and 

were negative for the 121F antigen. The expression of the 12IF osteoclast antigen was 

said to correlate with the appearance and extent of ruffled membrane development. It 

was suggested that the presence of the 121F antigen indicated the developmental or 

functional state of giant cells (osteoclasts) that form on resorbable substrates. Earlier 

chick-quail chimeric experiments by Jotereau & LeDourain (1978) had shown that 

osteoclasts in bone grafted on the CAM orginated fi'om the haematopoietic system of the 

host.

The exact nature of the cells which participate in the repair process in the CAM 

graft model has not been explored in this study. It is anticipated that their identification 

using immunocytochemical methods will be a challenging task since the preservation of 

an intact implant-tissue interface precludes the use of frozen sections and paraffin 

embedding, methods which allow reliable maintenance of antigenicity in the tissues for 

immunolabelling. However, this hurdle will have to be overcome to allow precise 

identification of cells and macromolecules involved in the formation of the implant- 

tissue interface. To date, immunogold labelling coupled with low temperature resin 

embedding techniques have been employed in a limited number of studies on protein 

distribution but have yet to be used for localisation of cell-type specific markers within 

hard tissues surrounding implants in vivo (Nanci et al., 1994; Rosengren et al., 1996).

4.4.3 Immunohistochemistry and enzyme histochemistry

The results of immunohistochemical staining of bone matrix proteins highlights 

the specific problems presented by resin embedded hard tissues. The two matrix proteins
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which were examined, type I collagen and osteonectin, were selected on the basis that 

they are the most abundant bone matrix proteins in foetal bone, although their presence is 

not restricted to bone and they are not necassarily regarded as definitive bone markers. 

Type I collagen makes up 85-90% of the total bone protein. Osteonectin is present in 

high concentrations in the newly mineralised matrix of foetal bone where it is associated 

with collagen fibrils. It is thought to regulate mineralisation by preventing excessive 

crystal growth in the mineral phase. The labelling of these proteins was performed to 

determine if satisfactory penetration of immunoglobulin complexes could be achieved in 

undecalcified sections of the embryonic bone. Bone matrix stained positively for both 

proteins but intracellular labelling was weak.

The methods which may be used for the histologic, histochemical and 

immunohistochemical examination of the hard tissue surrounding hard implants are 

dictated by the need to preserve: (i) cellular and tissue morphology, (ii) the implant-tissue 

interface, (iii) the enzymatic activity in the tissue, (iv) the integrity of antigenic sites. 

The demonstration of antigens and enzymes is particularly sensitive to fixation, 

décalcification and embedding procedures.

Infiltration and embedding of undecalcified bone tissue in methacrylate resins as 

used in this work are standard procedures widely used for bone histology. The 

polymerisation of LR White resin by heat would destroy enzyme activity and protein 

antigenicity in the tissues. Preliminary tests showed that 4% paraformaldehyde in 0.1 M 

phosphate buffer or 1% glutaraldehyde at 4°C followed by embedding in LR White resin 

using chemical polymerisation at 4°C had failed to sufficiently preserve the activity of 

alkaline phosphatase and tartrate resistant acid phosphatase. Subsequent staining for the 

two enzymes was successful only by employing a combination of 90% ethanol for 

fixation and glycol methacrylate for embedding. As glycol methacrylate swelled up in 

water, the resin blocks had to be cut dry. This combined with the softness of the resin 

made the preparation of the sections a slow and difficult task. More expensive systems 

involving polyhydroxydimethacrylate (LR Gold) or ethylmethacrylate/2-hydroxyethyl 

methacrylate (Lowicryl, Techno vit 7200) involving low temperature infiltration and
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polymerisation of the resin by blue or U.V. light are available for overcoming such 

difficulties.

Very recently, Erben (1997) suggested a modified embedding protocol for methyl 

methacrylate which involved the addition of methylbenzoate to the methacrylate 

solution, infiltration and chemical polymerisation at low temperature. The technique 

requires deplasticization of the sections prior to staining but was found to preserve the 

activity of alkaline phosphatase, tartrate resistant acid phosphatase and antigenicity for a 

monoclonal antibody EDI against macrophages and osteoclasts. This protocol may 

signal a further step towards the application of molecular biology techniques for the 

identification of the cell types and gene expression involved in the process of bone 

healing around implants.

4.4.4 Bone formation around the implant

The percentage of the implant perimeter in contact with bone in the resin- 

embedded sections was very low at the beginning of the grafting period. This minimal 

contact was with mineralised bone rather than osteoid since the implants were located in 

the region of the femur away from the subperiosteal region where substantial osteoid was 

present because of the pattern of circumferential growth. Changes to this percentage 

were not clearly evident until after day 3, coinciding with the re-establishment of 

vascularity and resumption of bone formation at the centre of the graft. With new bone 

formation, the percentage of contact with osteoid and mineralised bone increased 

progressively throughout the remaining culture period. Statistically significant 

differences between titanium and Apoceram was found at day 7 when the mean 

percentage contact with bone and osteoid was 27.7 (s.d.±4.5%) for titanium and 38.2 

(s.d.±6.0%) for Apoceram. However, contact with mineralised bone did not differ 

significantly between the two implant materials except at day 9 of the culture period 

when this was higher for Apoceram than for titanium. At day 9, the mean percentage 

contact with bone and osteoid was 38.8+8.6% for titanium and 59.7 (s.d.±6 .8 %) for 

Apoceram, the percentage contact with mineralised bone was 25.0 (s.d.±7.3%) and 47.8 

(s.d.±9.5%) for titanium and Apoceram respectively. The percentage contact length 

provide an indication of the extent of bone formation on the implant surface but is not
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representative of the total amount of bone formed around the implants. Where the 

implant traversed the central marrow cavity, the contact was mostly with a very thin 

seam of bone formed during the later half of the grafting period following either the 

migration of the osteogenic cells along the implant surface or the growth of an existing 

bone trabeculum parallel to the implant surface.

There was variability in the results in sections from the same specimen and within 

each group of specimens for the two implant materials. Several factors may contribute to 

this: biological variations, differences in the implant insertion procedure and errors in the 

histomorphometric measurements. The first factor cannot be avoided. The femurs from 

each donor was implanted with titanium and Apoceram but pairwise comparisons have 

not been made since they were cultured in different hosts. Also in some cases, one of a 

pair of donor femurs showed incomplete integration with the CAM and had to be 

excluded from the histomorphometric analysis. By restricting the analysis to specimens 

which were completely enveloped by the CAM with no signs of necrosis on gross 

examination, variability in results owing to the grafting procedure was minimised. The 

implantation procedure was standardised to a certain extent in that the wound created for 

the insertion of the implant was made to penetrate only the bony collar but it was evident 

in the sections that there were variations in the depth of placement of the implant.

Toluidine blue stained sections were used for the measurement of bone-implant 

contact. This introduced both certain advantages and drawbacks. Fully mineralised bone 

appeared as pale pink on the sections and osteoid stained a bluish purple. Their contrast 

in terms of grey levels in the detected image in the Quantimet setup was excellent, 

whereas staining methods such as von Kossa counterstained with van Gieson or the 

Goldner trichrome method would have given bone and osteoid a similar level on the grey 

scale image. When stains such as haematoxylin and eosin, van Gieson were used on the 

LR White sections, only pale staining was obtained because of the limited thickness of 

the sections. Distinguishing between osteoid and soft tissue contact in toluidine blue 

stained sections was made by checking the section at x400 magnification prior to editing 

the implant outline at x 100 magnification. Other software-related contraints contributing 

to the measurement error are explained in Appendix III. Overall, the observed
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differences between titanium and Apoceram in the late stages of the culture period are 

greater than the variability in the measurement procedure. Tetracycline labelling prior to 

the retrieval of the grafts confirmed the location of the mineralisation fronts at sites of new 

bone formation. If the rate of bone formation were to be quantified using multiple 

fluorochrome labels, sections which are at least 1 0 pm thick will be required to prevent 

fading of fluoresence (Baron et al., 1983). They would only be obtainable either by 

removal of the implant prior to re-embedding and sectioning or by using ground section 

techniques requiring greater tissue bulk.

Despite the short duration of the CAM graft experiments in this project, mean 

percentages of bone-implant contact of 25.0% and 47.8% were found for titanium and 

Apoceram respectively. The figures for Apoceram are comparable with those of 

bioactive glass-ceramics in reports of short-term experiments in vivo. In an experiment 

involving 200-355pm granules of apatite-wollastonite containing glass-ceramic and 

hydroxypatite placed in 2.5mm diameter defects in rats, Ono et al. (1990) have reported 

60% coverage of the granule surface with bone for the glass-ceramic and 2 0 % coverage 

for hydroxyapatite at 2 weeks after implantation. Gross and Struntz (1985) found 5-75% 

glass-ceramic-bone contact at 2  weeks in the rat femur which was dependant on glass 

composition. Reports on titanium in vivo tend to focus on much later periods and show 

higher bone-implant contact than that found in the CAM graft model. The percentage of 

bone contact length with porous titanium implants was reported by Pilliar et al. (1991a) 

to be approximately 50%, a value also suggested by Hipp and Brunski (1987) for 

integrated commercially pure titanium implants. The CAM graft model is unique in the 

dimensions of the grafts and implants. The average thickness of each trabeculum within 

the embryonic chick femur is between 30-50pm. The thickness of each implant is 

around 150pm. Where the implant passed through the collar of bone in the mid- 

diaphysis, the implant surface is no more than 1 0 pm from the existing bone trabeculae at 

the start of the grafting period. The gap to be bridged by new bone is quite small. Where 

the implant traversed the central marrow cavity, the seams of new bone formed on or 

near the surface of the implant were around 15 pm thick at 9 days after grafting, giving an 

indication of the rate of new bone apposition.
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There are crucial differences between different experimental studies: the type of 

implant, the site of implantation, the species of animal and the loading conditions. Also, 

details of the experimental design and measuring techniques have to be considered. The 

method by which bone-implant contact was determined also differed widely between 

studies. Most reports rely on a single section of each specimen. The thickness of the 

sections varied. Since the perimeter of most dental implants would be much larger than 

the visible field at even the lowest magnification on a light microscope, most of the 

measurements were carried out at very low magnification and the percentage reported 

may relate only to part of the whole implant perimeter, for instance, where the implant 

passed through cortical bone. All these factors imply that percentages of bone-implant 

contact cannot be taken at face value although they are useful for within experiment 

comparisons between materials. There is some evidence that a positive correlation exists 

between removal torque and the percentage of bone-implant contact, at least in screw- 

type metal implants (Johansson & Albrektsson, 1987).

4.4.5 Ultrastructure of the bone-implant interface

Ultrastructural studies of the bone-implant interface are rare, probably because of 

the complexity of specimen preparation. The results of the fracture technique used in 

these experiments for specimens containing titanium implants did not produce consistent 

clean separation between the implant and the bone tissue. In some sections of the re­

embedded tissue, discontinuities of cell outlines could be seen. In all the sections 

included in the results section in this chapter, an electron dense line was always present. 

Ultrastructural examination of the bone-titanium interface revealed that mineralised 

matrix did not come into direct contact with the implant surface. There was a 200- 

SOOnm thick layer interposed between mineralised bone matrix and the implant. This 

correlates with the observation of the basophilic line at the interface at light microscopy 

level at x400 magnification. It has been suggested that mineralised bone can be 

deposited as closely as 100-500nm to endosteal dental implants (Steflik et al., 1992c). 

Many features have been reported in the region between the mineralised matrix and the 

implant: a finely fibrillar layer (Steflik et al., 1992c), amorphous material (Sennerby,
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1991; Murai et al., 1996), cell debris (Nanci et al., 1994). Both fibrillar and amorphous 

material have been observed in the relatively immature bone-titanium interface in the 

CAM graft model. Steflik et al. (1994) also reported that the outer aspect of mineralised 

bone was coated by an electron dense deposit 20-5Onm thick and at times only this 

deposit separate the bone and implant. This deposit has been referred to as a lamina- 

limitans like line by Sennerby et al. (1992) and Nanci et al. (1994). Although an electron 

dense line was consistent present at the interface in the CAM graft model, it is not known 

if this is the same as the lamina-limitans layer referred to by other authors.

The ultrastructure of the interface between Apoceram and chick embryonic bone 

shows a variety of features similar to those reported in studies involving other bioactive 

glasses. There are areas where mineralised matrix is in complete contact with the 

implant surface. Mineral deposits, often globular in shape, fused with the implant 

surface and there is a less dense region, in which similar deposits intermingle with 

collagen fibres, interposed between the heavily mineralised matrix and the implant 

surface. This has been reported both in vivo (Hench, 1988; Gross and Strunz, 1985) and 

in vitro (Matsuda & Davies, 1987) for bioactive glasses and glass ceramics. Hench & 

Andersson (1993) reviewed the mechanisms by which bioactive glasses became bonded 

to bone. The dissolution of alkali ions from the glass surface under physiological 

conditions leaves a SiOz rich layer which protects the bulk glass from further attack. A 

calcium phosphate rich layer then developes on this surface and hydroxapatite crystals 

are formed. It is this layer to which collagen fibres, produced by nearby osteoblasts, 

become attached. Further mineralisation of the matrix leads to the so called bone- 

bonding phenomenon.

4.4.6 Does the model mimic bone healing in vivo?

The femur model used in this project has features which resemble as well as 

differ from bone healing in vivo. Repair of the wound created for the insertion of the 

implant proceeded in the same manner as was observed by Takahashi et al. (1991) as 

well as Bale & Andrew (1994). Both groups had placed fractured long bones on the
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CAM and followed the repair process. This was characterised by healing without an 

external callus and minimal inflammatory response. The wound edges were bridged by 

subperiosteal bone formation. The repair progressed rapidly and granulation tissue was 

not a significant feature. This is quite different from the way many bone fractures heal in 

vivo.

The majority of bone fractures heal by a process referred to as secondary healing, 

which can be divided into three stages (Simmons, 1985). The first is the inflammatory 

stage which involves the formation of a blood clot by blood released from vessels 

damaged in the fracture; vasodilation of surrounding vessels; the addition of exudate 

(plasma and cells) to the clot and a fall in pH. Following this, the ruptured vessels clot, 

bone cells whose nutrition has been disrupted, die. At this point phagocytic cells move 

in to remove necrotic tissue. The second, reparative stage overlaps the inflammatory 

stage and involves the formation of a fracture callus which bridges the break in the bone. 

Capillaries proliferate and invade the blood clot whilst pluripotential mesenchymal cells 

in the periosteum and endosteum proliferate and differentiate. Cartilage is formed within 

the haematoma, giving rise to the callus which is further strengthened by endochondral 

ossification and bone formation on existing bone surfaces, resulting in bony trabeculae 

bridging the fracture and continuing until all the cartilage has been replaced. The third 

stage is the remodelling of the fracture site until bone is restored to near normal strength, 

form and function.

Callus formation is clearly absent in the femur CAM graft model. In this respect, 

it is not a system which resembles secondary bone repair. However, we need to consider 

two other models of bone healing in vivo. The first is experimental cortical bone defect 

healing and the second is direct or primary fracture healing where there is close 

approximation of the fragment ends under stable conditions.

Drilling of small bur holes in cortical bone in experimental animals leads to 

activation of bone-forming cells and a scaffold of woven bone is formed quickly within 

the defect. The new trabeculae are randomly oriented, with numerous blood vessels in 

the intertrabecular compartments. A continuous layer of osteoblasts is found on the
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surface of the trabecular scaffold and these cells deposit lamellar bone on the walls of the 

intertrabecular spaces leading to the narrowing of the holes. Subsequent remodelling of 

the newly formed bone completes the healing process. There are several notable 

features. Bone formation does not occur via endochondral ossification. Bone tissue is 

deposited on a solid surface which is provided either by the defect wall onto which the 

primary scaffold of woven bone is anchored or, later, by the surfaces of the woven bone 

trabeculae. Osteoclasts appear at the onset of cortical bone remodelling within the 

avascular cortical rim of the bur hole. There is a critical size above which complete bone 

infill would not occur and it varies depending on the site and the animal species. Primary 

bone healing across small gaps between fractured bone ends with stable fixation follows 

a similar process. Blood vessels and mesenchymal cells invade the gap and osteoblasts 

deposit bone on the surface of the fragment ends. The gap then becomes filled by 

lamellar bone and remodelling follows. (Schenk & Hunziker, 1994)

When we consider early bone healing around implants with stable fixation in 

precisely drilled and tapped holes in experimental animal models, the early post­

operative situation is nearer to the last two in vivo bone healing models discussed above. 

Both of these models have minimal inflammatory response at the defect site and a 

cartilaginous callus is also absent. For the femurs with implants which were cultured on 

the CAM, there was complete disruption of blood supply during the initial period. This 

probably does not happen in vivo but the observed pattern of healing is similar to the in 

vivo primary bone healing models. It has to be acknowledged that the graft is not subject 

to mechanical loads in culture. The embryonic nature of the graft tissue and host is the 

key to the rapid rate of repair in the CAM graft model. It is known that foetal bone 

healing in vivo is characterised by its rapidity in addition to minimal soft-tissue 

inflammation and absence of callus formation (Longaker et al., 1992).

There are other features unique to the culture system which deserve 

consideration:
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4.4.6.1 Immunological capacity of the host chick embryo

According to Hall (1978), rejection mechanisms within the embryonic chick 

develop at around 15 or 16 days of incubation. His recommendation was that non­

mammalian grafts could be retrieved at up to 18 days of incubation of the host and 

mammalian tissues should be retrieved at 15 or 16 days of incubation of the host. The 

the immunological activity of the chicken embryo is primarily effected by the thymus 

and bursa and cell-mediated immunity appears in the second week of incubation 

(Jankovic et al., 1975). Vainio et al. (1989) found that CD4^ cells (including peripheral 

T-cells and thymocytes) first appeared in the thymus on day 13 of embryonic life but 

were not present appeared in the peripheral blood until after hatching. The implication is 

that the model is not suitable for studying immune responses to grafted tissue as well as 

any implanted materials but can also be viewed as a system in which tissue responses can 

be observed independent of immune reactions.

4.4.6.2 Avian vs mammalian bone

The pattern of organogenesis in avian long bones is different from that in 

mammalian long bones (Hall, 1987). In the chick embryo, initial mineralization of the 

primitive bone collar occurs without concurrent mineralisation of cartilage and unlike 

mammalian osteoclasts, avian osteoclasts resorb uncalcified cartilage matrix during the 

formation of the primitive marrow cavity (Caplan & Pechak, 1987). In addition to this 

the architecture of avian bone differs from mammalian bone due to different 

physiological requirements (see discussion in Chapter 3). However, they share similar 

cell and matrix components. Moreover, endochondral and membranous ossification 

occur during skeletal growth in both avian and mammalian bone (Hall, 1987).

4.4.7 How does the model compare with bone organ culture in vitro^

The CAM cultured femur maintains its viability and shows excellent bone growth 

compared to bone organ cultures in vitro. Foetal long bone of chick, rat and mouse 

origins has been used in many in vitro studies but its limitation for studying bone 

formation is reflected by the fact that the majority of the experiments related to bone 

resorption and not bone formation. In long-term organ culture of long bones, the
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osteogenic precursors from the periosteum and endosteum differentiate into osteoblasts 

which synthesise matrix that subsequently mineralises but only at a slow rate (Roach, 

1994). Gaillard et al. (1979) also commented that the formation of a marrow cavity in 

chick long bones is difficult to attain in culture in vitro. The main advantage of the CAM 

cultured femur over in vitro preparations is its unique capacity for repair, a characteristic 

important for the examination of healing response to implants which is not facilitated by 

in vitro culture conditions. Bone formation continues unimpaired in the CAM graft 

when vascularity is established, in contrast with the limited bone formation which can be 

obtained in vitro.

4.5 The main findings:
1. The events in the development of the implant-containing femoral graft on the CAM 

follow a consistent pattern involving cell death; revascularisation of the graft; 

reorganisation of the marrow; repopulation of the bone surface within the centre of 

the graft by viable cells.

2. There is minimal inflammation and absence of cartilaginous callus formation during 

the healing of the wound created for implant insertion.

3. The space adjacent to the implant was initially filled with blood cells which 

degenerated and were removed by macrophages between days 3 to 5. Migration of 

mesenchymal cells onto the implant surface was evident by day 3 after grafting.

4. The degree of bone-implant contact was greater for Apoceram than for titanium at the 

end of the grafting period.

5. Where the implant traversed the central marrow cavity, new bone formation 

originating from the implant surface was frequent for Apoceram but not titanium.

6 . Multinucleated giant cells which were positive for tartrate resistant acid phosphatase 

were observed on Apoceram but not on Titanium.

7. The variety of features observed at the bone-implant interface at ultrastructural level 

in the femoral CAM graft model resemble that reported in vivo.
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5. Bone response to local release of basic 
fibroblast growth factor in the CAM graft model

5.1 Introduction

The identification and purification of bone growth factors and more recently their 

production using recombinant technology have stimulated investigations into the in vitro 

and in vivo effects of these factors on bone formation and repair. Many animal 

experimental studies pointing to the potential clinical applications of bone growth factors 

have appeared in the literature during the course of this project. These include the 

enhancement of incorporation of bone grafts (Yaszemski et al., 1996), bone defect 

reconstructions using natural or artificial growth factor carriers (Meikle et al., 1994; 

Okuda et al., 1995; Hollinger & Leong, 1996; Busch et al., 1996), and inducing bone 

formation around dental implants (Jin et al., 1994). The questions asked in a clinical 

context are whether there is a way of accelerating the process of osseointegration and 

whether the quantity of new bone formation can be increased around implants?

Often conflicting results are found in in vitro and in vivo experiments. The 

addition of growth factors to an injured area does not always enhance tissue repair. 

Many animal wound models designed to assess experimental treatments are underscored 

by the complex relationships between biologic regulatory molecules, their temporal 

profile and concentrations, the interplay among cells and the local microenvironment.

5.1.1 Aim and objective

The aim of this experiment was to assess the feasibility of using the femoral graft 

model for studying the effects of local delivery of growth factors on bone healing. Basic 

fibroblast growth factor was chosen as the effector and the objective was to deliver this 

factor in a localised manner to embryonic chick femurs grafted on the CAM and to assess 

whether there was earlier or increased bone formation around the growth factor carrier in 

the grafts compared to a control group of grafts implanted with the carrier vrithout the 

growth factor.
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5.1.2 Bone growth factors implicated in bone repair

Recent studies on fracture healing suggest regulatory roles for platelet derived 

growth factor (PDGF), acidic fibroblast growth factor (aFGF), basic fibroblast growth 

factor (bFGF), transforming growth factor (TGF-p) and the bone morphogenetic proteins 

(BMPs) in the development of the fracture callus (Bolander, 1994). Table 5.1 lists the 

grovWih factors implicated in bone repair and some of their known biologic activities.

Table 5.1 Growth factors implicated in bone repair

Growth
Factors

Produced by Matrix
Location

Biologic Activities

TGF-P Platelets, inflammatory 
cells (monocytes, 
macrophages), 
osteoblasts, 
chondrocytes

Bone is the most 
abundant source of 
TGF-P in the body

Regulation of matrix 
calcification, stimulation 
of osteoblast activity, 
chemoattractant for 
macrophages, promotes 
angiogenesis

BMPs Osteoprogenitor cells 
Chondrocytes

BMPs were originally 
identified in bone but 
are now known to be 
widely distributed in the 
body e.g. urinary 
bladder epithelium, 
brain

TGF-P-like structure, 
may be involved in 
cartilage formation, 
important regulator 
during embryogenesis

Fibroblast Growth 
Factors

Inflammatory cells,
osteoblasts,
chondrocytes

Binds heparan sulphate 
proteoglycans in bone 
and cartilage matrix

Stimulates 
neovascularisation, 
chemoattractant and 
mitogen for 
chondrocytes and most 
cells of mesoderm or 
neuroectoderm origin

Platelet-derived Growth 
Factors

Platelet, monocytes, 
activated macrophages, 
endothelial cells

Interactions unknown Mitogenic for most cells 
of mesoderm origin

Insulin-like Growth 
Factors

Osteoblasts, 
chondrocytes, liver

Interactions unknown Mitogenic, promotes 
cartilage synthesis, acts 
as second messenger to 
PTH, modulator of other 
growth factors

5.1.2.1 Basic fibroblast growth factor

Basic fibroblast growth factor (bFGF) is a member of the fibroblast growth factor 

(FGF) family, currently comprised of seven related mitogenic proteins which show 35- 

55% amino acid conservation. bFGF has been isolated from a number of sources, 

including neural tissue, pituitary, adrenal corex, corpus luteum and placenta. It
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stimulates the proliferation of all cells of mesodermal origin, and many cells of 

neuroectodermal, ectodermal and endodermal orgin (Gospodarowicz, 1992). The cells 

include fibroblasts, endothelial cells, astrocytes, oligodendrocytes, neuroblasts, 

kératinocytes, osteoblasts, smooth muscle cells, and melanocytes. bFGF is chemotactic 

and mitogenic for endothelial cells in vitro.

Several in vitro studies which evaluated the effect of FGFs on bone forming cells 

have produced contradictory results. Rodan et al. (1987b) showed that acidic fibroblast 

growth factor (aFGF) extracted from bovine brain, was a potent mitogen for both 

osteoblastic and non-osteoblastic cell cultures derived from rat calvaria but an inhibitor 

of the expression of osteoblastic features. Canalis et al. (1988) found that basic fibroblast 

growth factor (bFGF) had similar effects. Further in vitro studies by Globus et al. 

(Globus et al., 1988; Globus et al., 1989) revealed that FGFs present in bone matrix were 

the product of osteoblast secretion, rather than of the endothelial cells from the local 

vascular network and confirmed that bFGF is more potent than aFGF as a mitogen.

Pitaru et al. (1993) treated rat bone marrow stromal cells with bFGF and found 

increased proliferative activity as well as increased cAMP responsiveness to PTH, 

alkaline phosphatase activity and osteocalcin expression. Their conclusion was that 

bFGF increased the osteogenic differentiation of bone marrow stromal cells in addition to 

being mitogenic.

Iwasaki et al. (1995) in a study of the in vitro effects of TGF-p and bFGF on 

periosteal mesenchymal cells, showed that these cells, under the stimulus of bFGF, 

tended to increase their replicative rate, but did not show any tendency to differentiate 

without the addition of TGF-p. These findings were suggestive of the existence of a 

synergistic effect of bFGF with TGF-p.

In vivo, FGFs have been found to promote cell proliferation, stimulate tissue 

regeneration and wound repair, and induce angiogenesis (Gospodarowicz et al., 1992; 

Eppley et al., 1988; Schweigerer, 1990). FGFs play a significant role in the early phases 

of embryonic development, where these factors might provide the tissues of an efficient
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network of local proliferative-differentiative signals, in the absence of a well-established 

vascular system (Schweigerer, 1990). Frenkel and Singh (1991) studied the effect of 

administration of bFGF in chick embryos and found an increased number of osteoblasts 

in the femurs of treated embryos but a reduction of collagen synthesis compared with the 

control group. Nakamura et al (1995) reported that systemic administration of 

recombinant human bFGF in rats induced endosteal, rather than periosteal, bone 

formation. A series of in vivo studies by Wang and Aspenberg showed that local 

infusion of bFGF promoted bone formation in a dose and time dependant way in bone 

grafts placed within titanium chambers in rats (Wang & Aspenberg, 1993; Wang & 

Aspenberg, 1994; Aspenberg et al., 1994; Wang & Aspenberg, 1996a). Higher doses of 

bFGF induced fibroblastic rather than osteoblastic cell proliferation, whereas lower doses 

had the opposite effect. However, an earlier study by Eppley et al.(1988) showed no 

evidence of increased osteogenesis when bFGF was infused into bone grafts placed 

directly on the mandibles of skeletally mature rabbits despite increased blood vessel 

formation.

While most studies reported a proliferative effect of bFGF on osteoblastic cells, 

there are some doubts about its influence on their differentiation. The general opinion is 

that there is an inhibitory action of FGFs on osteoblast and chondroblast differentiation, 

in exchange for a longer proliferative activity, both in vivo and in vitro (Hauschka, 1990; 

Frenkel and Singh, 1991; Gospodarowicz, 1992; Jingushi et al, 1995). Yet, other studies 

revealed a different effect of bFGF, which, in some conditions, would promote 

differentiation rather than delaying it (Nakamura et al, 1995; Wang and Aspenberg, 

1996a; Iwasaki et al, 1995). Various explanations of these differences in observations 

have been proposed. Pitaru et al (1993) suggested that there was a synergistic effect 

between FGFs and medium supplements including dexamethasone, ascorbic acid and p~ 

glycerophosphate which lead to osteocalcin synthesis, increased ALP activity and Ca^  ̂

deposition, all marks of osteoblastic differentiation. The functional interaction between 

bFGF and TGF-p also came under scrutiny. Early studies showed that the two factors 

would co-operate in promoting bone cells proliferation, but reducing the synthesis of 

osteocalcin (Globus et al, 1988). On the contrary, experiments by Iwasaki et al (1995) 

showed that TGF-P would oppose, rather than add to FGFs effects, inhibiting mitotic
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event, and inducing collagen production. Further evidence of a link between the two 

factors was presented by Nakamura et al (1995) who found that treatment with bFGF 

lead to an increased immunostaining of preosteoblastic cells for TGF-p in rats. 

However, in an in vivo experiment in which alveolar bone defects in dogs were treated 

with a combination of bFGF, IGF-2 and TGF-p, no differences in fibroblast and collagen 

density were detected, and indeed, bone formation was more significant in the control 

than in the test group (Selvig et al, 1994).

In summary, most in vitro studies show that bFGF stimulates osteoblastic cells 

into proliferation and inhibits their phenotypic expression and in vivo experiments seem 

to show an increase in bone formation in response to its local or systemic application. 

The following investigation was set up to explore the effect of bFGF on bone formation 

within CAM grafted femurs, taking into consideration the question of how well the 

model fits into picture provided by in vitro and in vivo findings reported in the literature.

5.2 Materials and Methods

5.2.1 Preparation of implants loaded with bFGF

Agarose beads (Affi-Gel® Blue Gel, Bio-Rad Laboratories, Hercules, U.S.A.), 

size 100-200 mesh (wet), were washed in PBS and transferred to lOOpI of sterile PBS in 

a tissue culture dish. A 2pl drop of PBS containing 2pg of bovine bFGF (R&D Systems, 

Abingdon, U.K) was placed in the same dish. The agarose beads were placed into the 

growth factor solution and allowed to soak for one hour at room temperature.

5.2.2 Insertion of implants and grafting

The carrier beads containing either bFGF or PBS as control were implanted in the 

mid-diaphyses of 14 day old chick embryonic femurs which were grafted on the CAM of 

host eggs which had been incubated for nine days.

5.2.3 Histology & histochemistry

The grafts were harvested after 6 , 7 and 9 days of incubation and were fixed 

either in 4% paraformaldehyde, dehydrated and embedded in LR White resin, or fixed in
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95% ethanol, dehydrated and embedded in glycol methacrylate resin. LR White 

embedded specimens were sectioned and stained with toluidine blue. Glycol 

methacrylate embedded specimens were stained for alkaline phosphatase using Sigma 

Kit N 0 .8 6 R.

5.3 Results

Femurs implanted with carrier beads with and without bFGF were harvested after 

6 , 7 and 9 days’ incubation. Grafts in which the femur had not been completely covered 

with the CAM and showed signs of necrosis were excluded from the analysis.

Table 5,2 Grafts of femur implanted with carrier beads

Duration of Culture Implant No. of grafts made No. of grafts 
analysed

6 days control 12 8
bFGF 12 8

7 days control 12 12
bFGF 12 12

9 days control 12 10
bFGF 12 10

A qualitative evaluation was carried out by assessing the following regions for 

several features:

1. The surface of the bead
Cell density rated I

II
III

Is the bead in contact with cells?
osteoid?
mineralised bone?

Within one bead diameter from the bead surface
Cell density rated I

II
III

Is there an increase in osteoid thickness?

normal appearance 
moderately increased 
highly increased

yes = +, no = 0  

yes = +, no = 0  

yes = +, no = 0

normal appearance 
moderately increased 
high increased

yes = +, no = 0
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3. Central marrow cavity

Is there a condensation of ceils into a trabecular pattern? yes = +, no =o
Is there formation of osteoid within the cavity? yes = +, no =o
Is there formation of mineralised bone within the cavity? yes = +, no =o

The results are presented in Tables 5.3 to 5.5.

The overall picture showed a consistent effect with the beads carrying bFGF; 

namely, cell proliferation on the surface and for several cell diameters from the bead and 

an increase in the amount of osteoid slightly further away from the bead. The effect 

appeared to be localised as the tissues distant to the bead appeared normal. Condensation 

of cells into trabeculae and subsequent bone formation was seen in the central marrow 

cavity in most of the grafts in the test group.

The control group, i.e. grafts with beads only soaked in PBS also showed a 

consistent pattern: the surfaces of the beads were surrounded by normal mineralised 

bone, osteoid or marrow tissue. The central marrow cavity remained clearly defined 

without signs of increased cell proliferation. Figures 5.1 to 5.6 show the histological 

appearance of the tissues surrounding the beads.

The morphology of the cells surrounding the beads with bFGF resembled 

osteoblasts. When sections were stained for alkaline phosphatase, a distinct difference 

was found between the test and the control groups (Figures 5.7 and 5.8). The five to six 

layers of cells immediately surrounding the bead with bFGF were negative for alkaline 

phosphatase. Further away, intense staining of alkaline phosphatase was present on cells 

overlying the bands of osteoid. In the control group, alkaline phosphatase staining was 

found throughout the graft, including the cells adjacent to the bead if it was not 

completely surrounded by mineralised bone.
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Figure 5.1 Cross-section offemur from the control group at day 9. The wound 
created for the insertion o f the agarose bead has healed completely. The bead is 
surrounded by mineralised bone (arrow) and marrow tissue (*). Toluidine blue stain.

KJ-.

m

Figure 5.2 Cross-section offemur from test group at day 9. There is a localised
increase in cell density around the bead (*). Further away, the thickness o f the osteoid 
(os) layer is increased. The central marrow cavity (me) is filled with new bone 
trabeculae.
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Figure 5.3 Femur from the control group at day 7. Osteoid (*) and new bone
(arrow) formation around the agarose bead.

%

Figure 5.4 Femur from the control group at day 9. This bead is almost completely
surrounded by mineralised bone (arrows).
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Figure 5.5 Test group at day 7, there is a massive increase in cell density(*) around 
the bead and thick layers o f osteoid (arrows) further away.

/ «%
Figure 5.6 Test group at day 9, the increased cell density(*) and osteoid thickness 
(arrows) are still apparent.
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Figure 5.7 Control group at day 7. The cells surrounding this bead stain positively 
fo r alkaline phosphatase (in red). Counterstain haematoxylin.
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Figure 5.8 Test group at day 7. Alkaline phosphatase staining is conspicuously 
absent in the cells (*) around the bead up to 5 cell diameters away from its surface.
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bFGF Control
FEATURES 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
On surface o f bead 
Cell density III II II II III III II II 1 1 1 1 1 1 1 1
Contact with cells + + + + + + + + + + + + + + + +
Contact with osteoid + 0 0 0 0 0 0 0 + + + + + + + +
Contact with mineralised bone 0 + 0 + 0 + + + + + + + + + + +

One bead diameter awav
Cell density III III II II III III III II 1 1 1 1 1 1 1 1
Thickening of osteoid layer + + + + + 0 0 0 0 0 0 0 0 0 0 0

Central marrow cavitv
Cell density II 1 II III III III III III 1 1 1 1 1 1 1 1
Condensation of cells into + + + + + + 0 + 0 + 0 0 0 0 0 0
trabeculae 
Presence of osteoid + + + + + 0 0 + 0 + 0 0 0 0 0 0
Formation of mineralised bone 0 + 0 + + 0 0 0 0 + 0 0 0 0 0 0

I normal appearance I I
+ present o absent

moderately increased I I I  highly increased

Table 5,3 Day 6 after grafting femurs containing agarose beads on CAM



bFGF Control
FEATURES 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12
On surface o f bead 
Cell density III III III III II III III III III II III III 1 1 1 II 1 1 1 1 1 1 II 1
Contact with cells + + + + + + + + + + + + + + + + + + + + + + + +
Contact with osteoid 0 0 0 0 + + + 0 + + + 0 0 0 + + + + 0 0 0 + 0 +
Contact with mineralised bone 0 0 0 + + 0 + + + + 0 + 0 + + + + + + + + + 0 +

One bead diameter awav
Cell density III III III III II III III III III II III III 1 1 1 II 1 1 1 1 1 1 1 1
Thickening of osteoid layer + + 0 + 0 + 0 + + + + + 0 0 0 0 0 0 0 0 0 0 0 0

Central marrow cavitv
Cell density III II III III 1 II III II 1 1 1 1 1 1 1 II 1 1 1 1 1 1 II 1
Condensation of cells into + + + + + + + + + + + + 0 0 0 0 0 0 0 0 0 + 0 0
trabeculae 
Presence of osteoid + + + + + + + + + + + + 0 0 0 0 0 0 0 0 0 0 0 0
Formation of mineralised bone + 0 + + + + + + + + + + 0 0 0 0 0 0 0 0 0 + 0 0

I normal appearance I I
+ present o absent

moderately increased I I I  highly increased

Table 5.4 Day 7 after grafting femurs containing agarose beads on CAM



bFGF Control
FEATURES 1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
On surface o f bead 
Cell density III III III III III II III III III III 1 1 II 1 1 1 1 1 1 1
Contact with cells + + + + + + + + + + + + + + + + + + + +

Contact with osteoid + 0 0 + + + 0 + + 0 0 0 + + 0 + 0 0 0 0
Contact with mineralised bone + 0 0 0 + + 0 + 0 0 + + + + 0 + + 0 + +

One bead diameter awav
Cell density III II II III II 1 1 II II 1 1 1 1 1 1 1 1 1 1 1
Thickening of osteiod layer + 0 0 + 0 + 0 + + 0 0 0 0 0 0 0 0 0 0 0

Central marrow cavitv
Cell density II 1 II II II 1 1 II 1 II 1 1 II 1 1 1 1 1 1 1
Condensation of cells into + + + + + + 0 + + + 0 0 0 0 0 + 0 0 0 0
trabeculae 
Presence of osteoid + + + + + 0 0 + + + 0 0 0 0 0 + 0 0 0 0
Formation of mineralised bone + + + + + + 0 + + + 0 o 0 0 0 + 0 0 0 0

I normal appearance I I  moderately increased I I I  highly increased
+ present o absent

Table 5.5 Day 9 after grafting femurs containing agarose beads on CAM



5.4 Discussion

The findings in this experiment confirm current concepts of the effects of bFGF 

on bone formation. The histology of the femur sections clearly shows a different local 

tissue reaction in the presence of beads carrying the growth factor, compared to the 

control group. In a typical section from the control group, the repair of the wound 

created by the insertion of the carrier bead was completed by day 6. This is in keeping 

with the findings in the earlier implant experiments. The cross-section of the femur 

showed more bone-forming cells and thicker layers of non-mineralised matrix in the 

subperiosteal region, as expected for normal circumferential growth. The cell density 

and bone architecture around the bead was the same as distant areas at the same depth 

within the section. A well-defined central marrow cavity was present in nearly all of the 

control group specimens.

In the test group, the examination of the sections reveals a proliferative effect 

around the bead. On the surface of the bead was a large number of cells showing 

osteoblastic morphology without matrix formation but more abundant osteoid further 

away from the bead, suggestive of the presence of a strong proliferative stimulus from 

the locally released growth factor. The absence of alkaline phosphatase in the several 

cell layers on the bead surface is a clear illustration that the cells in a proliferative phase 

show reduced phenotypic expression.

An increase in cell density was also observed in the marrow spaces together with 

bone formation within the central marrow cavity. The normal growth pattern in which 

endosteal resorption leads to the enlargement of the marrow cavity was affected by the 

presence of bFGF. This is inferred from the high number of cases where the marrow 

cavity was markedly reduced or even obliterated by new bone trabeculae. The formation 

of these trabeculae within the central marrow cavity could have arisen from bone marrow 

stromal cells which have differentiated into osteoblasts. In vitro work by Pitaru et al. 

(1993) has demonstrated that bFGF has a strong promoting effect on osteogenesis in 

bone marrow stromal cell cultures.
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There are several ways in which exogenous bFGF may lead to increased bone 

formation

1. Direct stimulation of proliferation of bone forming cells resulting in an increase 

in total bone formation.

2. Direct stimulation of differentiation of the bone cells.

3. A combination of 1 and 2.

4. Via synergistic effects with other bone growth factors already present in bone 

matrix

5. As an indirect consequence of increased angiogenesis.

This CAM graft experiment provides direct confirmation of point 1. Point 2 and 

3 cannot be confirmed or excluded since the relatively higher concentration of the growth 

factor immediately around the bead resulted in proliferation rather than differentiation, 

but it is not known whether the increased bone matrix formation further away from the 

bead was solely due to the higher number of osteogenic cells or not. However, the 

deposition of new bone trabeculae within the central marrow cavity, where they were not 

expected to form during normal growth, may be an indication that pleuripotential marrow 

stromal cells were stimulated into differentiation into osteoblasts by the growth factor. 

The mechanisms underlying possible synergism between growth factors can only be 

adequately explored using in vitro cultures where serum-free medium can be used to 

control precisely the amount and combination of growth factors. The embryonic femur 

cultured on the CAM would be subject to the growth factors released from the bone 

matrix during the implantation procedure, those produced by the cells and to circulating 

growth factors from the host, a situation more akin to in vivo systems. The effect of 

bFGF on angiogenesis has not been explored in this experiment. Even within the control 

group, new blood vessel formation was a prominent feature in this grafting system. 

Distinguishing bFGF effects above this background level of activity will require detailed 

histomorphometric analysis.
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5.4.1 The mode o f delivery o f the growth factor

The agarose carrier used in this experiment was chosen instead of other carriers 

such as hydroxyapatite, collagen or demineralised bone matrix which are known for 

exerting their own effects on bone formation in addition to growth promoting substances 

they may carry. The growth factor in solution was absorbed into the highly hydrophilic 

polymer network rather than adsorbed on the surface as could be the case for other solid 

polymeric carriers, unless the growth factor was physically dispersed within the 

polymeric matrix by compression moulding. The dynamics of release of the growth 

factor from the agarose beads used in this set of experiments is unknown, although the 

system has been successfully used to evaluate the effect of FGF-4 on tooth 

morphogenesis (Vaahtokari et al., 1996), and to deliver bFGF blocking antibodies in 

CAM grafts of chick embryonic calvaria (Moore, 1997).

By administering the gro^vth factor locally rather than systemically, a 

concentration gradient would be present within the cross-section of the femur. Cells 

close to the bead, where there was a higher concentration of growth factor, showed 

continued proliferation at the expense of differentiation, although cells further away from 

the bead at the intermediate area where the concentration of bFGF was lower expressed 

alkaline phosphatase and formed osteoid. Several in vivo studies in which bFGF was 

released locally have shown increased mesenchymal cells and osteoid-like tissue within 

bone allografts and hydroxyapatite (Wang and Aspenberg, 1994, 1996a, 1996b).

Given that many growth factors exhibit effects on multiple cell types, systemic 

administration of grovv4h factors for therapeutic use may produce undesirable effects in 

addition to the therapeutic targets. In the case of bFGF, Mazuè et al. (1992) found that 

repeated intravenous adminstrations of high doses in monkeys and rats resulted in 

normochromic, normocytic anaemia. Urea, serum creatinine, total serum protein, 

albumin and urinary protein were affected and there were lesions in the kidney glomeruli. 

Hyperostosis was found only in rats in the stemae and femurs where there was 

proliferation of trabecular bone within the diaphyseal cavity. These changes reduced but 

did not disappear completely with time. Localised delivery of the growth factor should 

reduce undesirable side effects. The local effects of bFGF seen in this study are
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encouraging in this respect. Further work is needed to study the binding of the growth 

factor to surfaces of metal and ceramic implant materials and their release into the peri- 

implant tissues. bFGF is known to have an affinity to heparin and heparan sulphate 

proteoglycans (HSPGs). A coating of HSPGs may be a potential vehicle for releasing 

the growth factor from implant surfaces.

5.4.2 The time factor

In the test group sections, the observed cell proliferation and abundance of 

osteoid matrix which had yet to become mineralised by the end of grafting period, would 

indicate a delayed expression of the osteoblast phenotype. It is likely that in a late phase, 

following the cessation of the effect of bFGF, full mineralisation of the matrix would 

result. The duration of the experiment did not allow the follow-up of the biphasic effect 

which has been suggested in reports of in vivo experiments. Nakamura et al (1995) in an 

in vivo study in rats, reported that systemic administration of bFGF daily for 7 days led to 

an increase of preosteoblastic cells in the first 1-3 days, then a differentiation of such 

cells into osteoblasts, and finally, after the fifth day, a production of new bone. In other 

words, the proliferative event was limited to an initial phase which, in time, is followed 

by the onset of phenotypic expression.

5.5 Conclusion

Basic fibroblast growth factor delivered locally in the femurs promoted cell 

proliferation. The cells adjacent to the carrier bead did not produce alkaline phosphatase 

or differentiate osteogenically, indicating that when in a proliferative mode their 

phenotypic expression was reduced. Compared to the control group, more immature 

bone matrix was present in the region beyond the zone of proliferation. The conclusion 

is that addition of this particular groAVth factor would increase bone formation but the 

maturation of the bone formed would take place over a longer period of time than 

untreated sites. The clinical implication is that the short-term local application of this 

factor would lead to a greater amount of bone formation but would not shorten the time 

for osseointegration to occur. The results of this experiment using the CAM graft model 

showed features similar to those observed both in vitro and in vivo in respect of bFGF
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effects, providing further demonstration of the potential and limitations of the model as a 

short-term assay system for studying bone-biomaterial interactions.
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6. General Discussion

The chorioallantoic membrane of developing chick eggs provides a completely 

self-contained culture environment to sustain the growth, development and repair of 

bone. Within this environment, the embryonic femur grafts described in the previous 

chapters consistently showed:

1. Good bone growth with maintenance of normal morphology and tissue 

architecture.

2. The relationship between the periosteal, trabecular bone, marrow and vascular 

elements is preserved.

3. Both osteogenic and osteoclastic cells were functional within the grafts.

4. The new bone matrix formed become mineralised.

5. The ability of the graft to repair following insertion of titanium and Apoceram 

implants.

6. The grafted tissue responds to local release of basic fibroblast growth factor with 

increased cell proliferation and bone formation.

The femoral CAM graft brings together the different elements involved in the 

process of bone healing and provides a model which complements in vitro and in vivo 

experimental work on the response of bone to implant insertion. It has been 

demonstrated that the model can be used to follow the development of the early bone- 

implant interface, to distinguish variations in the rate and pattern of bone formation 

between different implant materials and to study the effects of growth factors which may 

influence bone healing. In this chapter, a general appraisal of the model in terms of its 

advantages and limitations is presented together with a discussion of its role in the 

experimental strategies for studying bone-biomaterials interactions. Finally, some 

suggestions are made for the directions of future work, which stems fi*om the 

development of the femoral CAM graft system.
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6.1 The advantages and limitations of the CAM graft system

The CAM graft model is a truly self-sustaining culture system. Apart from an 

egg incubator, no specialised equipment is required. It is cheap and easy to maintain 

when compared to any laboratory animal systems as well as in vitro cell and tissue 

culture set-ups. The eggs cost less than twenty pence each and are available all year 

round. By using eggs of similar size from an identical strain at the same stage of 

development, size and genetic variations in the donor tissue can be kept to a minimum 

and the hosts can be kept in a constant environment.

The grafting and implantation procedures involve microdissection which requires 

good manual dexterity and care. The ability to manipulate tissues under magnification 

can be acquired with training by most research workers. A retrieval rate of 80% and 

above can be readily achieved. Within this system, the different cell types in the donor 

tissue are maintained in their normal relationship and can interact naturally. The tissues, 

specifically bone grafts, show excellent vitality compared to in vitro cultures.

Once integrated with the CAM, the graft is connected to the host blood 

circulation. This feature is crucial to the maintenance of repair capacity of the grafted 

bone. It also implies that the graft is exposed to systemic factors such as hormones and 

other substances carried in the host blood stream. It is possible to administer drugs or 

chemical agents either systemically or locally. With the chick egg being a fully enclosed 

environment, however, metabolites and excretory products also remain within the 

system, although becoming sequestered into the allantois. Nitrogenous wastes are also 

produced in an insoluble form, as uric acid and not soluble urea.

The CAM graft model has two main constraints. The first is the limit to the size 

of tissue which can be grafted. As reported in Chapter 3, the survival of the graft is 

reduced with increasing size, the upper limit of tissue thickness beyond which viablity is 

compromised is around 2mm. The critical period is the first two days following grafting. 

Prior to the complete proliferation of the CAM around the bone and the re-establishment 

of the blood circulation to the graft, the tissues are susceptible to becoming necrotic. The
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larger the graft, the longer it takes for the CAM to grow around the tissue and the more 

difficult it is for gases, nutrients and metabolites to infiltrate the full depth of the tissues. 

The size limitation also applies to the size of the implant which can be used. This factor 

influences to a certain extent the subsequent handling of the tissue specimens and the 

examination methods. The positive aspects are: the small bone specimens can be 

processed without décalcification; dehydration and infiltration times are relatively short 

compared to larger specimens obtained from in vivo experiments. The preparation of 

resin-embedded sections using diamond and glass knives rather than by sawing and 

grinding is also made possible by the small size of the specimens. The resolution of such 

sections at light microscopy level is superior to the much thicker ground sections. It is 

possible to obtain serial sections without the loss of tissue that occurs with ground 

section techniques. But the drawback is that it is a slow and laborious process when the 

specimens contain hard metallic or ceramic implants. Semi-automation, which is 

possible with currently available sawing and grinding equipment, is unfortunately not an 

option.

The second major constraint of the CAM graft model is the duration of the 

culture period. This is most evident in the experiment performed to study basic 

fibroblast growth factor effects, presented in Chapter 5. The eventual phenotypic 

expression of the alkaline phosphatase negative cells on the surface of the growth factor 

carrier bead remains unknown at the end of the 9-day culture period. However, this 

limitation of the model has been mitigated to a great extent by the inherently high growth 

rate and repair capacity of the donor foetal chick tissue which is facilitated by the 

vascular supply from the host chick. It has been clearly demonstrated that within the 

duration of the grafting period, significant amounts of new bone form on the surface of 

both the Apoceram and titanium implants (Chapter 4). The increase in percentage 

figures for bone-implant contact during the grafting period reflects the level of activity 

within the graft and these figures were almost comparable to those reported in much 

longer term in vivo experiments. This can be attributed to the fact that the embryonic 

femur is highly cellular with a large population of mesenchymal cells, providing a rich 

source of osteogenic cells for new bone formation. The contribution of the scale and 

proportions of the implant and graft have been discussed in Chapter 4. The model can
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almost be regarded as a miniaturised, ‘fast-forward’ system in which bone formation and 

repair progress under near in vivo conditions.

Nevertheless, the time factor, as well as the absence of mechanical loads, makes 

the CAM grafted femur inappropriate for examination of longer term events such as bone 

remodelling and degradation of the implant surface after the development of the early 

interface.

6.2 In vitro vs. in vivo approaches to implant testing: where 
does the CAM graft model fit in?

By understanding of the capabilities and limitations of the CAM graft system, we 

can put the model into perspective amongst the experimental strategies available for 

studying bone-implant interactions. When an intra-oral site is prepared for a dental 

implant, there is injury to the mucosa, the periosteum, cortical and cancellous bone, bone 

marrow, muscle, nerve and blood supply. The contributions of each of the tissues to the 

overall healing process will dictate the clinical outcome. This is further influenced by 

the physical, chemical and mechanical characteristics of the implant. Determining how 

each of these components affects the potential for and rate of healing requires not only 

the characterisation of the implant materials but also understanding of the mechanisms of 

tissue repair.

It is true to say that the ultimate test of the performance of an implant material is 

by clinical usage. No assay system, in vitro or in vivo, can faithfully reproduce the 

complete range of anatomy, physiology and biochemistry of the human tissues which 

will be host to the artificial substrata. The purpose of experimental investigations is to 

establish the biological safety of new materials prior to their clinical application, to 

distinguish the stages and components in biological reactions to various implant 

materials and to elucidate the underlying control mechanisms. The outcome of such 

work will ultimately help to expand clinical application of implants, improve clinical 

outcomes and reduce failures. The choice of experimental system depends on the 

hypotheses to be tested. Evaluation of biological responses can be performed at the 

organism, organ, tissue, cellular and molecular levels. The salient features of in vitro and
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in vivo approaches to biological testing have been reviewed in Chapter 1 and are 

summarised in the table below:

In vitro In vivo
• cell culture • diffusion chamber

-  usually single cell types -  isolated from host cells but
• tissue culture receives nutrients and growth

-  retain histological and factors
biochemical differentiation • implantation in whole animal

-  cannot be propagated -  mainly for tissue histology and
-  variation biomechanical testing

• organ culture • advantages
-  preserve parenchymal and -  physiological environment

stromal components • disadvantages
-  non-growing -  variation
-  variation -  cost

• advantages -  ethical considerations
-  controlled environment • applications
-  quantitative measurements -  systemic toxicity
-  quick results at relatively low -  immune reactions

cost -  tissue histology
• disadvantages -  molecular and gene expression

-  unsuitable for complex tissue
responses where the integrity
of the blood supply is required

• applications
-  cytotoxicity
-  cell attachment
-  cell spreading
-  cell/tissue growth
-  differentiation (molecular and

gene expression)

In the context of evaluation of bone-biomaterials interactions, there is a clear 

dichotomy in the nature of in vivo and in vitro methods. The nature of the CAM graft 

model is closer to the in vivo situation and can be used to overcome some of the short­

comings of, as well as complement, both approaches. In vivo experimentation mainly 

provides information on tissue histology at the bone-biomaterials interface and is used 

for biomechanical testing. It is the only way in which medium to long term tissue 

responses can be studied. For assessment of short-term cell or tissue toxicity, we can use
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in vitro culture systems to evaluate cell death or damage caused by contact with novel 

implant materials. If overt cell toxicity is absent in such tests, the CAM graft model can 

be applied as a simple and economical way of assessing the early stages of healing of 

bone around implants. The model should produce consistent results among laboratories 

and is less expensive for screening newly developed materials. It seems reasonable to 

discriminate between the early effects of an implant material on the processes during 

wound healing which affect the development of immature tissue and the late effects 

which modify the turnover of a more mature tissue, as, in the case of bone, the 

remodelling. For instance, if one wishes to examine a large range of compositions of a 

new glass-ceramic material, by studying the early effects with the CAM graft model, one 

can determine whether an implant material should also be studied in more clinically 

analogous implant sites in large animals to look at loading, implant design in long-term 

trials. This will reduce the unnecessary sacrifice of laboratory animals.

In terms of elucidating the biology of bone healing around implants, the 

complexity of the in vivo environment does make the task of definining the cascades of 

biological, material and interfacial responses difficult. The premise of using in vitro 

systems is to reconstitute the events which takes place during the healing period, whether 

one at a time or as many as possible, with isolated cells, cytokines, growth factors and 

other molecules presumed to be important to the development of the bone-implant 

interface. The biomaterials literature over the last few years shows a definite trend of 

placing isolated bone-forming cells on implant materials to observe their attachment, 

growth, phenotypic as well as gene expression. Techniques developed in the field of 

fundamental cell biology are applied to bone cells grown on artificial implant substrata in 

place of tissue culture polystyrene. By using isolated cells and controlling the 

environment in which they are cultured, details of cell behaviour, down to molecular 

level can be readily quantified. However, the complex nature of bone as an organ or 

tissue means that the study of each cell and its functions as isolated systems may not 

accurately depict the in vivo biology of bone healing. An implant site in vivo contains a 

heterogeneous population of cells whose distribution changes with time. Interactions 

between different cells types seem to be neglected in many in vitro experiments 

purporting to explore bone-implant interactions. The commitment and differentiation of
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osteogenic cells are dependent on and influenced by signals emanating from other cells, 

from the matrix and the general environment of the organism (systemic factors). In this 

respect, the CAM graft model mimics aspects of the known in vivo responses and is well 

placed for the examination of the early stages in the formation of the bone-implant 

interface. The role of the CAM graft model can be perceived as a stepping stone for 

further elucidation of the significant biological events in order to devise appropriate in 

vitro simulation. The relative contributions of periosteum, bone cortex, marrow, and 

vasculature to the healing process can be evaluated experimentally by ablation of specific 

compartments by surgical manipulation, use of barriers or pharmacological treatments. 

One of the tasks ahead is to identify individual cell populations at the wound site, not just 

the osteoblastic and osteoclastic phenotypes, but more importantly the identity of cells 

involved in the organisation of wound repair as well as those attaching to the implant 

surface. The temporal and spatial expression of cytokines, growth factors, and 

inflammatory mediators which contribute to the cascade of repair is another area to be 

explored. The mechanisms of interaction may then be explained by further studies 

employing cell and molecular biologic methods.

Some of the observations in the CAM graft experiments raise questions which I 

would like to explore in vitro: Do macrophages in the bone wound provide signals for the 

osteoprogenitor cells to migrate into the wound and attach to the implant? Is the 

recruitment and formation of the multinucleated giant cells influenced by the type of 

implant material and are they osteoclasts? Perhaps the use of co-culture systems or 

incorporating medium conditioned hy one cell type exposed to the implant in the culture 

of bone cells on the same material would help address the issue of interactions between 

different cell types? The contribution of individual cells to bone repair and how they 

modulate each other’s action requires elucidation by the integrated use of both in vivo 

and in vitro models. Given the complexity of skeletal repair and the large number of 

factors involved in the regulation of these processes, the question of ‘what is the most 

useful type of assay?’ is less important than ‘what is one attempting to test?’.

B I B L .
i L O N D I K . ]
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Behaviour of fibroblasts during initial 
attachment to a glass-ceramic implant 
material in vitro: a time-lapse video- 
micrograpbic study
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The in vitro behaviour of 3T3 fibroblasts plated on a glass-ceramic implant material, Apoceram, and 
on tissue culture polystyrene (TCP) was monitored using phase-contrast, time-lapse video microscopy 
and scanning electron microscopy. Significant differences were observed in the short-term cellular 
response to TCP and Apoceram in the timing of the fibroblasts’ morphological changes, with earlier 
spreading and stabilization of the cells occurring on TCP. Cell surface ruffling activity was greater on 
the glass-ceramic, reflecting weaker adhesions to the substratum. The experimental method used 
facilitates direct analysis of the dynamic activity of cells attaching to artificial substrata.
Biomaterials (1994) 15,(12) 1001-1007
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Biocompatibility testing in vitro often involves the 
detection of cell damage and death, i.e. cytotoxicity^"^. 
Indeed, the International Standards Organization 
(ISO)’s recommendation on test methods to assess 
biocompatibility of implants for bone and joint surgery 
includes cytotoxicity and mutagenicity tests^. Whilst 
such screening is useful to detect overt adverse effects 
of a test material, other less dramatic expressions of 
incompatibility may be overlooked. For instance, the 
rate of growth, proliferation and differentiation of cells 
on a material may be dependent on successful initial 
attachment and spreading of the cells on the surface of 
the substratum. In this respect, the initial and short­
term responses of cells to an implant material in vitro 
may provide valuable indicators of the long-term 
biocompatibility in vivo.

Although in vitro morphological responses of various 
cell types to different implant materials have been 
widely reported, such analyses are based almost 
without exception on fixed specimens examined by 
various combinations of light microscopy, scanning 
and transmission electron microscopy®"^^. This report 
describes, for the first time, a dynamic analysis of early 
behaviour of fibroblasts cultured on a glass-ceramic 
material using time-lapse video microscopy (TLV). 
Time-lapse video recording offers a number of 
advantages over analysis of fixed preparations. Firstly, 
it permits the continuous observation of a population 
of living cells exposed to the substratum, in contrast to 
observation of a fixed and stained preparation which

Correspondence to Ms T. Leung.

at best is simply a ‘freeze-frame’ record. Secondly, it 
allows qualitative assessment of changes in the 
morphology and behaviour of individual cells. 
Thirdly, quantitative assessment of such changes in 
relation to time and the total population under observa­
tion can be made. This method of analysis can provide 
unique insights into the initial and dynamic interac­
tions between connective tissue cells and a potential 
implant material and, as such, provides a valuable 
means of assessing biocompatibility before embarking 
on longer and more expensive testing strategies.

In this study we have used a common murine 
fibroblastic cell line and, using a combination of TLV 
and scanning electron microscopy, monitored the 
behaviour of dispersed cells upon initial contact and 
attachment to a substratum consisting of a potential 
implant material. This has been facilitated by the 
inherent semi-transparency of the material selected, 
which permits visualization of the living cells. A 
sequence of cell phenotypes can be distinguished, each 
reflecting the behavioural activity of the cell at that 
time. Morphometric analysis of cell populations as they 
pass through this sequence has been used to assess the 
short-term cellular response to the substratum.

MATERIALS AND METHODS 

Substratum preparation
The substratum employed for this study was 
Apoceram^^ (CP31 composition, phase proportions:
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apatite 44.3%, wollastonite 39.9%, residual glass 
15.8%), an apatite-containing glass-ceramic material 
developed at Imperial College, University of London, 
for bioengineering applications. Transcortical implan­
tation of Apoceram in rabbit tibiae produced interfa­
cial shear strengths in push-out tests comparable to 
those of commercially pure titanium^

Sections of Apoceram (0.5 mm thick) were cut from a 
cast block using a precision wire saw (Laser Technol­
ogy, CA, USA). These were then serially ground with  
four grades of silicon carbide-coated paper (P240, 400, 
800, 1200) and polished with 5 //m and then 1 /zm 
diamond compound (Hyprez 5 star; Engis Ltd., Kent, 
UK) on a Metaserv rotary polishing machine (Buehler 
Ltd., Coventry, UK). The samples were soaked 
overnight in a 1:10 aqueous dilution of 7X detergent 
(ICN Flow, Irvine, Scotland) and rinsed in running tap 
water for 2 h. This was followed by ultrasonic cleaning 
for 3-5  min in deionized water and a 30m in wash in 
70% ethanol, after which the samples were heat- 
sterilized in an autoclave.

Cell culture
3T3 hhroblasts were maintained in alpha modification 
of Eagle’s minimal essential medium («MEM, ICN 
Flow) +  10% fetal bovine serum (FBS; ICN Flow) 4- 
penicillin (50 U/ml)/streptomycin (50/zg/ml) (Gibco 
Ltd., Paisley, UK). When confluence was reached, the 
cells were dissociated from the culture flask by incuba­
tion with 0.05% (w/v) trypsin-0 .02%  (w/v) EOT A 
(Gibco Ltd.) at 37°C for 4 min. The dissociated cells 
were washed, centrifuged and resuspended in «MEM 
4- 10% FBS. Concentration of the cell suspension 
was calculated using a haemocytometer (Improved 
Neubauer) and adjusted to 1.5 x 10^/ml. The suspen­
sion (5 ml) was added to a 25 cm^ standard treated 
polystyrene tissue culture flask (Grenier Labortechnik, 
Germany) containing the glass-ceramic specimen. The 
cell suspension (5 ml) was put in a separate, empty 
flask. Tissue culture polystyrene (TCP), the material of 
the flask, acted as a control substratum.

Video microscopy
The cell cultures were view ed using an Olympus IMT-2 
inverted phase contrast microscope fitted with a high 
resolution (330 TV Lines) charge-coupled device (CCD) 
colour video camera (JVC model TK-870U). Time-lapse 
video recordings were made at 2 s intervals using a 
VHS recorder (JVC m odel BR-9000 UEK). Three-hour 
recordings of cells plated onto the glass-ceramic 
material and the control tissue culture polystyrene, 
maintained at 37°C, were taken separately and 
repeated twice. The size of each field examined was 
57 fim hy 4 5 /zm. The average cell number per field 
analysed was 15 (range 10-20).

Scanning electron microscopy
Specimens for scanning electron microscopy (SEM) 
were fixed in 2% glutaraldehyde in 0.1 M  sodium  
cacodylate buffer, pH 7.2, followed by 1% osmium  
cacodylate in 0.1 M  cacodylate buffer. The specimens 
were then dehydrated through a graded series of

acetone and water, critical point dried with CO2 and 
gold sputter-coated for examination in an Hitachi 8800 
field emission scanning electron microscope.

RESULTS

Attachment and cell morphology
From the TLV recordings, a highly invariant sequence 
of events can be defined. On sedimentation onto the 
substratum from suspension, cells exhibited many 
bleb-like protrusions which were constantly in motion 
(the intensity of blebbing varied from cell to cell). At 
the point at which attachment to the substratum 
occurred, blebbing largely ceased and, upon withdra­
wal of the blebs, the cell acquired a ‘smoother’ profile. 
Initial attachment was followed by a spreading stage, 
during w hich extension of the cytoplasm along the 
substratum proceeded with a concomitant flattening of 
the central mass. The margin of the spreading cell was 
invariably active. It was characterized by filopodia and 
lamellipodia being extended and withdrawn, giving 
rise to the appearance of ruffles. Typically, spreading 
took place in a radially symmetrical fashion, but where 
a distinct leading edge became established, then the 
cell became polarized, both in its spreading and in its 
subsequent locomotion. Upon polarization, the degree 
and rate of ruffling became reduced at non-motile 
regions of the cell margin. This general pattern of cell 
behaviour was observable in cell populations cultured 
on both Apoceram and TCP, although with important 
quantitative differences.

Changes in cell phenotypes
A number of behavioural phenotypes were defined 
which, in sequence, exemplify the changes in morphol­
ogy displayed by a cell as it attaches and adheres to a 
substratum. High resolution images of key phenotypes, 
generated by SEM, are shown in Figures 1—4. The 
major phenotypes are:

1. The onset of visible activity.
2. Blebbing of the cell surface [Figure 1).
3. Border ruffling [Figure 2).
4. Polarization, defined as the cell being 50% longer in 

its longest dimension than in its broadest dimension  
[Figure 5).

5. Onset of crawling [Figure 3a).
6. Cell appearing well-spread and stable [Figure 4).

From the TLV recordings, the position of every cell 
within a recording field was mapped. Each cell was 
followed through the duration of the recording in 
order to categorize the state of the cell, according to 
phenotype, at 15 min intervals. The collated results for 
each of the cell populations (i.e. on Apoceram and on 
TCP) are presented in Figures 5 and 6. Even within the 
relatively short time window employed in this study a 
progression in behaviour can be seen. Figure 7 shows 
examples of tracings of cells obtained from individual 
frames on the video recordings at 15, 3 0 min, 1, 2 and 
3 h. Figures 5 and 6 reveal that on both substrata at 
15 min post-plating, the majority of the cells are just 
contacting the substratum having sedimented out of
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Figure 1 SEM of a round 3T3 fibroblast on Apoceram.  
Surface blebs can be seen.  Cytoplasmic extensions appear  
on thie periphery as the cell b egins to spread.

Fig ure3 SEM of a polarized and flattened 3T3 fibroblast. 
Inset, The large arrow indicates the most likely direction of 
migration of this fibroblast. Lamellopodia are s e e n  extend­
ing from its leading ed g e  (small arrows).

j

7

♦

F ig u re 2 The lead ng edge  of this apparently elongating  
cell shows layers o' ruffling lamellopodia.

F igure4 The fibroblasts are well spread. Long thin filopo­
dia appear to bridge so m e  cells.

Bio inateria ls  1994.  Vol. 15 No. 12
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Figures Distribution of behavioural phenotypes with time 
on Apoceram. ■ , Onset of activity; E2, blebbing; M, border 
ruffling; S ,  start crawling; K, polarization; □ ,  spread and 
stable.
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Figure 6 Distribution of behavioural phenotypes with time 
on tissue  culture polystyrene. ■ ,  Onset of activity; E3, 
blebbing; ü ,  border ruffling; S ,  start crawling; 38, polariza­
tion; □  , spread and stable.
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©
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30m 1h 2h

%

b
© ©
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Figure7 Tracings of cells  s e e n  through the phase-contrast  
microscope, recorded by the time-lapse video at 15, 30 min, 
1, 2 and 3 h. a, Progression from a rounded morphology to 
a spread cell which later exhibited crawling, b, This cell 
has been spread and remained stationary with little ruffling 
activity, c, Constant ruffling of a large proportion of the cell 
margin w as observed on this cell throughout the recording  
period.

F igure8 Method of scoring the proportion of ruffling cell 
margin. A cell was divided into 18 sectors using a transpar­
ent overlay placed on the video monitor. Border ruffling was  
observed in sectors 5, 6 and 13. This cell scored three out of 
18.

Figures The margin of this fibroblast has three ruffling 
sites (asterisks); the remainder of the cell margin appears  
quiescent.

su sp en sion . In marked contrast, in both populations at 
30 m in, the majority o f ce lls  either display surface 
hlebbing or have m oved  on to display ruffling. 
Subsequently , although both p opulations sh ow  the 
sam e progression, they do so at different rates. Thus, 
on TCP, the first spread and stable cells are seen  at 
30 m in and both polarized  and locom otory p henotypes

are first observed at 45 m in. On A poceram , blebbing  
con tinues for longer, such that even  at 1 h 45 m in, 
alm ost 20% of the ce lls  d isp lay this p h en otype (TCP 
controls, less than 10%). On the glass-ceram ic, the first 
‘spread and stab le’ ce lls  are on ly  d istingu ishable at 
45 m in, the first locom otory ce lls  at 1 h and the first 
polarized ce lls  at 1 h 45 m in. Clearly, there is a relative
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retardation of the behaviour pattern of the cells upon 
the glass-ceramic substratum. A further picture 
emerges from detailed analysis of the activity of the 
cell margin.

Cell ruffling activity
The activity of the cell margin w ill reflect the 
functional state of the cytoplasm at that point, in terms 
of adherence to the substratum. Well-spread and 
flattened margins reflect stable cell-substratum  
adhesions, whereas ruffled margins indicate unstable 
cell-substratum adhesions and reflect motile 
cytoplasm at that point on the margin (N.B. not to be 
confused with whole-scale cell locomotion; see Discus­
sion). Marginal ruffling can therefore be a sensitive 
indicator of cell-substratum interactions. To investi­
gate this further, from the TLV recordings, cells were 
analysed individually for margin activity at 1, 2 and 
3h  post-plating^^. The margins of selected cells were 
proportionately scored as being ‘ruffled’ (i.e. non­
adherent and motile) or ‘quiescent’ (i.e. adherent, non- 
motile) according to the diagram shown in Figure 8. 
Using a transparent overlay on the monitor screen, the 
margin of a cell was divided into 18 sectors, each of 
which was individually scored and then summed on a 
per cell basis. Ruffled and quiescent states are 
typically illustrated, in high resolution, in Figure 9. 
The resultant data were plotted as scatter diagrams 
[Figures 10 and 11).

It emerges from this analysis that for all three time 
intervals studied the control cells on Apoceram  
display, on a per cell basis, a higher number of ruffling 
sites with means of 1.69, 2.09 and 2.00 at 1, 2 and 3h, 
respectively [Figure 10). In contrast, the cells on TCP 
display a significantly lower number of ruffling sites, 
with means of 1.59, 1.49 and 1.38 at the equivalent 
time intervals, and with smaller upper limits to the 
distribution ranges [Figure 11). The average numbers 
of segments of ruffling cell margin, out of 18 segments 
per cell at 1, 2 and 3 h, were 3.17, 4.16 and 4.26 for 
Apoceram and 3.32, 2.89 and 3.05 for TCP. In other 
words, over the period analysed, cells on the glass- 
ceramic are likely to be less adherent and less capable 
of locomotion (through an inability to maintain 
tractional purchase) than their counterparts on TCP.

DISCUSSION

The results of this study show that 3T3 fibroblasts 
plated onto TCP and the glass-ceramic material, 
Apoceram, exhibited similar morphological changes 
but with differences in the timing of the typical 
behavioural response to contact and adhesion to the 
substratum in question. A higher proportion of cells on 
TCP appeared well-spread and flattened at the end of 
the recording, indicating the formation of stable 
adhesive contacts. The border ruffling represents the 
activity of lamellopodia and cell processes extending 
from the spreading cells. Those lamellopodia that fail 
to attach firmly to the substratum, because of weak 
cell-to-substratum adhesions, would be pulled  
backwards by the cortical tension to produce a
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F i g u r e  1 0  Proportion of cell margin ruffling (n/18) versus  
number of ruffling sites for cells cultured on Apoceram.

‘ruffle’̂ .̂ Ruffling activity was significantly more 
widespread on the Apoceram and this is interpreted as 
poor or weak cell-to-substratum adhesion as compared 
to that displayed by cells on the TCP.

The adhesion of cells in suspension to an artificial 
substratum involves the adsorption of serum proteins 
to the substratum ^contact of rounded cells with the 
substratum followed by attachment and spreading of 
the cells. Three morphological stages have been 
described by Taylor^®:

B iom aterials 1994, Vol. 15 N o. 12



1006 Cell b e h a v io u r and b io co m p a tib ility : T. Leung  a t  al.

1 H o u r

P r o p o r t i o n  o f  c e l l  b o r d e r  r u f f l i n g  n / 1 8

0 1 2  3 4

N o .  o f  r u f f l i n g  s i t e s  

2  H o u r s

P r o p o r t i o n  o f  c e l l  b o r d e r  r u f f l i n g  n / 1 8

15 -

A

A
A

A A 4 A
A 42^ iA

4 ^
A /Am ,

3 1 2  3 4

N o .  o f  r u f f l i n g  s i t e s

3  H o u r s

P r o p o r t i o n  o f  c e l l  b o r d e r  r u f f l i n g  n / 1 8

1 2  3 4

N o .  o f  r u f f l i n g  s i t e s

F i g u r e  11  Proportion of cell margin ruffling (n/18) versus 
number of ruffling sites for cells cultured on tissue culture 
polystyrene.

Stage 1. Spherical or irregular cells with no processes 
attached to the substratum.

Stage 2. Flattening cells w ith attached processes, 
retaining an elevated cytoplasmic mass.

Stage 3. Spread cells, nuclei flattened.

A similar progression from rounded to spread 
morphologies has been observed in this study. 
However, assessment of the rate of progression through 
the sequence of behavioural phenotypes, and of

marginal activity, provides a more sensitive view of 
cell response during the process of attachment and 
spreading on the substratum. Such activity can be 
influenced by a range of factors such as surface energy, 
surface charge and wettability, in a protein-free 
medium’^ ' M o r e o v e r ,  in the presence of serum, 
similar factors would affect the affinity of the substra­
tum for adhesion proteins such as fibronectin, and 
thereby modify the rate of attachment^®. The conforma­
tion of these proteins when they are adsorbed to the 
substratum may also influence their binding activity 
with cell surface receptors^®. Additionally, surface 
preparation during either manufacturing or steriliza­
tion can produce different adsorption properties on the 
same materiaP^. Seitz et al.^  ̂ reported that in serum- 
free culture, coating of Bioglass (University of Florida, 
Gainesville, USA) with fibronectin had no apparent 
effect on the initial adhesion of rounded fibroblasts, 
but the rate of spreading was more rapid and the final 
morphology of the cells was more flattened. TCP is 
known to have enhanced fibronectin binding proper­
ties^® and, although we have not yet explored these 
variables within this system, we anticipate that 
fibronectin from the serum will have been similarly 
bound in our assays.

It is our contention that procedures such as that 
described in this report, whereby analysis of the 
dynamic train of events following initial cell-substra­
tum interactions can be carried out, provide a very 
sensitive means of exploring the short-term biocompat­
ibility of artificial materials with implantation 
potential. Phenomena emerge from such analyses that 
are not recognizable in the assessment of fixed and 
stained preparations on in vitro assays. Consequently, 
we suggest that, whereas in vitro techniques are a 
valuable adjunct to the long-term results generated by 
whole animal implantation studies, they can be made 
more powerful and more revealing by an increased 
emphasis on cell behaviour.
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The lactic acid jet test was used to measure erosion rates of eight commercial zinc phosphate 
cements at 23 and 37°C after 24 h and 2 months. Rates exceeded the ISO 9917 published limit of 
0.1 mm/h when tested according to this specification (23°C, 24 h), suggesting the limit should be 
increased. Erosion was measured by both weight loss and depth change. At 24 h erosion decreased as 
temperature increased, whereas after 2 months temperature had no significant effect. No trend was 
seen  with increasing specimen maturity. Stannous fluoride may increase erosion resistance. 
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The lactic acid jet test has been the subject of a number 
of studies indicating that erosion measured by the jet 
test is superior to the method of measuring water 
leachable content in the prediction of clinical perfor­
mance^"^. Studies of glass ionomer cement erosion 
rates in vitro by Setchell at al^  and in vivo  by Ibbetson 
at al.^ showed these to be related. A similar relation­
ship was also noted for zinc phosphate and zinc 
polycarboxylate cements®"®.

The most recent ISO specification for dental 
cements®, ISO 9917-1991, which covers all water- 
based dental cements — glass polyalkenoate (ionomer), 
zinc phosphate, zinc polycarboxylate, silicate and 
silicophosphate cements — includes the lactic acid jet 
test in preference to the water leachable content 
measurement formerly specified in ISO 7489-1986^®. 
Different erosion rate limits are set for each general 
group of cements, but that of 0.1 mm/h given for zinc 
phosphate cements appears surprisingly low since 
W ilson at a l}  found zinc phosphate cements to erode 
at 0.2-0.4 mm/h.

Significantly, some test parameters have been  
changed from those used in the initial evaluations

Most importantly, the solution temperature selected  
is 23°C rather than 37°C. W ilson at aJ}^ found that, for 
one material in each general class of dental cements, 
erosion increased with temperature. The extent varied 
from material to material and it was concluded that 
37°C should be used to approximate the oral cavity. 
This also enables a comparison of in vivo and in vitro 
results to be made. Additionally, although 23°C 
appears appropriate from the experimental point of

Correspondence to Mrs J.A. Williams

view as it approximates ambient temperatures, difficul­
ties may occur in maintaining this temperature. Many 
pumps introduce heat into a circulating system, such 
as exists in the jet test, which may cause the tempera­
ture to rise above 23°C in a relatively short space of 
time. Furthermore, the rate of increase is unpredict­
able, being dependent on the ambient conditions.

A further variation is introduced by measuring 
erosion by taking five depth measurements using a 
specially obtained dial gauge rather than the more 
common method of measuring weight loss, even 
though W ilson at a l}  demonstrated that the two 
methods could give equivalent results.

A study of the effects of maturation time on dental 
materials by the present authors^^ showed that the one 
zinc cement included had an erosion rate which  
increased, although not significantly so, with time. 
This was in contrast to glass ionomers, all of which  
had rates which decreased with time. It was not 
known whether this zinc phosphate cement was 
atypical. W ilson at al}^  did not include zinc 
phosphate cements in their study of the effects of 
maturation. Swartz at al}^  showed that the water 
leachable content of zinc phosphate and silicopho­
sphate cements decreased with time, but this may not 
be the case when erosion is measured. It was consid­
ered that the effect of maturation would be an appropri­
ate and clinically relevant factor to consider.

The aim of this study, therefore, was to investigate 
whether zinc cements would fulfill the jet test require­
ments as specified by ISO 9917 and to assess the effect 
of temperature and maturation time on erosion rate. A 
comparison of the two methods of measuring erosion 
w ould be made. Commercially available materials 
were selected since these should have passed the
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Appendix II
PROCESSING OF CAM GRAFT SPECIMENS

All the following processes MUST be carried out in the fume cupboard

A. For embedding in LR White resin

1 Fix tissue
Histology: overnight at 4°C in 10% formal saline
Immunohistochemistry: for 2 hours at 4°C in 4% paraformaldehyde in 0.1 M 
phosphate buffer
TEM: overnight at 4°C in 3% glutaraldehyde in 0.1 M sodium cacodylate buffer

2 Dehydrate in a graded series of ethanol preferably at 4°C;
50% ethanol 30 mins
70% ethanol 30 mins
90% ethanol 30 mins
100% ethanol 30 mins
100% ethanol 30 mins
100% ethanol 30 mins

Infiltrate at 4°C as follows:
1:1 LR White resin : ethanol 30 mins 
2:1 LR White resin : ethanol 30 mins 
Pure LR White resin 30 mins
Pure LR White resin overnight
Pure LR White resin 30 mins
Pure LR White resin 30 mins

Embedding procedures must be carried in the cold aluminium sinks from the 0°C 
fridge compartment.
Add 15p,l of accelerator to lOmls of pre-cooled LR White in a foil dish and stir 
with an orange stick for 30 secs.
Dispense mixture into gelatin capsules and immerse the specimens in the resin. 
Great care must be taken to exclude air from the resin or it will not set. Do this by 
filling the capsules to the top and cutting a piece of parafilm to cover the surface 
of the resin.

Polymerise the LR White resin in the 0°C compartment for 24 hrs.
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B. For embedding in glycol methacrylate resin (enzyme histochemistry)

1 Fix tissue in 90% ethanol at 4°C

2 Dehydrate in absolute ethanol at 4°C;
100% ethanol 30 mins 
100% ethanol 30 mins 
100% ethanol 30 mins

3 Following dehydration give three changes of 45 mins each in Solution A

Solution A
16ml 2-hydroxyethyl methacrylate
3 ml 2-butoxyethanol
0.1 g benzoyl peroxide
Dissolve using a magnetic stirrer, but no heat.

4 Embed in 50 parts of Solution A to one part of Solution B 

Solution B
2ml Polyethylene glycol 400 
0.2ml N,N-dimethylaniline

Use the cold aluminium sinks from the 0°C fridge compartment.
Dispense mixture into gelatin capsules and immerse the specimens in the resin. 
Great care must be taken to exclude air from the resin or it will not set. Do this 
by cutting a piece of parafilm to exactly fit on the surface of the resin in the 
gelatin capsules.

5 Polymerise the resin in the 4°C compartment for 24 hrs.
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Appendix ill
Principles of feature measurement in the Quantimet 520 Image Analysis system 

relevant to measurement of percentages of bone to implant contact:

Perimeter

The PERIMETER or boundary of the detected feature is an orientation 

independent measurement. In a normal context, perimeter refers to the length of the 

outside boundary of an object. When the perimeter of a hollow object is assessed by the 

image analysis system, the inner boundary will also contribute to the measurement. For 

the outline of the implant space measured in the experiments reported in Chapter 4, the 

PERIMETER returned by the software is approximately twice the actual perimeter of the 

object since the breadth of the outline was very small compared to its length.

Length

The LENGTH function on the image analyser is also different fi*om length in the 

conventional sense. LENGTH is defined as the largest of eight Feret measurements 

made at 0 °, 22,5 °, 45 °, 67,5 °, 90 °, 112.5 °, 135 ° and 157.5° to the scan line. A Feret 

measurement is the distance between two parallel tangents on opposite sides of an object. 

Using the star-shaped object below as an example, at angle 0 to the scan direction, d is 

the Feret distance.
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The LENGTH parameter is dependant on object orientation although with eight 

Feret measurements to determine the parameter, the error is relatively small for solid 

objects. However, for line objects, LENGTH does not represent the true length of the 

object except for straight lines. If the dotted line below represented a portion of an 

implant in contact with bone, the LENGTH reported by the image analysis software 

would be d, if the Feret measurement at angle 0 was the largest out of the eight 

measurements made.

scan

Measuring the PERIMETER instead of LENGTH would give a result that is 

approximately twice the true length of the line. The percentages of implant contact with 

bone and osteoid could therefore be calculated by dividing the sum of the PERIMETER 

of the lines marking such contacts by the PERIMETER of the complete outline of the 

implant. It has to be acknowledged that measurement error increases as the length of the 

line decreases relative to its breadth with the PERIMETER being 21+2b where 1 is the 

length and b is the breadth of the line. The breadth of the lines traced was typically 2 

pixels, the PERIMETER of the whole outline of the implant was in the region of 3000 

pixels and the smallest value of PERIMETER recorded at the sites of bone-implant 

contact was in the region of 50 pixels. The assumed length of such a site would therefore 

be 25 pixels whilst the true length would be 23 pixels, giving an overestimation of 8.7%! 

However, the percentage of bone-implant contact would be increased by only 0.13% as a 

consequence of this overestimation. This error would increase when several short 

contact sites were present within one section and formed a systematic error (a difference
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formed a systematic error (a difference between the expected result of a measurement 

and the conventional true value) quite separate from the observer errors.

The results of six repeated measurements of the percentages of the perimeter 

of the implant in contact with mineralised bone and osteoid, and with mineralised 

bone alone in one sample section at each time period is presented below:

Days after grafting 9 7 5 3 2 1
% contact with bone & 

osteoid
bone bone & 

osteoid
bone bone & 

osteoid
bone bone & 

osteoid
bone bone bone

59.6 47.9 33.8 25.4 27.6 15.4 6.9 6.4 5.1 2.5
59.0 45.8 35.9 22.2 29.2 14.9 5.3 4.8 6.1 4.8
64.1 56.6 31.2 23.5 26.3 17.0 6.7 4.2 7.3 3.5
57.9 53.2 30.0 24.9 26.1 12.3 7.2 6.8 6.5 2.9
55.8 48.6 28.8 27.0 32.6 13.4 5.7 5.3 4.8 3.1
58.0 49.2 34.8 21.5 29.6 14.8 8.8 3.1 3.9 3.4

mean 59.1 50.2 32.4 24.1 28.6 14.6 6.8 5.1 5.6 3.4
standard deviation 2.8 4.0 2.8 2.1 2.4 1.6 1.2 1.4 1.2 0.8
Confidence interval 
(95.0%) 2.9 2.7 3.0 2.2 2.6 1.7 1.3 1.4 1.3 0.8
Coefficient of 
reproducibility 
(s.d./mean) x 100

5 8 9 9 9 11 18 27 22 23
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Appendix IV
* * * * * * A n a l y s i s  o f  V a r i a n c e * * * * * *

DAY 1 % contact with bone(B)

Tests of Between-Subjects Effects.

Tests of Significance for T1 using UNIQUE sums of squares

Source of Variation SS DF MS F Sig of F

WITHIN+RESIDUAL 269.36 10 26.94
IMPLANT 10.08 1 10.08 .37 .554

Tests involving 'SECTION' Within-Subject Effect.

AVERAGED Tests of Significance for B using UNIQUE sums of squares 

Source of Variation SS DF MS F Sig of F

WITHIN+RESIDUAL 245.51 30 8.18
SECTION 13.05 3 4.35 .53 .664
IMPLANT BY SECTION 3.76 3 1.25 .15 .927

DAY 2 % contact with bone (B)

Tests of Between-Subjects Effects.

Tests of Significance for T1 using UNIQUE sums of squares

Source of Variation SS DF MS F Sig of F

WITHIN+RESIDUAL 180.66 10 18.07
IMPLANT 8.68 1 8.68 .48 .504

Tests involving 'SECTION' Within-Subject Effect.

AVERAGED Tests of Significance for B using UNIQUE sums of squares 

Source of Variation SS DF MS F Sig of F

WITHIN+RESIDUAL 156.37 30 5.21
SECTION 38.81 3 12.94 2.48 .080
IMPLANT BY SECTION 10.15 3 3.38 .65 .590
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DAY 3 % contact with bone + osteoid (A)

Tests of Between-Subjects Effects.

Tests of Significance for T1 using UNIQUE sums of squares

Source of Variation SS DF MS F Sig of F

WITHIN+RESIDUAL 289,.93 10 28,. 99
IMPLANT 31,.20 1 31,.20 1.08 .324

Tests involving 'SECTION' Within-Subject Effect.

AVERAGED Tests of Significance for A using UNIQUE sums of squares

Source of Variation SS DF MS F Sig of F

WITHIN+RESIDUAL 222.86 30 7.43
SECTION 4 .47 3 1.49 .20 .895
IMPLANT BY SECTION 53.85 3 17.95 2.42 .086

DAY 3 % contact with bone (B)

Tests of Between-Subjects Effects.

Tests of Significance for T1 using UNIQUE sums of squares

Source of Variation SS DF MS F Sig of F

WITHIN+RESIDUAL 147.81 10 14 . 78
IMPLANT .14 1 . 18 . 01 . 915

rests involving 'SECTION' Within-Subject Effect.

AVERAGED Tests of Significance :for B using UNIQUE sums of squares

Source of Variation SS DF MS F Sig O f F

WITHIN+RESIDUAL 148.70 30 4.96
SECTION 8 .44 3 2 . 81 .57 .641
IMPLANT BY SECTION 34 .60 3 11.53 2.33 . 095
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DAY 5 % contact with bone + osteoid (A)

Tests of Between-Subjects Effects.

Tests of Significance for T1 using UNIQUE sums of squares

Source of Variation SS DF MS F Sig of F

WITHIN+RESIDUAL 783.79 10 78.28
IMPLANT 3366.75 1 3366.75 43.01 .000*

Tests involving 'SECTION' Within-Subject Effect.

AVERAGED Tests of Significance for A using UNIQUE sums of squares 

Source of Variation SS DF MS F Sig of F

WITHIN+RESIDUAL 1047.23 30 34.91
SECTION 10.12 3 3.37 .10 .931
IMPLANT BY SECTION 129.62 3 43.21 1.24 .313

DAY 5 % contact with bone (B)

Tests of Between-Subjects Effects.

Tests of Significance for T1 using UNIQUE sums of squares

Source of Variation SS DF MS F Sig of F

WITHIN+RESIDUAL 562.63 10 56.26
IMPLANT 118.44 1 118.44 2.11 .177

Tests involving 'SECTION' Within-Subject Effect.

AVERAGED Tests of Significance for B using UNIQUE sums of squares 

Source of Variation SS DF MS F Sig of F

WITHIN+RESIDUAL 453.37 30 14.51
SECTION 43.44 3 14.48 1.00 .407
IMPLANT BY SECTION 35.13 3 11.71 .81 .500
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DAY 7 % contact with bone + osteoid (A)

Tests of Between-Subjects Effects.

Tests of Significance for T1 using UNIQUE sums of squares

Source of Variation SS DF MS F Sig of F

WITHIN+RESIDUAL 1230.68 10 123.07
IMPLANT 988.27 1 988.27 8.03 .018*

Tests involving 'SECTION' Within-Subject Effect.

AVERAGED Tests of Significance for A using UNIQUE sums of squares 

Source of Variation SS DF MS F Sig of F

WITHIN+RESIDUAL 1910.70 30 63.69
SECTION 251.93 3 83.98 1.32 .287
IMPLANT BY SECTION 327.47 3 109.16 1.71 .185

DAY 7 % contact with bone (B)

Tests of Between-Subjects Effects.

Tests of Significance for T1 using UNIQUE sums of squares

Source of Variation SS DF MS F Sig of F

WITHIN+RESIDUAL 658.06 10 65.81
IMPLANT 23.66 1 23.99 .36 .562

Tests involving 'SECTION' Within-Subject Effect.

AVERAGED Tests of Significance for B using UNIQUE sums of squares

Source of Variation SS DF MS F Sig of F

WITHIN+RESIDUAL 914.17 30 30.47
SECTION 38.84 3 12.95 .42 .737
IMPLANT BY SECTION 84.65 3 28 .22 .93 .440

227



DAY 9 % contact with bone + osteoid (A)

Tests of Between-Subjects Effects.

Tests of Significance for T1 using UNIQUE sums of squares

Source of Variation SS DF MS F Sig of F

WITHIN+RESIDUAL 2409.40 10 240.94
IMPLANT 5287.80 1 5287.80 21.95 .001*

Tests involving 'SECTION' Within-Subject Effect.

AVERAGED Tests of Significance for A using UNIQUE sums of squares

Source of Variation SS DF MS

WITHIN+RESIDUAL 2361.38 30 78.71
SECTION 328.08 3 109.36
IMPLANT BY SECTION 20.99 3 7.00

F Sig of F

1.39 
. 09

.265 

. 966

DAY 9 % contact with bone (B)

Tests of Between-Subjects Effects.

Tests of Significance for T1 using UNIQUE sums of squares

Source of Variation SS DF MS F Sig of F

WITHIN+RESIDUAL 2573.33 10 257.33
IMPLANT 6936.02 1 6936.02 26.95 •000*

rests involving 'SECTION'' Within-Subject Effect.

AVERAGED Tests of Significance :for B using UNIQUE sums of squares

Source of Variation SS DF MS F Sig of F

WITHIN+RESIDUAL 2086.09 30 69.54
SECTION 41.70 3 13.90 .20 . 896
IMPLANT BY SECTION 10.39 3 3 .46 . 05 . 985
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