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ABSTRACT 

Porous metals are often used in orthopaedic load-bearing applications because they 

promote and direct bone ingrowth while maintaining their mechanical integrity for long 

periods in physiological environments. However, the influence of microstructural 

parameters of three-dimensional metallic scaffolds on osteogenic cell response must be 

studied to improve their design. This study aims to study the biocompatibility and 

osteoconductivity of novel titanium foams with three pore sizes in vitro and to gain 

knowledge on the mechanisms by which bone is formed within three-dimensional 

structures. This is achieved through studies of the cell viability of macrophages and 

adhesion kinetics, proliferation, differentiation, and mineralization of the extracellular 

matrix by MC3T3-El mouse pre-osteoblasts. Results indicate that porous titanium 

promotes the generation of mineralized extracellular matrix by differentiating pre­

osteoblasts and stress the importance of controlling the pore size to allow the 

impregnation of the structure by tissue. 
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RÉSUMÉ 

Les métaux poreux sont fréquemment utilisés comme implants orthopédiques dans des 

situations impliquant des charges mécaniques puisqu'ils encouragent et dirigent la 

croissance osseuse, tout en maintenant leur intégrité mécanique dans un environnement 

physiologique. Par contre, l'influence des paramètres structuraux de ces supports 

tridimensionnels sur le comportement de cellules ostéogéniques doit être comprise afin 

d'optimiser leur design. La présente étude vise à établir la biocompatibilité et la capacité 

ostéoconductrice de supports de titane poreux caractérisés par trois tailles de pores in 

vitro ainsi qu'à approfondir les mécanismes de formation de l'os à l'intérieur de matrices 

tridimensionnelles. La viabilité des macrophages, ainsi que la cinétique d'adhésion des 

préostéoblastes de souris (lignée MC3T3-El) et leurs processus de prolifération, de 

différentiation et de minéralisation sur les matériaux de titane poreux ont permis 

d'atteindre ces objectifs. Les résultats obtenus permettent de conclure que les supports de 

titane poreux encouragent la formation d'une matrice extracellulaire minéralisée par les 

cellules osseuses. De plus, il semble important de contrôler la taille des pores des 

supports métalliques afin de permettre l'imprégnation complète de la structure. 
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CHAPTERI 

Introduction and Research Rationale 

More than 35 years ago, a trend toward the replacement of diseased or injured 

bone structures and joints has led to the development of metallic implants for total joint 

replacement applications. This treatment approach has produced significant 

improvements to the quality of life of trauma victims with musculoskeletal injuries, as 

weIl as patients with degenerative bone diseases such as osteoarthritis, as supported by 

the fact that more than 1,250,000 total joint replacements were performed worldwide in 

2002 [1]. The most common procedures, knee and hip arthroplasties, were performed at 

rates of 65 and 47 cases per 100,000 adults, respectively, throughout Canada in 2000 [2]. 

Nevertheless, metallic implants used for orthopaedic applications still have a limited 

survivability [3]. 

One of the challenges involved with the development of appropriate procedures 

for joint replacements has been the fixation of implants to bone. The importance of 

implant fixation for the success of the arthroplasty was first demonstrated by Chamley, 

who obtained impressive clinical results with the use of poly(methyl methacrylate) 

(PMMA) as cement to fix the femoral component of hip replacements in bone [4]. 

However, long term clinical studies related to the use of bone cement in orthopaedic 

implantations have found that this fixation approach has a limited lifetime ranging 

between 10 and 20 years [5]. It was also demonstrated that the degree of activity of a 

patient directly affects the longevity of the implant fixation integrity [6]. Hence, this 

approach yields acceptable results when applied to older patients with sedentary 

lifestyles, but is inappropriate for younger patients who are more active and place higher 

demands on their joints. 

Following these findings, numerous approaches to implant fixation have been 

proposed in an attempt to overcome the limitations of bone cement. They an allow to 

achieve a cementless fixation through modifications of implant surface properties. 

Examples of these methods include the addition of micro-textures [7] or macroscopic 

surface features [8]. These systems are based on the knowledge that initial cellular 
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response of osteoblasts is affected by surface topography. Bioactive coatings, such as 

hydroxyapatite and calcium phosphate, have also been applied to implant surfaces to 

promote bone bonding to the material [9]. Another approach to cementless fixation of 

orthopaedic implants consists of applying a thin porous coating to the surface of the 

prostheses to obtain mechanical interlocking through bone ingrowth inside the 

interconnected pores [5]. 

The need to improve on initial porous metallic coatings has led to the 

development of processes to produce highly porous metals that provide more volume for 

bone ingrowth. The osteoconductive properties of these highly porous metals encouraged 

research toward their application as three-dimensional scaffolds to promote and direct 

bone ingrowth in load-bearing situations. In fact, poor mechanical properties of polymers 

and the brittleness of bioactive ceramics limit the applications of these materials to low 

loading conditions. Among the most interesting applications of porous metals is their use 

as three-dimensional scaffolds for the regeneration of damaged bone structures in 

craniofacial reconstruction. As well, porous metals have been investigated for 

applications as spinal disc cages for the fusion of vertebrae and as dental implants. 

Despite extensive efforts directed at the development of processes for the 

fabrication of highly porous metals, few materials are currently used in clinical settings. 

Furthermore, our understanding of the impact of micro structural parameters of three­

dimensional metallic scaffolds on the adhesion and differentiation of immature 

osteoblasts is still rather limited. In fact, most cell culture studies report the effects of 

individual microstructural parameters on two-dimensional surfaces rather than on three­

dimensional models. Thus, there is a need to develop metallic foams with controllable 

microstructures and to gain a better understanding of the interactions between 

osteoblastic cells and these porous metals, in order to optimize their design. 

The research reported in this thesis focuses on cell interactions with novel 

titanium foams characterized by three pore sizes and produced through a powder 

metallurgy process developed at the Industrial Materials Institute of the National 

Research Council Canada (IMI-NRC). As an initial step of this project, the 

cytocompatibility of titanium foams was investigated through macrophage viability 

studies. Macrophages were selected for this part of the project because oftheir sensitivity 
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to environmental signaIs. Adhesion of pre-osteoblasts on the scaffolds was then 

investigated. Cell adhesion provides valuable information on the biocompatibility of 

biomaterials. FinaIly, the formation of a bone-like tissue inside the porous structure by 

differentiating pre-osteoblasts was evaluated. 

This three-dimensional cell culture model provides useful qualitative and 

quantitative insight on the effects of the micro structural parameters of porous metals on 

the adhesion and differentiation behaviour of pre-osteoblastic ceIls, towards the 

formation of a mineralized extracellular matrix. Furthermore, it is a first step in the 

assessment of the potential of novel titanium foam as a bone engineering scaffold. 
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CHAPTER2 

Thesis Objectives and Outline 

2.1 Thesis Hypothesis 

It is hypothesized that residuals from the processing chemicals employed in the 

fabrication of titanium foams do not affect the cytocompatibility of titanium foams 

because of the careful selection of each product, and that the unique three-dimensional 

structure oftitanium scaffolds promotes the production ofbone-like tissue by mouse pre­

osteoblasts in vitro. 

2.2 Thesis Objectives 

The primary aim of the research project presented in this thesis is to establish the 

cytocompatibility of porous titanium produced through a novel powder metallurgy 

process developed at IMI-NRC with in vitro cell culture studies. It also aims to gain 

insight into the effects of the micro structural characteristics of the three-dimensional 

scaffolds on the early and long term responses of pre-differentiated osteoblastic cells. 

Specific objectives ofthe project are: 

1. To produce three types of porous titanium scaffolds with varying pore sizes and to 

characterize their morphological differences in terms ofpore size and density. 

2. To ensure that residuals from the process chemicals do not cause cytotoxic effects 

individually or in combination. 

3. To establish the early adhesion kinetics of MC3T3-El mouse pre-osteoblasts to 

porous titanium and to assess their morphological features upon adhesion. 

4. To verify that the three-dimensional titanium scaffolds promote the differentiation of 

MC3T3-El pre-osteoblasts and the production of a mineralized extracellular matrix 

by these differentiated cells. 
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2.3 Thesis Outline 

This thesis is prepared in a manuscript format and is divided in 9 chapters. The 

literature review is separated in two sections discussing the application of porous metals 

for hard tissue regeneration (Chapter 3) and reviewing the knowledge on interactions 

between osteoblasts and metals, as well as their respective experimental investigation 

tools (Chapter 4). Chapters 5 and 6 present a proceeding published by the Materials 

Research Society and an article accepted by the peer reviewed journal Biomaterials, 

respective1y. Chapter 7 discusses the relations between the two manuscripts, as well as 

results from ongoing research, while Chapter 8 draws general conclusions from the 

results collected during the Master's degree. Chapter 9 proposes directions for the 

continuation of the research project. 

2.4 Concise Description of the Manuscripts 

Chapter 5 includes manuscript one, Adhesion Kinetics of MC3T3-El Pre­

Osteoblasts to Osteoconductive Porous Titanium Scaffolds, published in the Materials 

Research Society Symposium Proceedings Volume 823 (2004). The work presented in 

this proceeding fulfills objectives 1 and 3 ofthis thesis. It also presents parts of the results 

toward the fulfillment of objective 2. Subsequent results to achieve objective 2 are briefly 

discussed in Chapter 7. This proceeding demonstrates the cellular viability of J774 

adherent mouse macrophages in contact with titanium foams with three pore sizes 

produced through the powder metallurgy process of interest. As weIl, it shows results of 

early interactions between pre-osteoblastic cells and the porous materials compared to a 

two-dimensional mirror-polished titanium reference material. Adhesion kinetics and cell 

morphology were investigated. 

Chapter 6 includes manuscript two, Three-Dimensional Growth of 

Differentiating MC3T3-El Pre-Osteoblasts on Porous Titanium Scaffolds, accepted 

by the periodical Biomaterials. The work presented in this article includes results from 

objective 1 and fulfills objective 4 of this thesis. The article demonstrates the ability of 

titanium foams with three different pore sizes to promote pre-osteoblast differentiation 

towards a mature state that has the ability to produce a mineralized bone-like 
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extracellular matrix. As with the previous manuscript, results obtained for the titaniurn 

foams are compared to a two-dimensional poli shed titanium reference material. 
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CHAPTER3 

Porous Metals for Hard Tissue Regeneration 

3.1 Biomaterials in Bone Engineering 

Over the past 35 years, bone engineering research has focused on the 

development of strategies to replace diseased and injured hard tissue and joints, with aims 

to recover lost functionalities, partially or complete1y, in an attempt to improve the 

quality of life of patients. Replacement materials for such purposes are typically 

c1assified in two categories, transplants and implants [1]. While transplants have been 

used successfully for bone engineering applications, they have evident limitations. The 

use of autografts has notably been constrained by availability, second site morbidity, and 

resorption issues, whereas allografts and xenografts raise ethical, immunological and 

contamination concems [1-2]. 

Limitations associated with transplantation have motivated the deve10pment of 

biomaterials for implantation purposes. Implant materials developed for the replacement 

of damaged bone structures have generally been successful at improving the quality of 

life of patients, but all are limited in their survivability [1]. Complications encountered 

with these systems are generally associated with the maintenance of a stable interface 

between the material and sUITounding tissues, and blood diffusion through that interface. 

Inadequate mechanical properties and production of wear debris also contribute to the 

failure of replacement implants [1,3]. These setbacks have recently led to a shift in the 

focus of research towards the design of advanced biomaterials to assist in partial or 

complete bone regeneration, to obtain improved implant fixation, or to repair damaged 

hard tissue structures [1]. Because of the natural regeneration capabilities of bone, the 

challenge consists of enhancing the rate of bone growth and directing its progression. 

One approach to this problem consists of designing three-dimensional scaffolds with 

osteoconductive properties. 
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3.2 The Need for Porous Metals 

Biocompatible polymers and bioactive ceramics have been studied extensively for 

the fabrication of scaffolds with applications in the regeneration ofbone structures [4-5]. 

These materials generate interest because of their biodegradable or bioresorbable 

properties and can be modified to achieve control over the degradation or resorption rate. 

The aim is to match it with the rate at which bone is generated in an attempt to replace 

the material by newly formed tissue. Nevertheless, polymers have relatively poor 

mechanical properties and bioactive ceramics are brittle, making them less reliable as 

constitutional materials. Thus, porous scaffolds made of these types of materials are 

generally employed for implantation in minimalloading conditions or as scaffolds for the 

in vitro maturation of engineered tissues that can be implanted in the damaged area. 

Metals are interesting candidates for the fabrication of porous scaffolds with 

applications in load bearing situations because they can maintain favourable mechanical 

properties over extended periods of time in physiological loading environments [6-8]. 

They are ductile materials characterized by high yield strength and fracture toughness, as 

well as minimal fatigue behaviour. Thus, the mechanical integrity of three-dimensional 

metallic supports is superior to that of polymer and ceramic based scaffolds. 

The porosity of metallic foams considerably reduces their mechanical properties 

when compared to bulk metals [9]. Hence, porous metals are not generally used as 

structural materials for implantation in high load bearing conditions such as those 

encountered by hip joint replacements, but rather as porous coatings at the surface of 

dense implants to permit fixation through bone ingrowth. Special care must also be taken 

to ensure that process conditions for the fabrication of porous metals do not further 

reduce the mechanical properties of the material. One such example is the need to ensure 

that the fumace atmosphere is non-oxidizing and does not contain contaminants when 

sintering titanium, as the metal will react with these contaminants, thereby changing its 

nature and increasing the brittleness of the material [10]. 
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3.3 Specifie Applications of Porous Metals in Bone Engineering 

The conventional application of porous metals in bone engineering consists of 

applying them as coatings on total joint replacement implants for their fixation through 

bone ingrowth [Il]. 

The success of porous coatings in promoting bone ingrowth, combined with the 

development of new fabrication processes for the production of metallic materials with 

high levels of porosity that are more adequate for applications as hard tissue regeneration 

scaffolds, has opened new avenues for the application of these materials in bone 

engineering. Notably, their use as bone graft substitutes and for bone augmentation in 

craniofacial reconstruction has been investigated [12]. Other investigators have proposed 

the use of porous metals to achieve intervertebral fusion through bone ingrowth as an 

alternative to fusion cages that require autologous bone grafts [13-15]. Porous metals 

have also been used as dental implants [16]. 

3.4 Bone Ingrowth Inside Porous Metals 

3.4.1 Mechanism of Bane Ingrowth 

The information provided in this section summarizes the highly complex reactions 

of the body to the implantation of porous metallic scaffolds. Only in vivo results are 

reported in this section, as in vitro models for bone genesis inside porous materials are 

simplified models of the actual mechanism. Nevertheless, in vitro models studying the 

behaviour of osteoblasts on implant materials are often employed to gain knowledge on 

the effects of specifie micro structural parameters of biomaterials on cellular response, as 

well as the potential of new biomaterials for bone engineering applications because they 

provide information at the cellular level that is not readily available with present in vivo 

experimental techniques. 

The initial healing step after the insertion of a porous metallic implant in bone 

consists in the formation of a fibrin clot at the interface between the metal and the 

biological tissue. The fibrin fibres are recruited from the blood coming in contact with the 

metallic biomaterial and are believed to attach faster on surfaces containing sub-micron 

scale features [17]. This fibrin network acts as a natural scaffold onto which 

osteoprogenitor cells and pre-differentiated osteoblasts can adhere, proliferate and 
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migrate to reach the porous surface of the implant [10]. The necrotic bone fragments 

produced during the press-fitting step of implantation are usually resorbed by the 

organism in a very short time span. In a matter of days following the formation of a 

fibrin clot, cells present at the healing site already pro duce an extensive extracellular 

matrix, which is mainly composed of collagen type 1. This soft matrix intertwined inside 

the porous structure can pro vide reasonable stability and limit micromotion at the 

interface. It also provides an adequate environment for the differentiation of osteoblasts 

and subsequent maturation of the extracellular matrix and mineralization process toward 

the formation ofbone in direct apposition with the metallic structure [17]. It is important 

to specify that initial bone ingrowth does not guarantee the long term stability of the 

implant because bone is a dynamic organ that responds to mechanical and chemical 

signaIs from its environment. 

3.4.2 EfJect of Implant Micromotion 

Among the conditions required for bone ingrowth to occur, sorne are not related 

to the material design but rather to the surgical procedure employed. In fact, the 

importance of obtaining an adequate initial fixation of porous implants, in order to limit 

micromotion at the interface between the material and bone, is documented [18-19]. It 

has been shown that small micromotion does not inhibit bone ingrowth, while gross 

movement promotes the formation of fibrous tissue surrounding the implant without 

penetrating the porous structure. It is thought that this process is meant to exclude the 

foreign body from bone. Further studies on this issue identified a range of 28 to 150llm 

within which the threshold of acceptable micromotion is contained [20]. Thus, porous 

metals are generally press-fit into the implantation site and loading of the particular area 

is generally resumed gradually following the surgical procedure. 

3.4.3 Promotion ofBone Ingrowth Inside Porous Metals 

Various approaches have been proposed for the improvement of the 

osteoconductive properties of porous metals in an attempt to promote bone ingrowth. The 

application of a thin ceramic coating at the metal surface renders the surface bioactive, 

while maintaining the superior mechanical properties of the bulk metallic material [5]. 
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Another way to improve bone ingrowth inside porous metals that has been the subject of 

an increasing number of investigations consists of incorporating growth factors and other 

proteins, or bisphosphanate drugs, to the construct [21]. 

3.5 Requirements for Porous Metals 

3.5.1 Type olMetal 

The nature of the metal used as a basis for the fabrication of bone engineering 

scaffolds has major effects on the body response to the implant. Notably, metals are 

characterized by a wide range of elastic moduli that can be further adjusted to achieve 

desired properties through alloying. Nevertheless, all types of metals are characterized by 

an elastic modulus that is considerably higher than that of trabecular bone. Implantation 

of materials with such high moduli in bone results in stress-shielding, in which case the 

material prevents the surrounding tissue from receiving stress signaIs necessary to 

promote an equilibrium in bone tum-over. Stress-shielding often results in bone 

resorption in the implant surroundings and eventual loosening of the synthetic material. 

Highly porous metals can be designed in a manner such that their elastic modulus is 

comparable to that of the trabecular bone within which they are implanted. This is 

generally achieved through a judicious choice of base metal and a strict control of the 

micro structural parameters for the fabrication of porous metals. It is also important to 

keep in mind the fact that other mechanical properties of bulk metals will be lowered by 

the fabrication of metallic materials with high levels of porosity. Notably, the yie1d 

strength, fracture toughness and fatigue behaviour of porous metals must be maintained 

at an adequate level for the intended application. 

Aside from their mechanical properties, metals selected must fulfill many 

requirements to be considered biocompatible. Among the most important are the 

corrosion resistance, which prevents the release of damageable ions and the introduction 

of mechanical weaknesses in the material, the absence of cytotoxic effects, and finally the 

promotion of cellular adhesion, proliferation and differentiation [6]. These strict 

requisites, combined with the fact that procedures by which new biomaterials are 

approved for implantation are quite extensive, limit the number of metals used for the 

fabrication of implantable devices. The four main classes of metals used in clinical 
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implantation for orthopaedic applications are stainless steels, cobalt chrome alloys, 

tantalum, and titanium and its alloys [22]. 

Stainless steels have lower corrosion resistance in physiological environments and 

inadequate mechanical properties compared to other biocompatible metals, but their low 

cost makes them attractive candidates for applications as temporary implants such as 

plates and screws for fracture fixations [22]. Cobalt-chromium alloys have better 

corrosion resistance behaviour than stainless steel and have high hardness properties, 

making them resistant to wear. Thus, they are generally used for applications such as 

metal-metal joint replacements in order to minimize the production of wear partic1es in 

the synovial fluid [22]. Tantalum has been recently introduced as a biomaterial for the 

fabrication ofbone engineering scaffolds because ofits excellent corrosion resistance and 

overall biocompatibility [9,23]. However, it is more expensive than titanium and its 

alloys for equivalent overall biocompatibilities. 

Titanium and its alloys are considered to be the biomaterials of choice in the 

fabrication of metallic scaffolds for bone regeneration because of their excellent overall 

biocompatibility [24-26]. The superior corrosion resistance oftitanium over other metals 

used for implantation contributes to its good response in physiological environments; this 

property of titanium is particularly important for three-dimensional scaffolds because of 

the increased surface area. The corrosion resistance of titanium is associated to the 

spontaneous formation of a dense oxide layer at its surface [25,27]. This oxide layer, 

composed mainly of Ti02, is thermodynamically stable and chemically inert and is 

maintained in physiological environments, contributing to the low ion release levels and 

high cytocompatibility of titanium. The inertness of the material also contributes to the 

promotion of appropriate cellular interactions with the material. 

3.5.2 Microstructure 

Microstructural parameters of porous metals must be controlled for the design of 

efficient bone engineering scaffolds. It is generally believed that the scaffold needs to 

mimic the structure of the extracellular matrix in order to promote the desired cellular 

response in the regeneration of bone. This is achieved by designing scaffolds with high 

levels of surface topography and roughness. However, it still remains unc1ear how these 
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microstructural parameters of implant materials must be organized to influence cellular 

maturation towards the regeneration ofbone. 

Early attempts at producing porous metals for applications as implant coatings for 

fixation purposes focused on materials with low levels of porosity, ranging between 30 

and 50% [28-29]. Nevertheless, the production of porous metals with higher porosity 

levels up to 85% is beneficial because it provides more volume for bone ingrowth, which 

relates to a higher interfacial strength between the material and surrounding bone. 

Furthermore, the three-dimensional scaffold requires an interconnected porosity to allow 

impregnation of the structure with bone, vascularization of the tissue, and diffusion of 

nutrients. 

Perhaps the most studied design parameter of porous metals, the optimal pore size 

has been the focus of many debates over the years. The study most often cited to that 

regard, performed by Bobyn et al., identified a range of 50 to 400J.!m as providing an 

optimal fixation of the material to bone [30]. The results presented in this study 

emphasized the difficulty in obtaining mineralized bone matrix inside pores smaller than 

50llm, and indicated the presence of fibrous tissue in pores over 400J.!m. Nevertheless, 

studies focusing on the effect of an exact pore size on bone ingrowth rather than average 

pore sizes for a specifie type of structure reported bone ingrowth in pores smaller than 

50llm [31]. In general, pores must be larger than 150J.!m for bone reorganization and 

formation of osteons to occur [32]. Furthermore, larger pores seem to encourage 

vascularization of the newly formed tissue. As these are important issues to address in 

order to ensure the formation ofhealthy bone, larger pore sizes are generally preferred for 

the fabrication of bone regeneration scaffolds. Studies have notably reported excellent 

ingrowth in structures with pore sizes larger than 400J.!m [23,33]. Divergence between 

the different reports conceming the optimal pore size of porous metals for bone 

engineering applications might be attributed to the fact that other microstructural 

parameters of the porous materials used in the studies are not controlled. Notably, the 

pore shape is a fabrication process dependant parameter that is hard to control. Thus, it is 

possible that each type of porous metal will have a different optimal pore size because of 

its unique microstructure. 
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3.6 Fabrication Processes for Porous Metals 

As was briefly discussed in the previous section, two types of porous metals were 

initially developed for applications as porous coatings on orthopaedic implants. These 

approaches consisted of sintering metallic beads or fibres to the dense surface of the 

implant in order to promote a solid-state diffusion and create metallurgical contacts 

between the coating particles or strings and the bulk material, ensuring the mechanical 

integrity of the structure [28,29]. A certain control over the porosity level (30 to 50%) 

and the pore size of these materials has been achieved over the years. As well, evidence 

of bone growth inside the interconnected structure was reported with various materials 

including titanium and cobalt chrome alloys [34]. Nevertheless, these first generation 

porous metals were characterized by a relatively low level of porosity, resulting in limited 

bone ingrowth levels and interfacial strength. A plasma-sprayed procedure has also been 

used to produce porous coatings [34]. However, this approach is limited in terms of the 

range of pore sizes that can be achieved and the control over the microstructure. 

Later attempts to produce porous metals that could be used as coatings focused on 

the development ofbiomaterials with high levels ofporosity (up to 85%) to provide more 

volume for bone ingrowth, as is beneficial for scaffolding applications in bone 

engineering. However, the number of highly porous metals available for use in clinical 

settings is stiIl rather limited. The fabrication pro cesses for highly porous metals that 

have been approved for implantation in humans include chemical vapour infiltration to 

deposit tantalum onto vitreous carbon foams [9,15,23,35], self-propagating high­

temperature synthesis for the fabrication ofporous nitinol from metallic powders [13-14], 

and conventional powder metallurgy techniques [36]. While these porous metals have 

been successful at encouraging bone ingrowth both in vivo and in clinical trials, a larger 

range of materials with distinctive and controllable microstructures is required in order to 

identify the influential parameters of metallic scaffolds and to understand their effects on 

cellular pro cesses leading to bone ingrowth in an attempt to optimize their design. 

Current work toward the fabrication of nove1 porous metal designs has mainly 

focused on two approaches. One of these techniques is solid freeform fabrication, which 

consists of building a ceramic mould through printing of a polymerie binder on ceramic 
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powder (layer by layer) to hold ceramic particles together, and using this mould to 

prepare a porous coating that can be implanted as-cast. The ceramic mould can then be 

eliminated through the decomposition of the binder [37]. This technique has the 

advantage of an increased control over the microstructure of the scaffold but is limited by 

the resolution of the printing apparatus. 

Powder metallurgy techniques have also been used extensively for the 

development of porous metal fabrication processes [3,38]. A powder metallurgy process 

was recently developed at IMI-NRC for the fabrication of titanium foams characterized, 

by a unique microstructure [39]. This process consists of mixing a titanium powder with 

a polymerie binder and a foaming agent prior to a three-step thermal treatrnent. During 

the initial step of low temperature heat cure, the binder is melted to create a suspension 

charged with the titanium powder, after which the foaming agent decomposes to release 

gas that forms the interconnected pores within the scaffold structure. The second phase 

incorporates the decomposition of the polymeric compound at high temperature. Finally, 

the remaining titanium particles are sintered to provide the necessary mechanical 

integrity to the foam. A schematic diagram of the foam fabrication process is shown in 

Figure 3.1. This process for the fabrication of porous titanium scaffolds is described in 

more details in Chapters 5 and 6. The flexibility of the process allows for adjustment of 

the average pore size of the structure and other micro structural parameters. This report 

presents the results of in vitro studies investigating cellular interactions with porous 

titanium scaffolds fabricated through this procedure. 
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Figure 3.1. Schematic diagram of the modified powder metallurgy process developed at 

IMI-NRC for the fabrication oftitanium foams. 
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CHAPTER4 

Osteoblast-Biomaterials Interactions 

4.1 Osteoblast Behaviour on Biomaterials 

4.1.1 Osteoblast Adhesion 

Cell adhesion is a phenomenon that can be observed naturally during the 

integration ofbiomaterials by the body [1]. This initial phase of interactions is critical for 

pre-differentiated osteoblasts because it influences their proliferation and differentiation 

behaviour toward mature osteoblasts capable of producing a mineralized extracellular 

matrix. Studies of cell adhesion phenomena provide essential information on the 

biocompatibility of the material with which cells interact, making it an important 

parameter to investigate in the in vitro evaluation of a bone engineering biomaterial. Cell 

adhesion summarizes a series of complex interactions between cells and a substrate upon 

initial contact. These interactions inc1ude the sequential adsorption of proteins to the 

substrate surface, attachment of cells to specific sequences of these adsorbed proteins, 

adhesion and spreading [1-2]. 

Adhesion of cells to a substrate can occur without the preliminary protein 

adsorption step [2]. This type of adhesion, referred to as passive adhesion, is a non­

specifie adsorption phenomenon as it can be observed with non-viable cells and even 

parts of cell membrane. This situation does not occur in physiological conditions, as body 

fluids coming in contact with implants contain high levels of proteins. The adsorption of 

proteins on biomaterials following their implantation occurs almost instantaneously. The 

same phenomenon is observed upon placing a substrate in serum comp1emented medium 

for in vitro investigations. Cells interact specifically with glycoproteins adsorbed to the 

surface because they contain an RGD sequence (Arg-Gly-Asp) that is specific to the 

fixation of cell membrane integrins [1,3-4]. Integrins are composed of a and ~ subunits. 

Many forms of these subunits exist, ensuring the adhesion of individual integrin protein 

to a specific protein adsorbed to the substrate. Sorne bone extracellular matrix 

glycoproteins such as fibronectin, vitronectin, laminin, osteopontin and type 1 collagen 

can be found in a soluble form in serum [1,5]. 
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Simultaneous to the adsorption of serum proteins to the substrate, cells are 

brought in close proximity to the surface through a number of long and short range 

interactions including van der Walls forces and ionic forces [1]. However, the net 

negative charge of cells at physiological pH, combined with the fact that the surface 

charge ofbiomaterials is often negative, creates repulsive forces [2]. Cells appear to use 

cytoplasmic extensions to bridge the gap with the material. These extensions reflect 

interactions between transmembrane integrins and the RGD sequences of associated 

glycoproteins adsorbed to the substrate and indicate the beginning of the adhesion phase. 

These adhesion sites where integrins react with surface proteins are called focal contacts 

and maintain the cell membrane within 10 to 15 nm of the substrate [1]. The intracellular 

portion of focal contact sites is composed of a comp1ex network of proteins including 

vinculin, paxillin, ta1in, focal adhesion kinase, and tensin that contribute to the mediation 

of signaIs from the integrins to the actin cytoskeleton. Thus, adhesion of cells to a 

substrate triggers a mechanism that leads to an appropriate reorganization of the 

cytoskeleton and associated spreading of the cell. This process is highly influenced by 

the substrate through its control on the adsorption of proteins, as will be discussed in a 

later section. Thus, the adapted cell shape is a function of the material. Reorganization of 

actin networks inside the cells is sensed by the nucleus and leads to an adequate 

phenotype change toward proliferation and differentiation phases. A representation of 

the cellular system involved in the formation of focal contacts and cytoskeleton 

organization upon cell adhesion is shown in Figure 4.1. 
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Figure 4.1. Schematic representation of the proteins involved in the formation of focal 

contacts and the cytoskeletal organization by osteoblasts adhering to biomaterials. 

(Reprinted from Biomaterials, Vol 23, Anselme K, Osteoblast adhesion on biomaterials, 

667-81, © (1999) with permission from Elsevier). 

4.1.2 Osteoblast DifJerentiation 

The wound healing process triggered following bone fractures or the insertion of 

implant materials in bone consists of a series of complex phenomena that require the 

recruitment of various types of cells to perform specifie functions. Notably, osteogenic 

cells are essential to the regeneration of damaged bone. These cells are generally marrow 

stromal cells, mesenchymal stem cells, and vascular pericytes [6]. However, pre­

differentiated and mature osteoblasts, as well as osteocytes also migrate to the injury site 

in lesser amounts, in order to contribute to the bone regeneration process. Thus, most 

osteogenic cells recruited by the body upon implantation of a bone engineering implant 

must undergo a differentiation process toward a mature osteoblastic stage capable of 

mineralizing extracellular matrix. 
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The original theory to describe the process by which osteoprogenitor cells 

differentiate toward mature osteoblasts proposed a three step process. Briefly, cells 

follow sequential development stages starting with a proliferation phase, followed by the 

production of an extracellular matrix that evolves as the cells differentiate, and eompleted 

by the mineralization process; eaeh step is eharacterized by the expression of specifie 

genes [7]. 

The expression of known differentiation markers seems to indicate that more 

stages exist in the differentiation sequence and that these stages can overlap more than 

one of the three theorized developmental stages [7-8]. Cell culture systems used to gain 

an understanding of the specifie steps in the differentiation process can only pro vide 

limited information because they often contain multiple cell types other than 

osteoprogenitor cells that express various levels of markers conventionally used to 

identify osteoblast differentiation, or beeause they are heterogeneous in terms of the 

differentiation stages that osteoprogenitor eells have reaehed [9]. Reeently, the use of 

poly(A)-polymerase chain reaction techniques has allowed the entire gene expression 

pattern of single eells or colonies to be followed through time [7-10]. This approach has 

allowed investigators to separate the differentiation process into seven stages. However, 

they have not ruled out the possibility that intermediate stages have yet to be identified. A 

schematic representation of the osteoblast differentiation proeess is provided in Figure 

4.2. 

While work remains to be done in identifying proteins that allow to differentiate 

between cells at various differentiation stages priOf to the pre-osteoblast phase, 

differences between the later type of cells and mature osteoblasts are better understood 

[8, Il]. Notably, pre-osteoblasts are still in the proliferative phase, which is not the case 

for osteoblasts. Alkaline phosphatase is generally expressed in the pre-differentiated 

stage, but is up-regulated in more mature cells and its activity is reduced when the 

mineralization process is under way. The expression of other bone markers following the 

proliferative phase consist of a peak in osteopontin, followed by bone sialoprotein and 

osteoca1cin, whieh appears coincidentally with the start of the mineralization process. 

While alkaline phosphatase is most often used as a differentiation marker for osteoblasts 
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grown on biomaterials, osteoca1cin IS the most specifie marker to osteoblast 

differentiation [8,12]. 

Multipotent stem cell 

Uncommitted osteoprogenitot" 
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Figure 4.2. Schematic representation of the seven stages osteoblast differentiation 

process [8]. 

A small portion of osteoblasts can further differentiate in two types of post­

proliferative cells that do not contribute to the formation of mineralized extracellular 

matrix. Osteocytes are embedded in the matrix and are known to have the capacity to 

respond to mechanicalloading by elevating their expression ofinsulin-like growth factor­

I, osteoca1cin, as weIl as cyclooxygenase [13]. The other differentiation route is toward 

bone-lining ceIls, which were proposed to have the potential to be reactivated and provide 

a readily available source of osteoblasts given specifie signaIs [14]. 

There is strong evidence that hormones, cytokines, and growth factors have 

stimulatory or inhibitory effects on the differentiation process of osteoblasts [11]. Thus, 

their incorporation with scaffolds has been studied in order to improve osteoconductive 

properties, as discussed in a previous chapter. However, to improve these multifaceted 

systems, research must focus on gaining knowledge on the required exposure duration to 
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these molecules, concentration, and stage at which they must be introduced to optimize 

their effects. 

Of more importance is the impact of the extracellular matrix proteins on the 

differentiation process. It seems that the production of an extensive matrix containing 

collagen type 1 is essential to the expression of previously discussed differentiation 

markers and for the mineralization process to occur [15-16]. These findings corroborate 

the fact that the quality of the cell adhesion process is of major importance to the 

promotion of an adequate differentiation toward the formation of a mineralized 

extracellular matrix. Thus, biomaterials must be designed in order to promote appropriate 

interactions with cells. 

4.2 Microstructural Parameters of Biomaterials Affecting Cell Response 

Cells interact with the proteins adsorbed on the surface of a material rather than 

directly with the substrate. Hence, properties of the material that influence cell response 

are in fact parameters that modify the protein adsorption process. The nature of proteins 

adsorbed to a surface has an impact on the cell adhesion process, with the orientation of 

these proteins being of utmost importance [1,17]. In fact, cell adhesion can only occur if 

the reactive RGD groups of adsorbed proteins are exposed and in an active conformation 

to allow interactions with cell integrins. 

It is important to note that the surface properties of a material are quite different 

to its bulk properties [1,18]. Thermodynamic restrictions in the material force unsaturated 

bonds to the surface, rendering it reactive. This reactive layer is responsible for the 

formation of an oxide layer at the surface of metals, thus changing the surface chemical 

composition of the material. Furthermore, an adsorbed contamination layer is generally 

present at the surface of materials, affecting its surface properties. This phenomenon 

stresses the importance of employing adequate steps to ensure that a biomaterial is 

adequately cleaned and that the surface interacting with cells is not contaminated. 

Studies of cell behaviour upon interaction with biomaterials discuss the 

importance of surface properties of a substrate such as its surface chemistry, the material 

topography and its surface energy, as they influence the cellular response [1,17]. These 

parameters are often studied through in vitro models with two-dimensional surfaces. Such 
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an experimental setup allows investigations of the individual cell behaviour of a specifie 

cell type without interference by other cells generally recruited to the implantation site in 

vivo, while controlling the micro structural properties ofthe test material. 

An extensive body of literature demonstrates the impact of the material' s nature 

on the number of osteoblasts adhering to the substrate, their morphology, and their 

capacity to form an organized cytoskeleton and focal contacts [18-23]. Titanium 

encourages cell adhesion compared to cobalt-chromium-molybdenum and stainless steel 

alloys commonly used for orthopaedic applications [19-20]. Furthermore, the better 

adhesion properties exhibited by titanium substrates seem to impact the later interactions 

of the material with hFOB 1.19 (human fetal osteoblasts), as it was demonstrated that 

proliferation was delayed on cobalt-chromium-molybdenum and stainless steel compared 

to titanium, while differentiation markers alkaline phosphatase and osteocalcin were 

higher on titanium surfaces than the two other biocompatible metals [19]. 

The effect of surface topography on cell adhesion and differentiation has also 

been studied extensively for osteoblasts on materials currently used for bone engineering 

applications [23-31]. Many studies report that the number of cells adhering to a substrate 

is directly influenced by the material surface roughness [26-28,31]. It also seems that 

organization of the surface topography can positively influence the number of cells 

adhering to the substrate [24]. Although, it still remains unclear what type of organization 

is required to optimize cell response. Cell morphology is also influenced by the surface 

topography of sub strate s, as small changes in surface roughness influence the cell' s 

capacity to spread [25,29,31]. More evident morphological changes can be observed for 

osteoblasts adhered to materials with high levels of surface topography, as they exhibit a 

polygonal shape with three-dimensional extensions on these structures rather than the flat 

spindle-like morphology found on less textured materials [23,25]. Such a three­

dimensional morphology is also characterized by a less organized cytoskeleton [29] and a 

different arrangement of focal contacts to reflect the points of contact with the material 

located at the end of cytoplasmic extensions [24]. Deligianni et al. [26] demonstrated 

through X-ray photoelectron spectroscopy and radiolabeling that the nature of proteins 

adsorbed on rough surfaces compared to smooth substrates was more adequate for the 

promotion of cell adhesion. In fact, they showed that considerably more fibronectin was 
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adsorbed on rough surfaces, while smooth surfaces encouraged the adsorption of other 

fetal bovine serum proteins. Furthermore, the rough substrate allowed more total proteins 

to be adsorbed, probably due to the increased surface area and charge density. It has also 

been observed that surface topography of metals promotes the modification of the gene 

expression pattern of osteoblasts toward a more mature stage, as verified by reduced 

proliferation [29], an increased alkaline phosphatase activity [26,28] and a higher level of 

mineralization [30]. 

Surface energy has aiso been studied extensively as an important parameter 

influencing cell behaviour on implant materials [32-37]. This parameter is a measure of 

the wettability of a surface. Thus, it is related to the hydrophilicity of a material. Surface 

energy is generally influenced by the surface roughness of a material, its charge and the 

chemical composition of its surface [37]. Associated with the general charge density of 

the surface, as weIl as the polarity of that charge, surface energy results in specific 

surface tension and energy of adhesion to the materiai [17]. The fact that surface energy 

affects cellular behaviour confirms the importance of this material property in controlling 

the protein adsorption process [35]. An increased surface energy impacts osteoblast 

adhesion positively, while reducing cell spreading [32,37]. As was the case for the other 

surface parameters affecting cell behaviour, conditions of surface energy improving the 

ability of osteoblasts to adhere to surfaces have also been associated with a faster shift 

from proliferation to differentiation as observed through higher alkaline phosphatase 

activities [34,37]. 

As explained m Chapter 3, the three-dimensional microstructure of scaffolds 

influences bone ingrowth in vivo. Many studies have reported the use of osteoblastic cell 

cultures to investigate the osteoconductive and bioactive properties of novel polymeric 

and ceramic foams [38-41]. However, the effect of three-dimensional micro structural 

parameters of porous scaffolds on osteoblastic cell behaviour has been scarcely reported 

in the literature. While it has been demonstrated that adhesion and differentiation of 

osteoblastic cells are affected by contact with a porous structure in a similar fashion to 

the effect of increased surface roughness [42], it seems that the pore size does not impact 

these specific cell behaviour [43]. Rather, the pore size has been shown to affect the 

mechanisms by which extracellular matrix is laid down, as well as the migration of cells 
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inside single pores, and the reorganization of the matrix in osteons [44]. Nevertheless, 

sorne reports have suggested that the pore shape might also be an important factor in 

influencing these cell behaviour, as sorne pore geometries might provide optimal 

compression and tension conditions permitting the cells to receive and transmit load 

signaIs from the material [17]. Even though porous materials have been used for bone 

engineering applications for over 35 years, the state of knowledge conceming the impact 

of three-dimensional conditions on cell behaviour does not yet allow the design of 

optimal porous implant scaffolds. 

4.3 Experimental Investigation of Osteoblast Response to Biomaterials 

4.3.1 Experimental Methods to Study Osteoblast Adhesion 

Osteoblast adhesion to a bone engineering surface is a complex process involving 

a series of steps at the molecular level. This process is generally studied quantitatively 

through measures of the number of cells adhering to the surface. These investigations are 

usually complemented by qualitative assessments of cell morphology and adhesion 

proteins distribution inside the cells and in their surroundings. 

The ideal assay for measurement of the number of adherent cells on a material 

would have to be simple, short and inexpensive, with a high sensitivity. It is also 

important to minimize exposure to hazardous compounds [45]. The experimental 

methods that have been developed to quantify the number of adherent cells each have 

their advantages and weaknesses. Sorne of the methods most commonly used to study 

osteoblasts adhesion to biomaterial's surfaces will be discussed in this section with 

applications for porous metals in mind. 

A direct counting technique often used for the quantification of adherent 

osteoblasts uses the coulter partic1e counter [26]. This technique is simple to use, 

automated and has a good signal-to-noise ratio compared to other direct methods relying 

on microscopy techniques [46]. Nevertheless, it requires the detachment of adherent cells, 

which is time consuming, and the use of expensive apparatus. Furthermore, the 

detachment and subsequent collection of cells is complicated by the use of three­

dimensional test materials. 
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Microscopie techniques are rarely used for cell counting purposes on biomaterials 

because of the limitations of each technique and the availability of faster indirect 

techniques. Nevertheless, scanning electron microscopy provides an excellent mean to 

gain valuable information on adherent osteoblast morphology, which indicates the 

adequacy of the adhesion process [23]. Epifluorescence microscopes are also used to 

visualize the distribution of intracellular pro teins related to the adhesion process, as well 

as extracellular matrix [22,24]. However, epifluorescence microscopes are more difficult 

to use for cells adhered inside three-dimensional scaffolds because the reading at the 

focal point is blurred by fluorescence at adjacent depts. 

Many indirect methods have been developed to measure the number of adherent 

cells on surfaces. One method that is often used consists of labeling the cells with 

radioisotopes such as 51Cr prior to the assay [45-47]. Such an approach provides very 

sensitive results but requires the use of hazardous materials, special safety procedures, 

and specialized equipment. Furthermore, radiolabeling cells is a time consuming process 

and radioactive probes are generally expensive and have a short shelf-life. It is also 

possible to label cells using biotinylation [45,47]. While this technique is not as sensitive 

as the use ofradiolabels, it has the advantage ofbeing easy to use. As celliabeling occurs 

prior to the seeding procedure for these two techniques, cell viability can be affected by 

these procedures, thus influencing the results and preventing the methods from being 

used for long incubation periods [48]. 

Another approach for the quantification of adherent cells used extensively for 

osteoblasts attached to bone engineering substrates consists of using enzyme-based 

systems [45]. These systems have the advantage of a high signal-to-noise ratio due to the 

possibility to adjust the signal by enzyme catalysis. Furthermore, the detection can 

generally be obtained through colorimetric or fluorescence measurements. One su ch 

example is the use of Calcein-AM as a substrate that can be transformed to fluorescent 

Calcein through the action of esterases located in the cell cytoplasm [45,48]. Because the 

hydrolysed product cannot escape the cell membrane, cells must be lysed prior to the 

measurement. 

Another method involves the use of tetrazolium salts such as MTT that can 

penetrate cells and are transformed to formazan crystals by mitochondrial 
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dehydrogenases [45,49]. The crystals can be solubilised to form a blue solution of 

intensity directly proportional to the number of viable cells. Problems with such enzyme 

based assays relate to the fact that the levels of intracellular enzymes can vary with time. 

Thus, these tests are not appropriate for comparison of cell numbers on substrates at 

significantly different time points. Furthermore, factors that could affect enzyme activity 

such as the pH and the temperature can induce error in the results if not properly 

controlled. 

A last method used to quantify the number of cells adhered to substrates consists 

of a measure of the DNA content of the bone-like tissue grown in vitro. As DNA 

amounts per cell are consistent for a cell type at every maturation stage, this method 

allows for comparisons between spaced time points. Generally, these assays consist of 

binding a fluorescent dye to DNA and can be measured using fluorescence detection 

apparatus. 

4.3.2 Experimental Methods to Study Osteoblasts Differentiation 

Various proteins have been identified as differentiation markers for osteoblasts 

and were discussed previously. Of these, the most often studied in the field of bone 

engineering are alkaline phosphatase, osteoca1cin, and collagen type I. Three different 

experimental assays are generally used to investigate the presence of these proteins. 

Alkaline phosphatase is most often studied through its enzymatic activity [26,50-51]. As 

for osteocalcin, it is an extracellular matrix protein, but a percentage of newly 

synthesized protein is released in the medium in vitro or in the serum in vivo, which is 

proportional to the amount of newly synthesized protein. Thus, osteocalcin content is 

often measured through enzyme-linked immunosorbent assays of the culture medium 

[51]. A similar approach can also be employed to measure the amount of collagen type l 

synthesized. Polymerase chain reaction has also been used to monitor the expression 

patterns for these differentiation markers [50]. Qualitative assessment of the distribution 

of these markers in the bone-like tissue grown in vitro can be obtained through 

immunolabeling combined with epifluorescence microscope techniques. 

The localization of mineralized regions of the extracellular matrix produced by 

osteoblasts following differentiation in vitro requires the use of stains such as Alizarin 
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Red and von Kossa. However, these are not adequate for use in highly textured metals 

because they do not generate enough contrast with the material. To quantify the level of 

mineralization produced by differentiated osteoblasts, two methods are generally 

employed. The technique most often used consists of reacting calcium with 0-

cresolphthalein complexone to form a purple compound that can be assessed with a 

spectrophotometer. Another technique consists of using atomic absorption spectroscopy 

to measure the dissolved calcium content. The later technique has better selectivity, does 

not require time consuming sample preparation, and is quite sensitive [52]. Both methods 

require that the mineraIs be dissolved prior to the assay. However, the biochemical 

approach to measuring calcium content from the bone-like extracellular matrix does not 

require expensive equipment, as is the case for atomic absorption spectroscopy. 
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5.1 Abstract 

Porous metallic scaffolds have recently gained recognition as a promising avenue 

toward the regeneration of damaged bone structures. Interest in these materials resides in 

their ability to guide bone growth by presenting a favorable structure for cellular 

adhesion and three-dimensional proliferation. A powder metallurgy process to fabricate 

titanium foams with favorable micro structural parameters for applications in bone 

engineering has recently been developed. This study asses ses the potential of this novel 

material for applications as an osteoconductive scaffold through in vitro characterization 

of early cellular interactions with titanium foams having pore sizes ranging from 167 to 

500 !lm. The foams exhibit no cytotoxic effects on J774 mou se macrophages while 

favoring adhesion and proliferation of MC3T3-El pre-osteoblasts. Three-dimensional 

morphology assumed by these cells on porous titanium suggests that the microstructure 

of the foams is biomimetic. 

5.2 Introduction 

Porous metals have been employed for more than 30 years in the field of 

orthopedies as implant coatings to ensure a stable fixation through bone ingrowth. 

Conventional approaches to the fabrication of such porous eoatings include bead and 

fiber sintering [1,2] and plasma-spray technologies [3]. Recently, a shift has been 

witnessed in the design of such biomaterials toward the fabrication of highly porous 
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metals with micro structural parameters that facilitate bone regeneration [4,5]. In addition 

to conventional applications as porous coatings, these innovative materials have 

generated interest in related fields such as craniofacial reconstruction. Highly porous 

titanium foams with a unique and adjustable microstructure produced through a novel 

powder metallurgy process contribute to this trend [6]. The present study aims to assess 

the biocompatibility of these titanium foams through cellular viability and adhesion 

assays. 

5.3 Experimental Methods 

5.3.1 Scaffold Preparation and Characterization 

Titanium scaffolds with three pore sizes, referred to as TiA, TiB and TiC (from 

smaller to larger pore size) were prepared using a process previously described [7]. 

Foams were subsequently machined into small discs (12.5 mm diameter and 2 mm 

thickness) and sintered at 1300°C for 2 hours. The resulting microstructure of these 

titanium foams is shown in Figure 5.1. Controls were prepared by polishing dense 

titanium and nickel discs (referred to as TiP and NiP respectively) of similar dimensions 

to a mirror-finish (0.04 !lm) with an automatic polisher (AbraPol, Struers). Before cell 

culture assays, porous samples and controls were cleaned by 15 minute sonication cycles 

in soapy water, isopropanol and de-ionized water, with distilled water rinses after each 

step. Scaffolds were then autoclaved and allowed to dry at 60°C under sterile conditions 

ovemight. 
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(a) (b) 

(c) 

Figure 5.1. Scanning electron microscopy (SEM) images showing the microstructure of 

titanium foams: (a) TiA (b) TiB (c) TiC. 

5.3.2 Cell Culture 

J774 mouse macrophages (ATCC, USA) were cultured in RPMI 1640 medium 

(Gibco BRL, Canada) supplemented with 5% fetal bovine serum (A TCC, USA), 100 

U/ml penicillin, and 100 /lg/ml streptomycin (Gibco BRL, Canada). MC3T3-E1 subclone 

14 mouse pre-osteoblastic cells (ATCC, USA) were cultured in a-MEM medium (Gibco 

BRL, Canada) supplemented with 10% fetal bovine serum, 100 U/ml penicillin, and 100 

/lg/ml streptomycin. Both celllines were grown in T75 cell culture flasks at 37°C in an 

atmosphere with 100% humidity and 5% C02. The complete medium was replaced every 

2 to 3 days and confluent cells were subcultured through scraping (J774) or trypsinization 

(MC3T3-El). 

5.3.3 Cel! Viability 

Mouse macrophages were seeded in 24-well plates on porous scaffolds and both 

controls at a concentration of 100,000 cells per millilitre of complete medium and 
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incubated for 48 hours. Blanks consisted of scaffolds cultured with complete medium in 

the absence of cells. Following incubation, the medium was replaced and a Vybrant MTT 

cell proliferation assay (Molecular Probes, USA) was performed. Briefly, a 50 /lI aliquot 

of 12 mM [3-(4,5-dimethylthiazol-2-yl)-2,5-dipheny1tetrazolium bromide] (MTT) in 

phosphate buffered solution was added to each well and incubated at 37°C for 4 hours. 

Formazan crystals formed by cells in contact with the MTT were then dissolved by the 

addition of 500 /lI of sodium dodecyl sulfate-HCI and a subsequent 12 hour incubation. 

Solution absorbance was read at 570 nm with a spectrophotometer (/lQuant, Bio-Tek 

Instruments). Three replicates were performed for each condition. 

5.3.4 Cel! Adhesion 

Mouse pre-osteoblasts were seeded in 24-well plates on porous scaffolds and both 

controls (200,000 and 100,000 cells seeded respectively). In addition to blanks for each 

condition, a third control consisting of empty tissue culture plates (TCP) was also 

included. After incubations of 30 minutes, 1, 2, 4, or 18 hours, samples were washed 

three times in Earle's balanced salt solution (EBSS). Quantification of adherent cells was 

measured through the Vybrant MTT cell proliferation assay described previously. Nine 

replicates were performed for each type of foam, while 3 replicates were performed for 

controls. 

5.3.5 Cel! Morphology 

Cell morphology was analyzed by incubating foams and TiP samples with pre­

osteoblasts for 18 hours according to the cell adhesion procedure. Adhesion assays were 

washed three times in EBSS to remove unartached pre-osteoblastic cells and serum 

proteins. Adhered cells and their extracellular matrix were fixed for 24 hours with 2.5% 

glutaraldehyde in O.lM sodium cacodylate buffer, dehydrated in seriaI ethanol and amyl 

acetate baths, and critical point dried. Specimens were sputter-coated with Au-Pd and the 

cellular morphology was assessed through SEM (FE-SEM S-4700, Hitachi High­

Technologies ). 
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5.3.6 Statistics 

Results are expressed as mean value ± standard deviation. A paired Student t-test 

was used to identify differences in the data with p<0.05 considered significant unless 

specified otherwise. 

5.4 Results and Discussion 

5.4.1 Scaffold characterization 

Table 5.1 presents the pore sizes and porosities of the three types of titanium foam 

investigated. These results highlight the micro structural differences between each type of 

foam. SEM observations of the titanium scaffolds up to 2000x magnification did 

discriminate microstructural surface differences other than pore size between the three 

conditions. 

Table 5.1. Porosity and pore size of the three titanium scaffolds. 

Condition 

TiA 

TiB 

TiC 

Pore Size 

(J'm) 

166.7 

425.9 

499.6 

Porositya 

(% ± S.D.) 

73.1 ± 1.6 

76.6 ± 2.4 

79.8 ± 2.6 

a Porosity for each condition is statistically different from the others (p<O.Ol). 

5.4.2 Cell viability 

Figure 5.2 shows the viability of J774 macrophages on titanium foams as a 

blanked absorbance at 570 nm after 48 hours of incubation. Cellular viability obtained on 

titanium foams is comparable to that of TiP. In a previous study [8], it was determined 

that residuals from individual mixture components of the powder metallurgy process 

affected the nature oftitanium surfaces. Nevertheless, these surface modifications did not 

affect the viability of U-937 human macrophages. Results from the present cellular 

viability assay demonstrate that the combined effect of the mixture components does not 

result in cytotoxic effects. As weIl, cellular viability is not affected significantly by the 

scaffold pore size but was statistically lower on the negative control (NiP). 
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Figure 5.2. Viability of J774 macrophages on titanium foams as a blanked absorbance at 

570 nm after 48 hours of incubation. NiP had statistically lower results than the foams 

and TiP. 

5.4.3 Cel! Adhesion 

Figure 5.3a shows the adhesion kinetics of mouse pre-osteoblasts on titanium 

scaffolds. The data is presented as a blanked absorbance which is directly proportional to 

the number of adherent cells (unreported data). Absorbance measurements yielded no 

significant difference in cell adhesion for the three porous scaffolds. This indicates that, 

for the range of pore sizes investigated, this parameter did not have an effect on the 

adhesion kinetics of pre-osteoblastic cells. A decrease in the number of adherent cells on 

porous scaffolds was observed after 2 hours compared to the 1 hour time point. This trend 

is statistically significant for TiB and TiC. This effect is not believed to be a cellular 

response to the material since similar results are observed for TiP and Tep (see Figure 

5.3b). This inflection in the adhesion kinetics might be a result of the death of weaker 

cells due to the trypsination process involved in the seeding procedure. However, more 

replicates are required for the control samples in order to verify this observation. 
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Figure 5.3. Adhesion kinetics of cells on (a) titanium foams with three different pore 

sizes and (b) controls. The blanked absorbance is directly proportional to the number of 

adherent cells. 

The number of pre-osteoblasts adhered to porous titanium scaffolds after 18 hours of 

incubation is significantly higher than for shorter incubation times, indicating the 

commencement of cell proliferation. The higher proliferation rate observed on TiP, in 
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comparison with titanium foams, reflects the lower magnitude of surface features on the 

control, as deterrnined through SEM observations, and is in accordance with the literature 

[9]. However, the number of viable cells on NiP is lower after 18 hours than 4 hours. This 

indicates that the smooth surface of the negative control allows for early proliferation but 

that the material toxicity subsequently affects the cellular viability (Figure 5.3b). 

5.4.4 Cel! morphology 

No morphological differences were identified between pre-osteoblast cells 

attached to titanium foams of differing pore sizes as the adhesion process is influenced by 

surface features, such as the topography and chemistry, which do not vary for the 

conditions investigated [10]. Thus, SEM images of cells adhered on TiA are 

representative of the morphological features of cells on aIl scaffold porosities. Attached 

cells primarily exhibit a polygonal shape with lamellipodia extending in a three­

dimensional fashion over the small spaces between titanium particles to anchor 

themselves and to create cell to cell interactions (Figure 5.4a-b). Similar morphological 

features have previously been reported for osteoblastic cells adhering to highly textured 

materials in vitro and are believed to promote cellular differentiation [11,12]. It is 

hypothesized that the dimensions of titanium particles employed in the fabrication of 

these porous scaffolds provides a desirable surface topography to promote three­

dimensional adhesion. In contrast, the morphology of pre-osteoblasts adhered on TiP was 

mainly spindle-like with long lamellipodia and numerous filopodia (Figure 5.4c-d); 

isolated cells showed rounded appearance with few or no lamellipodia, indicating a 

delayed migration due to a lack of signaIs (Figure 5.4e). As well, cells adhered to 

polished controls were more flat and spread than on porous scaffolds. This observation 

can be associated to the respective surface topography of test samples [11]. Although 

cells do not forrn a confluent monolayer covering the surface of titanium foams after 18 

hours, observations indicate that continuation of the three-dimensional proliferation 

should lead to mono layer confluency. Such an organization of cells could lead to the 

formation of a uniform bone matrix. 
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(a) (b) 

(c) (d) 

(e) (t) 

Figure 5.4. SEM images ofMC3T3-EI cells cultured for 18 hours on TiA (a-b) and TiP 

(c-e). (t) Lower magnification shows a cell monolayer building at the TiA surface (image 

obtained prior to Au-Pd coating to obtain better contrast between cells (dark gray) and 

scaffold (light gray)). 
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5.5 Conclusions 

The early mechanisms by which cells adhere on bone regeneration scaffolds and 

interact with them provide useful insight on the biocompatibility of biomaterials, as well 

as their potential capabilities to promote osteogenesis. Adhesion kinetics and cellular 

morphology studies on novel highly porous titanium foams indicate that the foams 

provide a favorable support for pre-osteoblasts attachment and proliferation. 

Furthermore, the scaffolds present a biomimetic microstructure that allows cells to 

assume a three-dimensional morphology, believed to be the basis for cellular 

differentiation and extracellular matrix mineralization. The potential for such 

osteoconductive proliferation to ultimately provide a uniform bone matrix on porous 

titanium scaffolds will be investigated further in future work. 

5.6 Acknowledgments 

Financial support for this research was provided by the Natural Sciences and 

Engineering Research Council of Canada and the Fonds de recherche sur la nature et les 

technologies. The authors are also grateful to Dr. Alain Petit, Prof. Mary Kaartinen, Dr. 

Stéphane Ruggeri and Lyne Mongeon for their assistance. 

5.7 References 

1. Welsh, R.P.; Pilliar, R.M.; Macnab, 1. J. Bone Joint Surg. Am. 1971,53,963. 

2. Galante, J.; Rostoker, W.; Lueck, R.; Ray R.D. J. Bone Joint Surg. Am. 1971, 53, 

101. 

3. Hahn, H.; Palich, W. J. Biomed. Mater. Res. 1970,4,571. 

4. Bobyn, J.D.; Stackpool, G.J.; Hacking, S.A.; Tanzer, M.; Krygier, J.J. J. Bone Joint 

Surg. Br. 1999, 81, 907. 

5. Curodeau, A.; Sachs, E.; Caldarise, S. J. Biomed. Mater. Res. (Appl. Biomater.). 

2000, 53, 525. 

6. Lefebvre, L.P.; Thomas, Y. U.S. Patent No. 6 660 224 (9 December 2003). 

7. Gauthier, M.; Menini, R.; Bureau, M.N.; So, S.K.V.; Dion, M.J.; Lefebvre, L.P. 

presented at the 2003 ASM Materials and Processes for Medical Deviees 

Conference, Anaheim, CA, 2003 (to be published in the proceedings). 

43 



8. St-Pierre, J.P.; Gauthier, M.; Lefebvre, L.P.; Tabrizian, M. presented at the 2003 

Canadian Biomaterials Society, Montreal, QC, 2003 (unpublished). 

9. Linez-Bataillon, P.; Monchau, F.; Bigerelle, M.; Hildebrand, H.F. Biomol. Eng. 

2002, 19, 133. 

10. Anselme, K. Biomaterials. 2000, 21, 661. 

Il. Schmidt, C.; Kaspar, D.; Sarkar, M.R.; Claes, L.E.; Ignatius, A.A. J. Biomed. 

Mater. Res. (Appl. Biomater.). 2002, 63, 252. 

12. Yang, Y.; Tian, 1; Deng, L.; Ong, J.L. Biomaterials. 2002,23, 1383. 

44 



CHAPTER6 

Pre-Osteoblast Differentiation on Porous Titanium 

THREE-DIMENSIONAL GROWTH OF DIFFERENTIATING MC3T3-E1 PRE­

OSTEOBLASTS ON POROUS TIT ANIUM SCAFFOLDS 

Jean-Philippe St-Pierrea
.
b

, Maxime Gauthierb
, Louis-Philippe Lefebvri, 

and Maryam Tabriziana
. 

a Department of Biomedical Engineering, McGill University, Montreal, Canada 

b Industrial Materials Institute, National Research Council Canada, Boucherville, Canada 

6.1 Abstract 

The present work asses ses the potential of three-dimensional porous titanium 

scaffolds produced by a novel powder metaUurgy process for applications in bone 

engineering through in vitro experimentation. Mouse MC3T3-El pre-osteoblasts were 

used to investigate the proliferation (DNA content), differentiation (alkaline phosphatase 

activity and osteocalcin release) and mineralisation (calcium content) processes of ceUs 

on titanium scaffolds with average pore sizes ranging from 336 to 557 )lm, using polished 

titanium as reference material. Scanning electron microscopy was employed to 

qualitatively corroborate the results. Cells proliferate on aU materials before reaching a 

plateau at day 9, with proliferation rates being significantly higher on foams (ranging 

from 123 to 163 percent per day) than on the reference material (80 percent per day). 

Alkaline phosphatase activity is also significantly elevated on porous scaffolds foUowing 

the proliferation stage. However, ceUs on poli shed titanium exhibit greater osteocalcin 

release toward the end of the differentiation process, resulting in earlier mineralisation of 

the extracellular matrix. Nevertheless, the calcium content is similar on aU materials at 

the end of the experimental period. Average pore size of the porous structures does not 

have a major effect on ceUs as deterrnined by the various analyses, affecting only the 

proliferation stage. Thus, the microstructured titanium scaffolds direct the behaviour of 

pre-osteoblasts toward a mature state capable of mineralising the extraceUular matrix. 
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6.2 Introduction 

Common among engineered implant materials used for the replacement of 

damaged bone tissue are limited survivability characteristics, with relatively few 

improvements demonstrated over the past 35 years [1]. Contributing to poor survivability 

are difficulties associated with the maintenance of a stable interface between the material 

and sUITounding tissues, and poor blood diffusion through that interface. In addition, 

inadequate mechanical properties and production of wear debris contribute to the failure 

of replacement materials [1-2]. To address these issues, CUITent attempts in implant 

design have shifted towards the deve10pment of biomaterials incorporating three­

dimensional osteoconductive scaffolds for bone regeneration. 

Osteoconductive materials guide bone ingrowth by providing cells with a 

microstructured scaffold that promotes sequential cell maturation. Commencing with the 

migration of pre-differentiated cells from the host tissue, cells proliferate and differentiate 

to create bone within the scaffold [3]. Biodegradable and bioresorbable polymers and 

ceramics have been studied extensively for such purposes [4-6]. These scaffolds 

generally have adequate properties for implantation in non-Ioading conditions or in 

applications as supports for in vitro bone maturation before the engineered tissue is 

implanted. However, the mechanical properties of polymers are insufficient to support 

bone growth under loading conditions, while ceramics are too brittle [7]. Metallic 

scaffolds provide an advantageous alternative for these load-bearing applications because 

they maintain sufficient mechanical strength and fatigue resistance over extended periods 

in vivo. As well, their elastic moduli can be adjusted to match that of trabecular bone to 

limit stress shielding, thereby preventing bone resorption at the implant interface. 

Porous metallic scaffolds are fabricated using a variety of processes to provide a 

high degree of interconnected porosity to allow bone ingrowth. Fabrication technologies 

inc1ude chemical vapour infiltration to deposit tantalum onto vitreous carbon foams [7-8], 

solid freeform fabrication [9], self-propagating high-temperature synthesis [10], and 
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powder metallurgy [2]. While these porous metals have been successful at encouraging 

bone ingrowth both in vivo and in clinical trials, the range of materials and 

microstructures available is still rather limited. 

Recently, a novel powder metallurgy process for the fabrication oftitanium foams 

with a unique microstructure has been developed [11]. This process consists ofmixing a 

titanium powder with a polymerie binder and a foaming agent prior to a three-step 

thermal treatment. During the initial step of low temperature heat cure, the binder is 

melted to create a suspension charged with the titanium powder, after which the foaming 

agent decomposes to release gas that forms the interconnected pores within the scaffold 

structure. The second phase incorporates the decomposition of the polymerie compound 

at high temperature. Finally, the remaining titanium particles are sintered to provide the 

necessary mechanical integrity to the foam. The flexibility of the process allows for 

adjustment of the average pore size within the range of 50 to 400 !lm, the optimal range 

ofpore size for bone ingrowth [12]. Titanium was se1ected for foam development based 

on its excellent overall biocompatibility, aided by the spontaneous formation of an oxide 

layer in both air and physiological environments [13-14]. The shapable character of the 

material makes it a potential candidate for applications such as craniofacial 

reconstruction scaffolds. 

While characterisation of extracellular matrix (ECM) formation and 

mineralisation in vitro is well established in tissue culture plates [15-17], and for two­

dimensional metallic scaffolds [18-20], the behaviour of osteoblasts within three­

dimensional titanium scaffolds, and how mineralised ECM is formed, requires further 

investigation in order to optimise the design of porous scaffolds. The impact of 

micro structural parameters such as surface topography, nanoscale roughness, and 

chemical composition on cell behaviour has yet to be understood for three-dimensional 

materials. The primary aim of this study is to assess the in vitro suitability of three­

dimensional titanium scaffolds by analysing the differentiation processes of MC3T3-El 

mouse pre-osteoblastic cells and the formation of a mineralised ECM within the porous 

structure. Greater knowledge on the specifies of in vitro ECM formation and 

mineralisation in a porous metallic scaffold, as compared to conventional two­

dimensional models, is also sought. To achieve this objective, cell culture studies on 
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scaffolds having three different pore sizes are compared to a two-dimensional mirror­

poli shed titanium reference material. 

6.3 Materials and methods 

6.3.1 Scaffold Preparation 

Titanium scaffolds with three pore sizes (A, B, and e from smaller to larger pore 

size), were prepared aeeording to a novel powder metallurgy proeess. Briefly, titanium 

powder (Reading Alloys Ine., USA) was dry-mixed with low density polyethylene, a 

foaming agent (p,p' -oxybis[benzenesulfonyl hydrazide D, and a cross-linking agent 

(dieumyl peroxide), aH in powdered form. The final pore size of titanium foams was 

eontrolled through blend composition. The homogenous mixture was then moulded and 

heated through a three step thermal treatment that included foaming at 21 ooe for 2 hours, 

deeomposition of the polymerie binder at 425°e for 4 hours, and a pre-sintering step at 

12000 e for 2 hours. Foams were then machined into dises (12.5 mm diameter, 2 mm 

thiekness) and sintered at 13000 e for 2 hours. The density of each dise produced was 

obtained through gravimetrie and volumetrie measurements. An average pore size was 

measured for eaeh of the three foam sizes through analysis of light microscopy images. 

Porosity and density parameters of titanium scaffolds are provided in Table 6.1. The 

unique microstructure oftitanium foams is depieted in Figure 6.1. 

Polished titanium referenee materials (referred to as P) were prepared by 

polishing dense titanium dises (Alfa Aesar, USA), having dimensions similar to the 

porous seaffolds, with an automatie polisher (Struers, UK) to ensure surface 

reprodueibility. Samples were first wet-ground with 220 grit silicon earbide abrasive 

papers at 300 rpm with an applied pressure of200 N. The dises were then poli shed with 9 

and 0.04 /lm diamond solutions on appropriate eloths (Struers, UK) at 150 rpm with 

applied pressures of 175 and 125 N respeetively. 

Porous samples and polished titanium dises were cleaned through 15 minute 

sonieation cycles in soapy water, isopropanol and de-ionized water, interspersed by 

rinsing steps in distilled water. Titanium scaffolds were then autoclaved and allowed to 

dry ovemight at 600 e under sterile conditions. 
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Table 6.1. Microstructural parameters oftitanium scaffolds produced through a novel 
powder metallurgy process. 

Scaffold Identification 
Density Average Pore Size 
(g/cm3

) (p.1m) 

A 1.23 ± 0.09 336.4 ± 48.4 

B 1.02 ± 0.11 376.1 ± 49.0 

C 0.82 ± 0.19 556.9 ± 196.9 

Figure 6.1. Scanning electron micrographs showing the microstructure of titanium 

scaffold C with an average pore size of 557 /lm. (A) The porosity is interconnected and 

the structure is characterised by a high degree of surface topography. (B) The surface of 

each titanium partic1e is characterised by nanoscale surface roughness (Original 

magnifications 50X and 2000X respectively). 
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6.3.2 Cel! Culture 

Newbom mouse calvaria-derived MC3T3-El subclone 14 pre-osteoblastic cells 

(ATCC, USA) were cultured in a-MEM medium (Gibco BRL, Canada) supplemented 

with 10% fetal bovine serum (ATCC, USA), 100 U/ml penicillin, and 100 Ilglml 

streptomycin (Gibco BRL, Canada) at 37°C in an atmosphere with 100% humidity and 

5% C02. The complete medium was replaced every 2 to 3 days and confluent cells were 

subcultured through trypsinization. 

To study cell proliferation, differentiation, and mineralisation of pre-osteoblasts, 

cells were seeded at a density of 2.0 x 105 cells/well on the porous titanium scaffolds and 

polished titanium within 24-well plates. Cells were allowed to adhere to the dises for 24 

hours prior to samples being transferred to fresh 24-well plates in order to discard cells 

adhered to the plate rather than titanium. Differentiation was then induced through the 

addition of 50 Ilg/ml ascorbic acid and 10 mM p-glycerophosphate to the growth 

medium; this was considered day 0 of the experiment. Differentiation medium was 

subsequently replaced every 2 days, with sample analysis or preparation for qualitative 

assessment on days 0, 1, 5, 9, 13 and 17. As well, differentiation was induced on cells 

adhered to the tissue culture plate (TCP) as a positive control, with the inclusion of 

proper negative controls. 

6.3.3 Proliferation 

The number of cells adhering to titanium scaffolds, polished materials, and TCP 

was measured using a modified version of a CyQUANT cell proliferation assay 

(Molecular Probes, USA). Briefly, cells were washed twice with PBS before freezing at-

80°C until the performance of the assay, at which point cells were thawed at room 

temperature. Celllysate was obtained by the addition of 500 ilL of IX CyQUANT cell­

lysis buffer to each well followed by a 15 minute incubation at room temperature. An 

aliquot of the lysate was then mixed with the same quantity of cell-Iysis buffer 

supplemented with 360 mM NaCl, 2 mM EDTA and 1.5 Kunitz/ml DNAse and protease 

free RNAse A (Worthington Biochemical Corporation, USA) and incubated for 1 hour at 

room temperature; lysate RNA was digested to ensure that potential fluctuations in RNA 
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transcription at different stages of cell differentiation would not affect the data. A 100 ilL 

volume of the RNA free solution was then mixed with the same quantity of 2X 

CyQUANT GR dye in cell-Iysis buffer in fluorescence assay microplates and incubated 

for 5 minutes at room temperature, while shading from ambient light. After the 

incubation, plates were read with a FLx 800 microplate fluorescence reader (Bio-Tek 

Instruments Inc., USA) with a 485/20 excitation filter and a 528/20 emission filter. A 

standard curve was generated with À DNA. 

6.3.4 Alkaline Phosphatase Activity 

The activity of intracellular alkaline phosphatase (ALP) was measured with a 

commercial phosphatase substrate kit (Pierce, USA). Aliquots of 100 /-LI of cell lysate 

were obtained according to the procedure described for proliferation measurements and 

mixed with an equal amount of 1 mg/ml p-Nitrophenyl Phosphate in IX Oiethanolamine 

buffer in microplates. Mixtures were then incubated for 30 minutes at 37°C. The reaction 

was stopped by the addition of 50 ilL of 2N NaOH to each well and the resulting optical 

densities were measured at 405 nm with a IlQuant spectrophotometer (Bio-Tek 

Instruments Inc., USA). Measurements were compared to p-Nitrophenol standards and 

normalised using the total protein amounts to account for differences in the number of 

cells on different scaffolds at individual time points. 

6.3.5 Osteocalcin Release 

The production of osteoca1cin by differentiating cells was measured as the release 

of the ECM protein in the culture medium over a period of 24 hours using a commercial 

sandwich enzyme-linked immunosorbent assay (Biomedical Technologies, USA). The 

amount of osteocalcin released in the culture medium is correlated with the synthesis of 

the protein [21]. Mouse osteocalcin was used to generate a standard curve and results 

were normalised using the amount of total protein. 
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6.3.6 Total Protein 

Cellular protein content was measured with a BCA protein assay kit (Pierce, 

USA). Briefly, 25 JlL aliquots of cell lysate were mixed with 200 JlL volumes of BCA 

working reagent containing cupric sulfate and bicinchoninic acid in microplates and 

incubated for 30 minutes at 37°C. The resulting optical densities were measured at 562 

nm with a JlQuant spectrophotometer. Bovine serum albumin was used to generate a 

standard curve. 

6.3.7 Calcium Content 

Following incubation, cells were washed twice in PBS and incubated for 24 hours 

in IN HCL The calcium content in each solution was then measured with an atomic 

absorption spectrometer (Perkin Elmer 3110, USA). Two measurements were averaged 

for each solution. A standard curve was obtained with Ca2
+ solutions. Results were 

normalised using total proteins. 

6.3.8 Scanning Electron Microscopy 

Cells and ECM on titanium scaffolds and polished surfaces were washed twice in 

PBS and fixed with 2.5% glutaraldehyde in O.lM sodium cacodylate buffer, dehydrated 

in seriaI ethanol and amyl acetate baths, and critical point dried. Specimens were sputter­

coated with Au-Pd and imaged with a Hitachi S-4700 field emission scanning electron 

microscope. Energy dispersive X-ray microanalysis (Oxford Instruments, USA) was also 

performed on samples prior to the application of the Au-Pd coating to verify the presence 

of calcium and phosphorus in the ECM produced by differentiated cells. 

6.3.9 Statistics 

Results are expressed as mean ± standard deviation with n = 5. Error bars in 

figures represent standard deviations. Differences between the experimental groups were 

analysed according to a paired Student's t-test, with p<0.05 considered statistically 

significant. Pore size effects were verified according to a single factor ANOV A. 
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6.4 Results 

6.4.1 Proliferation 

The number of MC3T3-El mouse pre-osteoblasts attached to scaffolds, reference 

materials and controls was measured through the cellular DNA content at different time 

points following the initiation of differentiation. Compared to porous scaffolds, DNA 

content is significantly higher on TCP at every time point and on polished titanium on 

days 0 and 1 (Figure 6.2). DNA content is similar for titanium foams A and B at each 

time point investigated, but is significantly higher for scaffold C. The content increases 

significantly on an test materials at each time point until day 9, with the exception of day 

1 for aIl porous scaffolds. FoUowing day 9, DNA content remains statisticaUy unchanged 

on the porous scaffolds, while attached ceUs are significantly lower, but constant, on both 

the polished material and the control. In considering the initial 9 day growth phase, 

proliferation rates measured on each material as the percent increase of DNA content per 

day indicate significantly higher rates on porous scaffolds than polished titanium and 

TCP, with an increasing trend in proliferation with smaUer pore sizes (Figure 6.3). 

6.4.2 Alkaline Phosphatase Activity 

Differentiation on the various substrates was characterised using ALP as an early­

phase marker. CeUs adhering to titanium scaffolds exhibit significantly higher activity of 

the enzyme than on the polished material and the control on days 9 and 13, with the 

exception of scaffold A on day 13, though scaffold pore size does not affect the ALP 

activity of differentiating cens in a uniforrn fashion (Figure 6.4). ALP kinetics show a 

significant increase in specific activity of the enzyme on an porous scaffolds at each time 

point up to day 13, followed by a significant decrease on day 17 for scaffolds A and C. In 

contrast, the pattern of ALP activity on polished titanium resembles that of TCP controls, 

which consists of a slow increase over the entire test period, with significantly greater 

activity on day 17 than on day 5. 
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Figure 6.2. DNA content of mouse pre-osteoblasts after 0, 1, 5, 9, 13 and 17 days in 

culture. Foams (A, Band C with pore sizes of 336, 376 and 557 Jlm respectively) have 

significantly lower DNA content than tissue culture plate controis (TCP) at every time 

point and than polished titanium (P) at days 0 and 1 (* p<0.05). Foams with the highest 

pore size (C) have significantly higher DNA content than other foams (** p<0.05). 
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Figure 6.3. Overall proliferation rates of pre-osteoblasts over the initial nine days in 

culture is significantly higher on porous foams (A, Band C with pore sizes of 336, 376 

and 557 ~m respectively) than on polished titanium (P) and tissue culture plate controls 

(TCP) (* p<O.05). 
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Figure 6.4. Normalised ALP activity of cell lysates from pre-osteoblasts after 5 to 17 

days in culture. The specifie enzymatic activity is significantly higher on foams than on 

polished titanium (P) and tissue culture plate controls (TCP) at days 9 and 13, though 

pore size (A, Band C with pore sizes of 336, 376 and 557 !lm respectively) does not 

affect ALP activity (* p<O.05). 

6.4.3 Osteocalcin Release 

Late stage osteoblast differentiation was measured through osteocalcin release in 

the culture medium over a 24 hour period. Osteocalcin release is significantly higher on 

TCP than any other substrate on day 13, while the same is true for polished titanium on 

day 17, indicating that cells attached to the reference material and control achieve a 

mature osteoblastic state more rapidly than on porous substrates (Figure 6.5). The pore 

size of titanium scaffolds does not impact osteocalcin re1ease. Osteocalcin levels increase 

significantly from day 5 to day 9 on aIl materials, though a larger rise is observed on day 

13. FinaIly, with the exception of cells grown on scaffold C and TCP, osteocalcin release 

remains unchanged following day 13. 

56 



2500 

DA * * ....--. 
Cl liS ::J 
>. 2000 IIC 
ces 

"'C rilP -Cl raTCP c -Q) 1500 
Cf) 
ces 
Q) 

Q) 

0::: 1000 
c 
"5 
ces 
(.) 
0 500 Q) -Cf) 

0 

0 

Day5 Day 9 Day 13 Day 17 

Figure 6.5. Nonnalised osteocalcin release from cells in medium over 24 hours after 5 to 

17 days in culture. Cells grown on tissue culture plates (TCP) on day 13 and on polished 

titanium (P) on day 17 have significantly higher osteocalcin release than porous scaffolds 

(* p<O.05). Average pore size of titanium foams (A, Band C with pore sizes of 336, 376 

and 557 !lm respectively) does not affect osteocalcin release. 

6.4.4 Calcium Content 

Mineralisation of the ECM by differentiated cells was measured through the ECM 

calcium content. Calcium content for both polished titanium and TCP is significantly 

higher on day 13 than for porous scaffolds, indicating a lesser degree of mineralisation 

for osteoblasts grown in porous scaffolds at this time point (Figure 6.6). However, by day 

17 there is no significant difference between scaffolds and the poli shed material, 

regardless of the pore size. A large standard error resulted from the calcium content 

analysis on polished titanium on day 13. Macroscopic analysis of these samples 

confinned that sorne replicates had already started mineralising by this time, while cells 
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on the other substrates had yet to reach this level of maturation; similar observations were 

made for the samples tested on day 17. 
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Figure 6.6. Normalised calcium content of the ECM deposited by cells after 5 to 17 days 

in culture indicate higher mineralisation on polished titanium (P) and tissue culture plate 

controls (TCP) on day 13, though no difference exists by day 17 regardless of pore size 

(A, Band C with pore sizes of336, 376 and 557 !lm respectively; * p<O.05). 

6.4.5 Scanning Electron Microscopy Analysis 

Evidence of continued cell proliferation on the titanium scaffolds and poli shed 

titanium could be detected up to day 9 through SEM analysis (Figure 6.7). Cells appear to 

adhere to the scaffold through three-dimensional extensions, gradually filling in pores as 

proliferation proceeds. Continued progression of ECM development once proliferation is 

complete is evidenced by densification and mineralisation of the ECM on porous 

scaffolds, which was verified by EDX to confirm the presence of calcium and phosphorus 

at day 17. After 5 days, there are aIready indications of ECM bridging the scaffold pores 

(Figure 6. 7b), with continuing development of the ECM network within the porous 

58 



structure at subsequent time points (Figures 6.7c,d). Once the smaller pores are filled 

with ECM, subsequent growth results in a dense layer of cells covering the porous 

structure (Figure 6.7d). While no correlations between pore size of titanium foams and 

growth traits were qualitatively identified, cell growth within larger pores is limited by 

the ability of cells to bridge the pore with ECM, resulting in less dense, and in sorne 

locations, incomplete ECM formation (Figure 6.8). In comparison, cell growth on 

polished titanium results in more flat, dense, and multi-layered structures with relatively 

little ECM (data not shown). 

Figure 6.7. Scanning electron micrographs depicting cell proliferation of pre-osteoblasts 

within scaffold A (336 ~m pore size) up to day 9. (A) Day 1. (B) Day 5. (C). Day 9. (D) 

Day 13 (Original magnification 500X). Observations on days 0 and 17 are comparable to 

those on days 1 and 13, respectively. 
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Figure 6.8. (A) Scanning electron micrographs showing the development of extensive 

ECM networks inside pores of scaffold A (336 !lm pore size) after 9 days in culture. (B) 

Cells grow on the walls of a larger pore inside scaffold A, failing to form a dense ECM 

network within the pore after 17 days due to its size. This micrograph also provides 

evidence of cell penetration inside the three-dimensional structure. (Original 

magnification 1 00 X). 
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6.5 Discussion 

In the present study, the proliferation and differentiation of mouse MC3T3-El 

pre-osteoblasts toward the formation of a mineralised ECM were assessed on porous 

titanium scaffolds produced through a novel powder metallurgy process. Results obtained 

with porous scaffolds comprising three different pore sizes were compared to mirror­

polished titanium. The clonaI mouse pre-osteoblastic MC3T3-El cell line was selected 

for this study due to its high level of differentiation and its ability to form a weIl 

mineralised bone-like ECM containing bone markers such as collagen type l, ALP, and 

osteocalcin, making it an excellent model for differentiation [22-23]. Additionally, it has 

a distinct reproducibility advantage over primary cell culture systems. 

The growth environment provided by the unique microstructure of titanium foams 

encourages cell proliferation compared to the polished material. The average pore size of 

titanium scaffolds does impact proliferation, though differentiation and mineralisation 

processes are not affected. Early-phase cell differentiation activity, as monitored by ALP 

activity, is also positively impacted by cell interactions with the three-dimensional 

scaffolds. In contrast, late-phase differentiation release of osteocalcin is lower for cells on 

titanium scaffolds than on polished titanium, resulting in a delayed transition toward 

mature osteoblasts capable of mineralising the ECM. Nevertheless, the calcium content 

on scaffolds was comparable to that obtained on polished surfaces by the end of the 

incubation period (17 days). SEM analysis reveals greater amounts of ECM laid down by 

differentiating cells on the porous structures, as compared to polished samples, with the 

three-dimensional structures providing a more voluminous environment for the 

deposition ofECM. 

The initial cell growth profile, as measured by cellular DNA content on porous 

titanium scaffolds, exhibits differences compared to polished titanium and TCP (Figure 

2). During the initial phases of proliferation, fewer cells adhere to the scaffolds than to 

the reference material or the control. This can be attributed to the permeability of porous 

scaffolds, which provides an interconnected structure for cell penetration but allows sorne 

cells to attach to the underlying wells rather than the scaffolds upon seeding. By day 9, 

proliferation peaks for all test materials, as measured by both DNA content (Figure 6.2) 

and qualitative SEM analysis (Figure 6.7). Though cell counts indicate greater numbers 
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of cells on poli shed titanium and TCP, the rates of proliferation measured up to day 9 are 

significantly greater for porous foams, likely due to the three-dimensional proliferation 

environment provided by the porous scaffolds (Figure 6.3) [24]. Subsequently, DNA 

content remains constant on porous scaffolds, resulting in typical sigmoidal curves for all 

three porosities having a plateau beginning on day 9. However, while polished surfaces 

and TCP also reach a maximum on day 9, a significant decrease in measured DNA 

content occurs by day 13. This reduction is consistent with previous reports documenting 

diminishing DNA content for osteoblasts grown on implant materials [25]. These 

investigators propose that the dense ECM network produced by differentiating 

osteoblasts could prevent a complete release of DNA content during cell lysis, thereby 

lowering proliferation measurements. SEM observations support this justification given 

the density of the celllayer observed on polished titanium after 13 and 17 days, which is 

considerably more dense than is observed on day 9 (data not shown) or on porous 

scaffolds. 

The culmination of proliferation on day 9, with an ensuing shift in cell maturation 

level towards early differentiation stages, is confirmed by a significant increase in ALP 

activity on porous scaffolds. Following the proliferation stage, the number of cells on 

titanium scaffolds is comparable to that on poli shed samples, even though the foams 

provide substantially higher surface area and volume for cell growth (Figure 6.2). This 

can be explained by SEM observations indicating that cells are not as densely packed in 

the ECM network laid down inside pores of the titanium foams than on the surface of 

polished titanium. However, the greater early-phase differentiation activity on porous 

scaffolds noted by ALP activity at days 9 and 13 indicates that scaffolds may provide 

adhered pre-osteoblasts with a more robust foundation to commence differentiation 

(Figure 6.4). Proliferation and ALP activity were expected to follow trends of 10wer 

proliferation and increased ALP production for porous scaffolds, due to their unique 

microstructure, based on published reports from two-dimensional models linking 

increasing surface roughness and topography of titanium substrates with the promotion of 

osteoblasts towards a differentiated phenotype [26-28]. The ALP kinetics obtained in this 

study are in agreement with the literature, as the enzymatic activity significantly 

increases on the foams following the proliferation stage, as compared to the poli shed 
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material (Figure 6.4). Furthermore, the profile of ALP activity for cells on porous 

scaffolds is typical of the expression of that enzyme during the early stages of 

differentiation, as the activity increase is followed by a drop in activity that coincides 

with the initiation of the mineralisation process [29]. The discrepancy between the noted 

increased proliferation found on scaffolds and published findings may be attributed to the 

greater available space for cell growth provided by the porous three-dimensional surface 

topography. 

The increased activity of the early differentiation stage marker (ALP) on titanium 

foams is not indicative of the late-phase osteocalcin release. While production of the late 

differentiation stage marker is similar for foams and the poli shed control up to day 13, 

significantly higher production results were obtained for cells grown on polished titanium 

by day 17 (Figure 6.5). The increased production is associated with an earlier shift toward 

a mature state of osteoblasts capable of mineralising the ECM, as was confirmed by 

calcium content measurements (Figure 6.6). This result suggests that the two 

differentiation markers investigated in this study are expressed through independent 

control pathways, and is consistent with previous observations reported for human 

osteoblasts grown on various metallic substrates [20]. These investigators attributed this 

phenomenon to different levels of transforming growth factor-~ (TGF - ~), which is 

known to have different patterns of expression by osteoblasts on implant materials of 

different chemical compositions. This growth factor has been shown to act as an up­

regulator of ALP expression by osteoblasts, while down-regulating the expression of 

osteocalcin [30]. Since surface roughness of metallic implants promotes the release of 

TGF-~ by osteoblasts [28,31], the microstructure typical oftitanium foams could promote 

release relative to cells grown on polished surfaces, thus affecting the expression patterns 

of differentiation markers. 

In the final stage of osteoblast maturation, mineralisation of the ECM, calcium 

content measurements indicate equivalent performance by three-dimensional scaffolds 

and the polished samples. The similarity in mineralisation on day 17 is presumed to result 

from the deposition of a more extensive ECM within the porous structures than on the 

poli shed material, as observed through SEM analysis (Figure 6.8a). It is worth noting that 

macroscopic examinations of the scaffold undersides indicate that ECM production does 
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not occur through the entire depth of scaffolds over the experimental period, likely due to 

diffusive limitations on nutrients through the scaffolds and matrix [25,32]. It remains to 

be determined whether or not the increased amounts of ECM found in scaffolds would 

promote the deposition of mineraIs beyond day 17, potentially leading to enhanced bone 

formation relative to controls in a longer term analysis. 

Many investigators have examined the effects of pore size on bone ingrowth in 

porous metals using in vivo models [12,33-34]. While they have identified a range of 50 

to 400 /lm pore size within which bone ingrowth occurs, no consensus on optimal pore 

size exists due to the range of materials investigated and their respective microstructural 

impacts. Similar in vitro studies indicate that pore size is an important microstructural 

parameter to control in the design ofthree-dimensional osteoconductive scaffolds [35]. In 

the present study, the average pore size of titanium scaffolds, which incIuded scaffolds 

with pore sizes greater than 400 /lm, was found to significantly affect only the 

proliferation stage, leaving the differentiation and subsequent mineralisation processes 

unaffected. Given that the pore size distributions for the three scaffolds differed primarily 

due to the size of larger pores present, it is possible that differences between the three 

scaffolds remained indistinguishable to the cells. Though this study demonstrates the 

suitability of these foams for osteoblast proliferation, differentiation, and mineralisation, 

additional work is required to differentiate the individual impacts of pore size from 

micro structural properties. Results from these additional studies would optimise the 

design of the titanium scaffolds, allowing studies to proceed toward in vivo 

characterisation of these titanium scaffolds to as certain their suitability for bone tissue 

regeneration applications. 

6.6 Conclusions 

The microstructure of porous titanium scaffolds produced through a novel powder 

metallurgy process promotes MC3T3-El pre-osteoblast proliferation and early 

differentiation compared to poli shed surfaces. The microstructural properties of foams 

appear to slow the shift to later stages of cell differentiation toward mature osteoblasts. 

At the culmination of the investigation period on day 17, cells grown on titanium 

scaffolds and on polished titanium produced similar levels of ECM mineralisation. These 
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results indicate that the microstructure of the three-dimensional titanium scaffolds 

investigated promotes proliferation, differentiation, and mineralisation processes required 

to characterise the osteoconductive behaviour of porous metallic scaffolds in vitro. 

Furthermore, the average pore size of the structures investigated does not have a major 

effect on the differentiation and mineralisation processes. Based on quantitative and 

qualitative analyses, the smaller pore size structure is more favourable than the other two 

porous structures investigated because of its narrower pore size distribution and fewer 

large pores, which are more difficult to bridge and fill with ECM. However, cell culture 

experiments provide a simplified model of the phenomena being studied. A true measure 

of the osteoconductive utility of these titanium scaffolds requires confirmation of these 

results through additional characterisation and in vivo experimentation. 
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CHAPTER7 

Results and Discussion 

Porous metals with high levels of porosity are commonly used as three­

dimensional scaffolds to promote and direct bone ingrowth in load-bearing situations. 

Such applications include fixation of joint replacement implants, craniofacial structures 

regeneration, spinal fusion, and dental implants. Despite extensive efforts to design 

processes for the fabrication of these advanced materials, few structures have been used 

in clinical applications. As weIl, research on the cell-biomaterial interactions have mainly 

focused on the impact of surface properties with two-dimensional in vitro models. Hence, 

there is a need to develop novel three-dimensional metallic scaffolds and characterize 

interactions of osteogenic cells with these materials, in an attempt to optimize their 

microstructural parameters for a favourable bone regeneration response in vivo. 

Results discussed in this thesis are aimed at investigating the cellular interactions 

with novel titanium foams characterized by a unique microstructure with three pore sizes 

produced through a powder metallurgy process developed recently at IMI-NRC. This 

study was intended to provide in vitro information on the potential of these structures to 

promote the formation of bone-like tissue. Furthermore, it was intended to gain 

knowledge on the differences in three-dimensional versus two-dimensional growth and 

differentiation of pre-osteoblasts, with an emphasis on the effects of pore size. 

Prior to the investigation of cell-biomaterial interactions, modifications had to be 

made to the original fabrication process for the fabrication of titanium foams in order to 

produce small discs that were of adequate dimensions for cell culture investigations. It 

was essential to limit machining of the material following the final sintering step, as this 

distorted the microstructure of foams and would have influenced cellular response. 

Hence, a pre-sintering step at intermediate temperature was introduced prior to the final 

sintering stage at high temperature. This step provides foams with sufficient mechanical 

strength for handling. As the metallurgicailinks formed between titanium particles during 

this step are not strong, the foams can be machined with minimal impact on the 

microstructure. Foams were produced with three pore sizes according to this modified 
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process and were characterized in terms of their pore sizes and density, which is related 

to the porosity of the structure. 

The three types of foams were found to have significantly different 

microstructures. However, pore size distribution of the foams was not uniform, resulting 

in relative1y high variability. Nevertheless, smaller pore size foams achieved a better 

uniformity in pore size distribution due to the addition of higher levels of the cross­

linking agent. The conditions to produce the three types of foams were kept constant for 

the work presented in both manuscripts. Disparity between the pore sizes results reported 

in the two manuscripts is due to the base used for measurement of averages, the first 

manuscript (Chapter 5) presents averages based on the number ofpores, while the second 

manuscript (Chapter 6) reports ca1culations based on the volume ofpores. 

Initial screening assays were performed to verify the cytocompatibility of the 

titanium foams. Results indicated that the nature of the titanium surface and its 

wettabilityare affected by the processing residuals from the fabrication process (J.P. St­

Pierre et al. 23 rd CBS meeting, 2003). Nevertheless, these changes caused by individual 

processing residuals generated on dense titanium discs did not have a significant effect on 

the viability ofU-937 human macrophages after 24 hours of incubation (Figure 7.1), as 

investigated through a MTT enzyme-based cell viability assay. Cell viability on titanium 

foams was also investigated with 1774 mouse macrophages incubated for 48 hours. From 

this study, it was conc1uded that macrophages viability was not significantly different on 

the three-dimensional titanium scaffolds than on cp-titanium. 

Cell adhesion of MC3T3-El mouse pre-osteoblasts on the titanium foams was 

investigated through a study of adhesion kinetics of these cells from 30 minutes to 18 

hours following the seeding procedure, as measured through a MTT cell viability assay. 

As the pattern of adhesion and growth observed on titanium foams was similar to that 

observed on mirror-polished titanium, it was deduced that foams did not have cytotoxic 

effects on mouse pre-osteoblasts compared to the reference material, known to be 

biocompatible. 

Cell morphology after 18 hours of incubation demonstrated that pre-osteoblasts 

exhibit a polygonal shape with three-dimensional extensions on foams because of the 

material's high level of surface topography. The quality of cell adhesion influences the 
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morphology exhibited by cells, which in tum influences the phenotype of these cells. 

The pre-osteoblast morphology observed on porous titanium has been associated with 

increased differentiation of osteoblasts in previous reports. Thus, it was conc1uded from 

these cell adhesion studies that titanium foams provide a proper environment for the 

adhesion of cells. 
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Figure 7.1. Cell viability of U-937 human macrophages after 24 hours of incubation in 

the presence of residues from the different chemicals employed in the fabrication of 

titanium foams by powder metallurgy. Viability on titanium discs with residuals is 

similar to that on titanium controls and on tissue culture plates. The Ni control yielded 

statistically lower results as compared to other conditions (* p<0.05). (J.P. St-Pierre et al. 

23rd CBS meeting, 2003) 

Ongoing work related to pre-osteoblast adhesion aims to optimize a procedure to 

visualize focal contacts of pre-osteoblasts adhered to titanium foams. This is achieved 

through immunological staining of vinculin, a protein that colocalizes with focal contact 

sites, with subsequent visualization using an epifluorescence microscope. Difficulty in 

optimizing this procedure and obtaining c1ear images of the distribution of focal contacts 

of pre-osteoblasts adhered to titanium foams reside in the three-dimensional structure of 
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scaffolds. Images are blurred due to out-of-plane fluorescence. Nevertheless, preliminary 

results have demonstrated focal contact distribution differences between cells adhered to 

titanium foams and mirror-polished titanium dises. On foams, focal contacts seem to be 

constrained to the end of cellular extensions, at sites where cells contact titanium particles 

(Figure 7.2a), while focal contacts can be seen in larger numbers for cells on flat surfaces 

and are distributed everywhere on cell surfaces (Figure 7.2b). These results are in 

agreement with the literature and support the fact that cell adhesion mechanisms are 

different on highly texturized materials such as porous titanium, compared to flat 

surfaces. 

(a) (b) 

Figure 7.2. Epifluorescence microscope images of immunological vinculin staining of 

MC3T3-E1 mouse pre-osteoblasts adhered to Ca) porous titanium and (b) mirror-polished 

titanium. Focal contacts colocalize with vinculin. They can be found at the end of three­

dimensional extensions on porous titanium, while they are distributed everywhere on the 

cell membrane of cells adhered to mirror-polished surfaces (white arrows). 

A long term study of the differentiation pattern of mouse pre-osteoblasts adhered 

to three-dimensional titanium scaffolds, compared to mirror-polished titanium, was also 

performed. Higher alkaline phosphatase activity on porous titanium following the 

proliferation stage, confirmed the hypothesis from the cell adhesion study. It seems that 

the three-dimensional morphology exhibited by pre-osteoblasts on porous titanium is 
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associated with an early shift toward a more mature differentiation state, compared to the 

spindle-like and fiat shape ofthese cells on mirror-polished titanium. 

It was also shown that differentiation markers are expressed by osteoblasts 

through independent pathways. Osteocalcin release was reduced on titanium foams 

compared to the reference material. This reduction of the rate at which osteoblasts 

differentiate due to the microstructure of titanium foams was confirmed by a delayed 

shift toward extracellular matrix mineralization. Nevertheless, calcium content was 

similar on all materials tested by the end of the experimental period, demonstrating that 

the microstructure of titanium foams promotes cellular differentiation toward the 

formation of a mineralized bone-like tissue. As cells form extensive extracellular matrix 

networks inside pores of the foams, compared to a multilayer growth on fiat surfaces, it is 

hypothesized that higher calcium content would have been measured in the extracellular 

matrix of titanium foams than on mirror-polished titanium after incubation times longer 

than 17 days. 

Pore size of titanium foams did not have a major impact on pre-osteoblast 

behaviour seeming only to be related to the rate of proliferation of cells in the first 9 days 

in culture. It is conc1uded that for the three types of structures studied in this thesis, the 

average pore size did not have an impact on cell adhesion, differentiation, or 

mineralization behaviour. Nevertheless, the size of individual pores had an effect on the 

ability of cells to bridge the pore and fill it with an extracellular matrix network. While 

conditions are different in vivo, this observation provides insight on the reasons for bone 

ingrowth to occur only in structures with a specific range of pore size. 

The studies discussed in this thesis demonstrated that titanium foams produced 

through a novel powder metallurgy process developed at IMI-NRC are cytocompatible 

and have osteoconductive properties in vitro, as they promote the formation of a 

mineralized bone-like extracellular matrix by differentiating mouse pre-osteoblasts inside 

the structure. However, in vitro cell culture models are simplified models of the processes 

by which bone cells promote osteogenesis inside porous metals in vivo. Hence, evaluation 

of the potential of porous titanium for bone engineering applications requires 

confirmation of the present results through in vivo studies ofbone ingrowth. 
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CHAPTER8 

Contribution to the Knowledge and Conclusions 

As was stressed throughout the thesis, only a few types of porous metals are 

currently used in clinical settings for implantation purposes. Thus there is a need to 

develop three-dimensional metallic scaff01ds with unique microstructures, in order to 

increase the knowledge on the impact of structural parameters on three-dimensional bone 

ingrowth. The study presented in this report demonstrates the biocompatibility of highly 

porous three-dimensional titanium scaffolds fabricated through a novel powder 

metallurgy process, as well as their ability to promote adequate osteoblast interactions. 

This preliminary in vitro study is a first step toward the evaluation of the potential of 

porous titanium as an alternative to available materials for various applications in bone 

engineering. Furthermore, this work presents evidences of the differences in the 

behaviour of osteogenic cells during bone-like tissue formation on two-dimensional 

surfaces compared to three-dimensional materials. This is important knowledge since 

extensive research on biomaterials is performed with simplified two-dimensional surfaces 

and applied to three-dimensional systems. Finally, the importance of controlling the pore 

size distribution of porous metals in order to eliminate the large pores and ensure an 

adequate bone-like tissue ingrowth has been demonstrated. The general conclusions 

derived from this study are: 

1- Three types of titanium foams were produced with significantly different 

microstructures as demonstrated by qualitative observations, density 

measurements, and average pore size evaluations. 

2- Residuals from the process have an effect on the surface properties of titanium. 

However, these changes do not affect the viability of macrophages when 

produced individually on titanium discs, or combined as titanium foams. 

3- The titanium scaffolds investigated support the adhesion of mouse pre­

osteoblastic cells, as well as their subsequent proliferation, and differentiation 
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toward the formation of a mineralized extracellular matrix within the porous 

biomaterial. 

4- The average pore size of the three-dimensional titanium scaffolds investigated has 

a minimal effect on the behaviour of differentiating mouse pre-osteoblasts. 

Nevertheless, the size of individual pores has a major impact on the ability of 

osteogenic cells to produce an adequate extracellular matrix that fills the structure. 
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CHAPTER9 

Suggestions for Continuation of the Project 

This thesis presents information on the ability of titanium foams to promote the 

formation of mineralized bone-like extracellular matrix inside pores by differentiating 

MC3T3-E1 pre-osteoblasts in vitro. As weIl, it provides insight on the processes by 

which cells achieve this goal in three-dimensional structures. However, further work on 

the design and biological characterization of porous titanium would contribute toward the 

optimization of three-dimensional metallic scaffold design for bone engineering 

applications. Research directions for the continuation of this project are discussed in this 

chapter. 

1. Further characterize cell adhesion interactions with titanium foams. 

As discussed in Chapter 7, ongoing work aims to optimize a procedure to visualize cell 

focal contacts through immuno-fluorescence staining of vinculin. Valuable information 

on the process by which cells attach to different surfaces has already been gained with 

this procedure. However, results need to be reproduced with an optimized procedure in 

order to derive conclusions. 

2. Verify the hypotheses formulated from results discussed in Chapter 6. 

It was observed in Chapter 6 that alkaline phosphatase and osteocalcin expression are 

controlled through different pathways. Reports from the literature have suggested that 

high levels of transforming growth factor-~ could be responsible for the up-regulation of 

alkaline phosphatase and down-regulation of osteocalcin on titanium foams. It would be 

interesting to verify this hypothesis, while ensuring that the growth factor is expressed at 

higher levels by cells on titanium foams compared to mirror-polished titanium. The 

potential of porous titanium for bone engineering applications could also be further 

assessed through quantification of the amount of extracellular matrix protein collagen 

type l produced on the different materials tested, as well as by investigating the calcium 

content after longer incubation periods than those investigated. 
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3. Gain control on the pore size distribution within porous titanium scaffolds. 

As mentioned in Chapter 6, porous titanium scaffolds are characterized by wide pore size 

distributions. Thus, there is a good probability that sorne of the pores of titanium 

scaffolds produced by powder metallurgy are too large to allow osteogenic cells to form 

extracellular bridges and eventually fill the structure with bone-like tissue (refer to Figure 

6.8). Thus, there is a need to gain a better control over the pore size distribution to ensure 

that bone-like tissue can be produced inside every pore of a given scaffold. 

4. Study the effects of other microstructural properties on ceIl behaviour and bone 

ingrowth. 

The powder metallurgy process developed by IMI-NRC has the advantage that it is quite 

versatile. The ability to control various microstructural properties of the foams produced, 

such as the nature of the base material, the topography of pore walls, and the size of 

openings between pores, should be exploited to gain knowledge on the impact of these 

parameters on the osteoconductivity of three-dimensional scaffolds. Proper methods of 

characterization for these properties of porous metals will have to be developed as a part 

of such a study. 

5. Develop a procedure to apply bioactive coatings to titanium foams. 

Bioactive ceramics such as hydroxyapatite are known to encourage bone ingrowth 

compared to titanium. While they are very brittle, they can be used as coatings on 

metallic implants to improve the surface properties of scaffolds without compromising 

the mechanical properties of the scaffolds. A sol-gel procedure could be developed to 

apply such coatings on titanium foams and increase their bone regeneration capabilities. 

Furthermore, it should be investigated whether such thin coatings can reduce metallic ion 

release levels, as this is a large concern of three-dimensional metallic scaffolds having 

high surface area. 
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6. Verify the bone ingrowth capabilities oftitanium foams in vivo. 

In order to demonstrate the potential of titanium foams produced by a novel powder 

metallurgy process for applications as three-dimensional scaffolds for bone engineering 

applications, in vitro results must be confirmed by studies of the ability of the material to 

promote and direct bone ingrowth in vivo. Such studies would allow the establishment of 

specifie applications for this material. Through control of the experimental conditions, 

the potential of porous titanium as a porous coating for orthopaedic implants, a 

regeneration scaffold for craniofacial applications, a spinal fusion material, and a dental 

implant could be assessed. 
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ApPENDIXA 

Research Compliance Certificates 

The research reported in this thesis involved the use of mammalian ceUs (MC3T3-E1 

Subc10ne 14 mouse pre-osteoblasts, U-937 human macrophages and J774 mouse 

macrophages from ATCC). A copy of the approved Mc Gill University form for use of 

biohazardous materials is inc1uded in this appendix. 
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McGill University 

APPLICATION TO USE BIOHAZARDOUS MATERIALS* 

Projects involving potentially biohazardous materials should not be commenced without approval from the Environmental 
Safety Office. Submit applications before 1) starting new projects, 2) renewing existing projects, or 3) changing the nature of 
the biohazardous materials within existing projects. 

1. PRINCIPAL INVESTIGA TOR: Maryam Tabrizian PHONE: 8129 
--~-----------------

DEPARTMENT: Biomedical Engineering /2 aM- 3( 3 FAX: 7461 
~~-----------------

ADDRESS: Lyman Duff Building E-MAIL: maryam.tabrizian@mcgill.ca 

PROJECT TITLE:in vitro biocompatibility study of new biomaterials 

2. EMERGENCY: Person(s) designated to handle emergencies 

Name: Lina Vuch Phone No: work: 398-7398 home: ---------
Name: Pina Sorrini Phone No: work: 398-6736 home: 

3. FUNDING SOURCE OR AGENCY (specifY): FQRN T J c.; \ \-\ R) N S 6-Re 
FQRNT, CIl*, ,UçWL 

Grant No.: _N_S_E_R_C _____ Beginning date: 2002,2004,2001 End date: f - j2007, 2005, 2005 

e~==============~========================== 
4. Indicate ifthis is 

(gI Renewal: procedures previously approved without alterations. 

Approval End Date: FQRNT, NSERC (2007, 2005) 

[gI New funding source: project previously reviewed and approved under an application to another agency. 

Agency: _C_I_HR ____________ ~ Approval End Date: 

D New project: project not previously reviewed. 

D Approved project: change in biohazardous materials or procedures. 

D Work/project involving biohazardous materials in teaching/diagnostics. 

O'fl!l'S J J.fbJ-
/ 

CERTIFICATION STATEMENT: The Environmental Safety Office approves the experimental procedures proposed and 
certifies with the applicant that the experiment will be in accordance with the principles outlined in Health Canada's 
"Laboratory Biosafety Guidelines" and in the "McGill Laboratory Biosafety Manual". 

Containment Level (select one): D 1 [gI2 0 2JWith additional_pr.:cautions D 3 

Principal Investigator or course director: date: 

Approved by: Environmental Safety Office: date: 

Expiry: ---;:::.~--:::-'=':t'---~='--11 

*as defined in the "McGill Laboratory Biosafety Manua)" 
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5. RESEAR CH PERSONNEL: (attach addition al sheets II pI "few:J) 

Trained in the safe use ofbiological 
Name Department Job Title/Classification safety cabinets within the last 3 

years? Ifyes, indicate training date. 

Lucie Marcotte BMED Research associate po 
Jean-Phili~ St-Pierre BMED Master student IJ~ 

Cyrille Fleury BMED !''l'1aster student AL 
IV (.' 

Line MomJeon BMED Technician }Jo 

Kim DOllv1as BMED PhD student tJ~ 

Shahabeddin Faghihi BMED PhD student ~o 

6. Brietly describe: 

i) the biohazardous material involved (e.g. bacteria, viruses, human tissues, toxins of biological origin) & designated 
biosafety risk group 

bacteria, celIlines (.~tuAA- ~..J2. 'e ........ ) 

L) (2.~ (~-r~rt.) 
e 

ii) the procedures involving biohazards 

cell and bacterial culture 

iii) the protocol for decontaminating spills 

asrequestedbyMcGiII ~ ~l ~,o., f ~ 
l y--~~ ( 

7. Does the protocol present conditions (e.g. handling oflarge volumes or high concentrations ofpathogens) that could eno increase the hazards? 



5. RESEARCH PERSONNEL (continued) 
Name Department Job Title 1 Trained in the safe use ofbiological 

Classification safety cabinets within the last 3 
years? If yes, indicate training date. 

Shawn Carrigan BMED PhD student D'tl 
Dariusz Dziong BMED Master student b-r. 
Mylène Gravel BMED Master student 19r. 
Manuela Mandu BMED PhD student l ~ Cl 

Cathy Tkaczyk BMED PhD student /Je 
Anna Hillberg BMED Post doctoral fellow ~~ 



· Do the specific procedures to be employed involving genetically engineered organisms have a history of safe use? 

e- ~ lA 

). What precautions will be taken to reduce production of infectious drop lets and aerosoIs? 

.ta- glMM~.J,'"", ~ J~ ~'U f,.... ~,~ &-<-<-f ~ Cl.- 6Sc 

10. Will the biohazardous materials in this project expose members of the research team to any risks that might require 
special training, vaccination or other protective measures? Ifyes, please explain. 

no 

Il. Will this project produce combined hazardous waste - i.e. radioactive biohazardous waste, biohazardous animal 
carcasses contaminated with toxic chemicals, etc.? Ifyes, please explain how disposaI will be handled. 

12. List the biological safety cabinets to be used. 

Building RoomNo. Manufacturer Model No. SeriaI No. Date Certified 

LymanDuff 323 microzone BK-2-4 801-4534 14/05/04 


