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Abstract 

Although previous studies have indicated that titanium-coated micromachined grooved 

substrata increase osteogenesis both in vitro and in vivo, the underlying cell behaviours have 

not been given much attention. One suggestion is that osteogenesis may be induced by 

appropriate cell orientation. It has also been suggested that the increased production of bone­

like tissue on micromachined grooves results from the formation of a favourable 

microenvironment between the walls of the grooves. A third possibility is based on the 

hypothesis that extracellular matrix, mainly collagen, orientation plays an important role in 

increasing bone-like tissue formation. It was hypothesized that grooved surfaces, through 

orienting osteoblast-like cells, promoted osteogenesis in vitro. This study investigated cell 

and collagen orientation and the formation of bone-like nodules in response to surface 

topographies. 

Osteogenic cells (OGC) from newborn rat calvariae were plated (2 x 105 cells/cm2) on 

smooth surface controls and test substrata in which smooth surfaces (gaps) were flanked by 

groups of parallel grooves of 47pm pitch and 3um, 10pm, or 30um depth. The medium used 

was a - M E M with 15% fetal calf serum (v/v). The medium was supplemented with p-

glycerophosphate (lOiriM) and ascorbic acid (50ug/ml) after the eighth day and changed 

three times weekly thereafter. Von Kossa staining technique, propidium iodide staining of 

nuclei, and picro-sirius staining of collagen fibers were used to study bone-like tissue 

formation, cell orientation, and collagen orientation respectively. Histological sectioning and 

scanning electron microscopy (SEM) of the cultures were carried out to further examine cell 

orientation on the micromachined grooved surfaces. 
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The results of the study indicated that both micromachined grooves and the smooth gaps 

within them produced more bone-like nodules than the smooth surface controls. It was found 

that the cells within the grooves generally aligned themselves with the direction of the 

grooves whereas the cells above the ridge of the grooves formed cell layers of parallel 

orientation at an angle to the grooves. The orientation angle (OA) of the cell layers above the 

ridge level increased with distance from the grooves. In the smooth gaps, the cell layer 

closest to the titanium surface had the best alignment with the direction of the flanking 

grooves, but the OA of the cell layers above it increased with distance from the titanium 

surface. The cells on the smooth surface controls showed no preferred orientation. Collagen 

fibers in the grooves were generally oriented with the grooves whereas collagen fibers in the 

smooth gaps had several distinguishable orientations including parallel to the grooves, 

perpendicular to the grooves, and diagonal to the grooves. Collagen fibers on the smooth 

surfaces were in arrays of parallel fibers in a criss-cross pattern. 

The current study provides further evidence that micromachined grooved substrata 

promote bone-like tissue formation of osteogenic cells in culture. Moreover, bone-like 

nodule formation is associated with an interplay of several factors including cell orientation, 

number of cell layers, and collagen fiber organization. 
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A. Overview 

Although implants have been in use for a long time, little has been learned about their 

characteristics, in particular surface properties in detail, until recently. Implants are used 

today in ophthalmic, coronary, orthopaedic, and dental applications. Implant technique in 

dentistry was first studied systematically in the 1950's, but implants were not in frequent use 

until thirty years later, and since then the demand for dental implants has been steadily 

increasing (Stedman, 1995). 

A successful implant must be one that is non-toxic, causes minimal or no foreign-body 

reaction and integrates well into the surrounding tissue (Martin et al, 1995). Long-term 

stability of a dental implant depends on the integration of the artificial material into the 

surrounding bone tissue (Groessner-Schreiber and Tuan, 1992). The integration of an 

implant into alveolar bone involves apposition of mineralized tissue adjacent to the implant 

surface, a phenomenon called osseointegration. The mechanisms leading to osseointegration 

are not known in detail, but there has been a number of suggestions in the literature of a 

possible role for cell orientation (Hasegawa et al, 1985; Chehroudi et al, 1992), collagen 

bundle organization (Gebhardt, 1905, cited in Boyde and Riggs, 1990; Boyde et al, 1984; 

Ascenzi and Benvenuti, 1986; Gerstenfeld et al, 1988; Davies and Matsuda, 1988; Weiner et 

al, 1997), and possibly an osseoinductive microenvironment (Selye et al, 1960, cited in 

Ratkay, 1995; Tenenbaum and Heersche, 1982; Nakahara et al, 1991; Critchlow et al, 1994). 

The purpose of this thesis is to investigate the organization of collagen and osteoblast-like 

cells in a topographically controlled system where experimental parameters can be controlled 

and the experiments can be repeated in short periods of time. 
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1. Osteogenesis and osseointegration 

Osteogenesis or bone formation in vivo results from a complex chain of events that 

involves proliferation of primitive mesenchymal cells, differentiation into osteoblast 

precursor cells (osteoprogenitors or pre-osteoblasts), maturation of osteoblasts, formation of 

matrix, and finally mineralization (Hill et al, 1998). In osseointegration there are three 

distinct phases. The first, osteoconduction, relies on the migration of differentiating 

osteogenic cells onto the implant surface. The second, de novo bone formation, results in a 

mineralized interfacial matrix, equivalent to that observed in cement lines in natural bone 

tissue, being laid down on the implant surface (Davies and Baldan, 1997; Davies, 1998) or 

near it (Clokie and Warshawsky, 1995). The third tissue response, bone remodelling, will 

also at discrete sites, develop a bone-implant interface comprising de novo bone (Davies, 

1998). 

Osborn and Newesely have classified osteogenesis involving titanium implants into two 

kinds: distance and contact osteogenesis (Furlong and Osborn, 1991). In distance 

osteogenesis, new bone is formed on the old peri-implant bone and the existing bone surfaces 

provide the osteogenic cells that lay down the new matrix. In contact osteogenesis, new bone 

forms on the implant surface or, in this case, titanium-coated silicon wafers. 

Briefly, the pre-requisite to contact osteogenesis is the attachment and spreading of 

osteoblasts on the implant surface. The attachment of these cells to the surface was found to 

be mediated by serum proteins, particularly fibronectin (Doillon et al, 1987), and for 

osteoblast attachment osteopontin and bone sialoprotein are also instrumental (Davies, 1996). 

These proteins promote cell attachment and spreading by interacting with 

glycosaminoglycans and the cytoskeleton (Doillon et al, 1987; Schwartz and Boyan, 1994). 
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Schwartz and Boyan (1994) have suggested that the binding of serum proteins in turn 

depends on surface adsorption of metal ions. Osteopontin and bone sialoprotein are secreted 

by osteoblasts and are the major components of the organic matrix laid down before the start 

of osteogenesis (Davies, 1996). Mineralization of this matrix starts by seeding of crystalline 

calcium phosphate, which is then followed by the assembling of collagen fibres (Davies, 

1996). In vivo, differentiating osteogenic cells are derived from undifferentiated peri­

vascular connective tissue stromal cells and once these differentiating cells start secreting 

bone matrix, they stop migrating (Davies, 1998). 

After the osteogenic cells have attached and spread on the implant surface, de novo bone 

formation follows. According to Albrektsson et al (1981 and 1983) and Davies (1998), the 

osteogenic population secretes a matrix, made up of osteopontin and bone sialoprotein, which 

constitutes the interface between the implant surface and the new bone and serves as a 

nucleation site for calcium phosphate mineralization. In contrast, Clokie and Warshawsky 

(1995) argue that the above matrix is formed after de novo bone formation is completed to 

close the gap between the new bone and the implant surface. It has been suggested that 

immediately after implantation the bone adjacent to the implant surface dies (Clokie and 

Warshawsky, 1995) and new bone formation starts at the surface of the old bone and moves 

towards the implant surface (Clokie and Warshawsky, 1995; Schwartz et al, 1997). Once at 

the implant surface, osteoblasts secrete the afibrilar layer (Clokie and Warshawsky, 1995). 

The thickness of the afibrilar layer was found to be between 200A and 1pm (Albrektsson et 

al, 1981; Davies and Baldan, 1997) and according to Johansson et al (1989) the thickness 

varies with implant material. It is worth noting that metallic surfaces, such as titanium 

surfaces, instantaneously form an oxide layer (TiO, Ti02, Ti203, and Ti30 4) which is about 
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100A thick (Albrektsson et al, 1981). Therefore, the calcified non-collagenous layer which 

Davies and his team likened to the cement line in living bone, will not be in direct contact 

with metal in titanium implants. In contrast, Chehroudi et al (1992), using transmission 

electron microscopy on titanium-coated implants, demonstrated that collagen fibers in the 

matrix come in direct contact with implant surface. 

Bone can remodel in response to mechanical stresses (Duyck and Naert, 1997) caused by 

physical exercise (skeletal) and mechanical loading during tooth or implant movement (Hill, 

1998). Bone is very dynamic in that it constantly undergoes remodelling even after the 

growth and modelling of the skeleton have been completed. In remodelling old bone is 

resorbed by osteoclasts and new bone is laid down by osteoblasts and this whole process is 

thought to be under autocrine and paracrine regulation (Hill, 1998). Sensing mechanical 

stress (as a result of physical exercise), osteocytes release paracrine factors such as insulin­

like growth factor (IGF)-I to trigger osteoclastic activities, hence bone resorption (Hill, 

1998). During resorption, the osteoclasts release local factors from the bone, which 

according to Hi l l could have two effects: inhibition of osteoclast function and stimulation of 

osteoblast activity. Osteoclasts, when finished resorption, also secrete proteins that enhance 

osteoblast attachment (McKee et al, 1993). Among the factors that osteoclasts release is 

TGF-p* which inhibits bone resorption by osteoclasts and can induce apoptosis (autocrine) 

(Hill, 1998). TGF-p also has paracrine effects on osteoblasts (Pfeilschifter et al, 1990a,b) as 

it chemotactically attracts osteoblasts to the resorption site and induces osteogenesis. It has 

been suggested by Mundy et al (1984) that collagen type I may have a similar role in 

osteogenesis, but it is generally agreed that collagen's main role is structural. 
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Different scientists have differing viewpoints on osseointegration and different 

biomaterials. Collins (1954) claimed that implanted objects never become fully integrated 

into the bone. More than a decade later (1970) Southam et al maintained that a layer of 

fibrous tissue will always develop around an implant and will prevent it from becoming 

stable in bone tissue. Several scientists (Jacobs 1976, 1977; Muster and Champy, 1978, cited 

in Albrektsson et al, 1981) believed that a direct bone-implant contact was only possible if 

the implant was made of ceramic. Later, it was established that osseointegration was 

achievable when other materials were used such as stainless steel (Linder and Lundskog, 

1975), vitallium (Klawitter and Weinstein, 1974; Linder and Lundskog, 1975; Weiss, 1977), 

tantalum (Grundschober et al, 1980, cited in Albrektsson et al, 1981), and titanium 

(Branemark et al, 1969 and 1977; Linder and Lundskog, 1975; Karagianes et al, 1976; 

Schroeder et al, 1976, cited in Albrektsson et al, 1981; Juillerat and Kuffer, 1977, cited in 

Albrektsson et al, 1981). 

2. Implant properties 

Apart from the kind of materials used in an implant, other factors or characteristics of 

implants have been reported to play crucial roles in the promotion of osteogenesis at the 

implant surface. The most discussed properties of implant surfaces in the literature are 

surface chemistry, surface energy, and surface topography (Ratner, 1987). These properties 

seem to collectively contribute to osteogenesis and most importantly influence the cellular 

responses, therefore, influencing the rate and quality of tissue formation and the regeneration 

process (Schwartz and Boyan, 1994; Schwartz et al, 1997). 
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a. Surface chemistry 

Schwartz et al (1997) observed that surface chemistry could affect cell proliferation and 

differentiation. In their studies costocondral chondrocytes were cultured on polystyrene 

dishes sputter-coated with different materials including titanium, aluminum oxide, zirconium, 

and calcium phosphate. Titanium coatings in their studies were of two kinds: one that was 

formed in the presence of oxygen and another in the absence of oxygen. In the latter one, the 

coating had an amorphous TiCh layer whereas in the former one the TiC»2 was crystalline. 

The cellular responses to the two different titanium coatings were intriguing as the 

chondrocytes on the film with amorphous TiC»2 showed higher alkaline phosphatase specific 

activity than the chondrocytes grown on the crystalline titanium oxide or the tissue culture 

polystyrene controls. The surfaces did not differ in their ability to support cell proliferation, 

but changes in cellular matrix production, particularly in the amount of collagen synthesized, 

have already been confirmed by the studies of Hambleton et al (1994). It has been suggested 

that as the chemical composition of the surface determines its surface energy, it can influence 

the adsorption of serum constituents to the surface which in turn can alter the way cells attach 

and spread on implant material (Schwartz et al, 1997). These studies, thus, suggest that 

changes in attachment and spreading of cells due to altered adsorption pattern of serum 

proteins to the surface can change the phenotypic expressions of cells. 

b. Surface energy 

Surface energy has been defined as a measure of the extent to which bonds are unsatisfied 

at the surface of a material (Hench et al, 1982). It has been suggested that a high surface 

energy is preferable to a low surface energy because the former results in enhanced 
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wettability (Kilpadi et al, 1998), higher cellular attachment (Carlsson and Berman, 1989), as 

well as increased cellularity and cellular activity at the implant surface (Meenaghan et al, 

1979; Baier et al, 1984). The adhesion and subsequent spreading of cells on a surface are 

dependent on adhesion of matrix and serum proteins whose conformation and bioactivity are, 

in turn, affected by both topography and energy of that surface (Jensen et al, 1991; Stanford 

et al, 1994; Kieswetter et al, 1996). 

The surface energy level of an implant surface to a certain extent depends on the pre-

implantation sterilization and handling techniques as different methods yield different levels 

of bond saturation at the surface. Cellular response is affected also by adsorbed surface 

species (contaminants) that are a function of the surface composition and charge (Ratner and 

McElroy , 1986; Kasemo and Lausmaa, 1988; Baier and Meyer, 1988). High surface energies 

(30-50 dynes/cm) have been achieved by plasma cleaning of the surfaces whereas the more 

traditional autoclaving results in the contamination of the surface by organic and ionic 

residues (Meenaghan et al, 1979; Baier et al, 1982 and 1984; Doundoulakis, 1987). To avoid 

autoclave-induced contamination, other alternatives such as, U V radiation (Doundoulakis, 

1987; Hartman et al, 1989) and dry heat (Doundoulakis, 1987) have been suggested, but 

neither have proven as effective as plasma cleaning in increasing surface energy when 

assessed by contact angle measurements (Doundoulakis, 1987; Baier and Meyer, 1988). 

In the radio-frequency glow discharge (RFGD) procedure the surface of the implant is 

bombarded by energetic ions formed in the plasma, removing atoms and molecules on the 

surface and as a result creating unsaturated chemical bonds (Kasemo and Lausmaa, 1988; 

Carlsson et al, 1989). These unsaturated bonds created in the process are ready to interact 

with any charged ions, atoms, or molecules and therefore facilitate cell adhesion and 
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spreading. The R F G D cleaning technique results in little or no contamination, is very quick, 

and most importantly elevates the surface energy of implant surfaces. Thus R F G D was 

chosen for the experiments explained in this thesis. 

c. Surface topography 

Over the years implant materials have been designed with different surface topographies 

to make them more biocompatible, or as Ratner said (1993), "to exploit the proteins and the 

cells of the body to achieve specific results". A good example would be the use of horizontal 

grooves on the implant surface to prevent epithelial downgrowth (Chehroudi et al, 1990), as 

cells are extremely sensitive to microstructures of biomaterials and their behaviour and 

function can be modified by different patterns (Chehroudi and Brunette, 1995). 

The effects of surface topography on cell adhesion and spreading depend on cell type. 

Osteoblast-like cells preferentially attach to roughened surfaces (Bowers et al, 1992), 

whereas gingival fibroblasts have a preference for smooth polished surfaces (Kononen et al, 

1992), and epithelial cells have an affinity for micromachined grooved substrata (Chehroudi 

et al, 1988 and 1989). Such results have led to the concept that implant surfaces can be 

designed to select for specific cell populations. For example, where osseointegration is the 

desired outcome, roughened surfaces can be used to encourage the attachment of osteoblast-

like cells. However, as R ich and Harris (1981) observed, macrophages also preferred rough 

surfaces, a concept described as "rugophilia" or rough-loving. Abe (1983) has also reported 

that osteoclasts too, preferentially attach to rough surfaces. This rugophilia of resorptive 

cells could be problematic i f the rough surface of an implant selected for bone-resorptive or 

inflammatory cells. 

9 



Generally rough surfaces have performed well where osseointegration is the desired 

response. Thomas and Cook (1985) investigated the variables affecting implant fixation by 

direct bone apposition using polymethylmethacrylate (PMMA), carbon, titanium, and 

aluminum oxide (AI2O3) implants and found that implants roughened by grit blasting 

exhibited direct bone apposition, whereas smooth implants promoted fibrous tissue 

formation. In a similar study, Pilliar (1986) reported that porous titanium alloy implants 

promoted bone ingrowth but only when pore sizes exceeded 100pm. Chehroudi et al (1992) 

studied the role of surface topography of implants with tapered pits and V-shaped grooves on 

mineralization in vitro and in vivo. In both studies, they noticed greater amounts of 

mineralized matrix adjacent to micromachined surfaces compared to the smooth control 

surfaces. Qu et al (1996) found that not only will micromachined grooved surfaces (in vitro) 

produce more bone-like nodules when compared to smooth surfaces, but also the mineralized 

accretions get oriented in the direction of the grooves. They also demonstrated that 

osteogenic cells could be influenced in terms of their shape, cytoskeletal patterns, and 

attachment by surface topography. 

Micromachined grooved substrata have been very effective in orienting fibroblasts, 

epithelial cells (Brunette, 1983, 1986a,b) and osteoblasts (Qu et al, 1996) and have been 

demonstrated to inhibit epithelial downgrowth on percutaneous implants (Chehroudi et al, 

1989 and 1990). Grooved surfaces also encouraged mineralized tissue formation both in 

vitro and in vivo (Chehroudi et al, 1992). Over the years, grooved substrata have received 

some attention because of their ability to modify cell behaviour and achieve osteogenesis, 

and also because of the affinity that osteoblast-like cells have for rough surfaces (Bowers et 

al, 1992). However, little has been done to investigate the underlying mechanism(s) on the 
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basis of which the grooved surfaces produce such results. The micromachining technique 

(Camporese et al, 1981) is used to make grooves with desired dimensions (depth and pitch), 

therefore making it possible to study the effects of well-defined topographies on osteogenic 

mechanism(s). 

3. Proposed mechanisms leading to osteogenesis on implant surfaces 

Many commercially available bone-contacting implants have been designed with different 

surface topographies including porous, rough, and machined surfaces (Brunette, 1988). So 

far, studies have been done to characterize these surfaces, but unfortunately the underlying 

mechanisms responsible for promoting osteogenic responses on these surfaces are not 

known. Among some suggested possibilities (Chehroudi et al, 1992) that are of particular 

interest to micromachined surfaces are the following: 

a. Bone-inductive microenvironment 

Selye et al (1960, cited in Ratkey, 1995) tested the effect of microenvironment produced 

by an implant by implanting glass cylinders of various sizes and shapes into rats. The results 

were interesting in that bone and cartilage ingrowth occurred but only in some sizes and 

shapes of cylinders. One possible explanation was that the glass cylinders formed a 

microenvironment that favoured mineralized tissue formation. 

According to Evans and Potten (1991), regulation of stem cell activity in vivo depends on 

restriction of the distribution of regulatory factors (i.e. growth factors and cytokines). 

Supporting evidence for bone formation comes from the in vitro studies of Nijweide (1975) 

and Tenenbaum and Heersche (1982) where periosteal sheets had to be folded in order to 
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p r o d u c e a n o s t e o g e n i c m i c r o e n v i r o n m e n t . A d i r e c t r o l e f o r g r o w t h f a c t o r s w a s d e m o n s t r a t e d 

b y C r i t c h l o w et al ( 1 9 9 4 ) w h o i n j e c t e d T G F - P i n t o t h e p e r i o s t e u m o f c a l v a r i a e o r l o n g b o n e s 

a n d t h e y n o t e d a n i n c r e a s e i n b o n e a n d c a r t i l a g e p r o d u c t i o n i n t h e a r e a . N a k a h a r a et al 

( 1 9 9 1 ) d e m o n s t r a t e d t h a t p e r i o s t e a l c e l l s e n z y m a t i c a l l y d e r i v e d f r o m c h i c k t i b i a p r o d u c e d 

b o n e a n d c a r t i l a g e o n l y w h e n c e l l s w e r e p l a t e d a t h i g h d e n s i t y . W i t h r e s p e c t t o 

m i c r o m a c h i n e d g r o o v e d s u b s t r a t a , i t i s p o s s i b l e t h a t t h e w a l l s o f t h e g r o o v e s a c t t o r e s t r i c t 

o s t e o p r o g e n i t o r c e l l s i n t o a c o n f i n e d m i c r o e n v i r o n m e n t i n w h i c h r e g u l a t o r y f a c t o r s r e a c h 

c o n c e n t r a t i o n s t h a t a r e p e r m i s s i v e f o r c a l c i f i e d t i s s u e f o r m a t i o n ( C h e h r o u d i et al, 1 9 9 2 ) . 

b. Orientation of collagen bundles 

I t i s g e n e r a l l y a g r e e d t h a t a p r e r e q u i s i t e f o r m i n e r a l i z a t i o n i s t h e s y n t h e s i s a n d a s s e m b l y 

o f a c o l l a g e n o u s e x t r a c e l l u l a r m a t r i x ( E C M ) t h a t l a y s t h e f o u n d a t i o n u p o n w h i c h c r y s t a l s o f 

m i n e r a l c a n b e f o r m e d ( G e r s t e n f e l d et al, 1 9 8 8 ) . I n l a m e l l a r b o n e , c o l l a g e n f i b e r s a r e 

o r t h o g o n a l l y a r r a n g e d i n l o n g i t u d i n a l a n d t r a n s v e r s e a r r a y s ( G e b h a r d t , 1 9 0 5 , c i t e d i n B o y d e 

a n d R i g g s , 1 9 9 0 ; B o y d e et al 1 9 8 4 ; A s c e n z i a n d B e n v e n u t i , 1 9 8 6 ; W e i n e r et al, 1 9 9 7 ) a n d 

t h i s o r t h o g o n a l a r r a n g e m e n t s e r v e s a f u n c t i o n a l p u r p o s e ( S c h e n k a n d B u s e r , 1 9 9 8 ) . 

G e b h a r d t w a s o n e o f t h e f i r s t t o s t u d y t h e r e l a t i o n s h i p b e t w e e n t h e m i c r o s t r u c t u r e o f b o n e 

a n d f u n c t i o n . U s i n g s t r u c t u r a l m o d e l s , h e d e m o n s t r a t e d t h a t l o n g i t u d i n a l f i b e r s m i g h t b e 

e x p e c t e d t o e n d o w t e n s i l e s t r e n g t h w h e r e a s t r a n s v e r s e f i b e r s w o u l d e n d o w c o m p r e s s i v e 

s t r e n g t h ( c i t e d i n B o y d e a n d R i g g s , 1 9 9 0 ) . E v a n s a n d V i n c e n t e l l i ' s s t u d y o f h u m a n c o r t i c a l 

b o n e o f t i b i a e ( 1 9 7 1 ) d e m o n s t r a t e d a s i g n i f i c a n t r e l a t i o n s h i p b e t w e e n t e n s i l e s t r e s s a n d s t r a i n 

a n d c o l l a g e n f i b e r o r i e n t a t i o n . In vitro, G e r s t e n f e l d ( 1 9 8 8 ) o b s e r v e d t h a t e m b r y o n i c c h i c k e n 

c a l v a r i a e o s t e o b l a s t c u l t u r e s , w h e n t h r e e t o f o u r l a y e r s t h i c k , f o r m e d a m a t r i x a n d e a c h c e l l 
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layer was associated with a layer of collagen fibrils orthogonally arranged with respect to 

neighbouring layers. 

Collagen fibers in the matrix, through their orthogonal arrangement, may also influence 

osteoblast-like cells' metabolism. It has been suggested that the extracellular matrix can 

make cells more responsive to soluble signals, perhaps by allowing them to assume a 

particular spatial organization (Watt, 1991). Epithelial cells, for example, stop producing 

mRNA and protein when removed from substratum and cultured iri suspension, but can 

resume making both when allowed to reattach (Benecke et al, 1978). 

Davies and Matsuda (1988) found out that the orientation and spatial arrangement of 

collagen fibrils appeared to be different on smooth and rough surfaces. Collagen fibrils were 

morphologically more organized on some substrata and there was an association between 

collagen organization and enhanced mineralization (Davies and Matsuda, 1988). It has been 

suggested that, perhaps, micromachined substrata may produce an arrangement of collagen 

fibrils that promotes mineralization (Chehroudi et al, 1992), but it is yet to be determined 

whether the collagen orientation produced by grooved substrata bears any resemblance to the 

collagen arrangement found in situ. 

The presence of collagen type I can be detected by several techniques. Immunohistology 

(use of monoclonal antibodies) is the most specific method, but unfortunately antibodies that 

are specific for collagen type I can also react with intracellular procollagen. Also, 

monoclonal antibodies are very expensive and wastage can be very costly. In a pilot project, 

monoclonal antibodies were used and the results were less than satisfactory as the 

intracellular procollagen was also stained and as a result the extracellular or E C M collagen 

and intracellular procollagen were not distinguishable. Trichrome procedure (Kiernan, 
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1990), van Gieson's method (Lillie, 1964), and Periodic acid-Schiff (PAS) (Kiernan, 1990) 

make use of anionic dyes to stain collagen. The three stains listed above are somewhat 

specific, but there is still some cross-reaction of the dyes with other proteins and sometimes 

there is too much background staining associated with them. 

One histochemical technique that seemed very appealing with little background staining 

and cross-reaction, is picro-sirius red staining of collagen. This method takes advantage of 

the birefringent nature of the collagen fibers and the use of polarized light microscopy to 

beautifully demonstrate the presence of both tightly and loosely packed collagen bundles. 

Constantine and Mowry (1968) first developed the picro-sirius staining technique. Sirius 

Red is a strong anionic dye that stains collagen by reacting, via its sulphonic acid groups, 

with the basic amino groups in the collagen molecule (Junqueira et al, 1979). The collagen 

molecule is birefringent. The birefringence is due to different optical densities along 

different planes of the collagen molecule, and as a result, light is refracted and retarded at 

different rates (Wolman, 1970). Sirius Red dye molecule has an elongated shape and 

attaches to the collagen molecule in such a way that its long axis is parallel to the collagen 

fiber. Sirius Red has been found to enhance the birefringency of collagen (Junqueira et al, 

1979; Dziedzic-Goclawska et al, 1982). According to Junqueira et al, the picro-sirius 

staining results in an increase of at least 700% in light intensity when compared with samples 

stained only in saturated picric acid. Junqueira also made the observation that Sirius Red 

stains pure collagen strongly and does not stain proteoglycans, a problem observed with most 

anionic dyes (Junqueira et al, 1979). However, some staining of basic proteins may occur 

and i f Sirius Red is used without picric acid non-basic proteins may also get stained 

(Junqueira et al, 1979). Another disadvantage is that the picric acid may interfere with the 
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study of collagen fibers in calcified nodule-like structures, as the picric acid tends to 

decalcify them. 

Junqueira et al (1979) at first proposed that different types of collagen produce different 

polarization colours, but subsequently it was determined that birefringency colour changes 

with increasing thickness of collagen fibers (Junqueira et al, 1982; Dayan et al, 1989; Trau et 

al, 1991). A shift to longer wavelength (form greenish yellow to orange or red) occurs with 

better-aligned and tightly packed collagen molecules. 

c. Cell shape and orientation 

Numerous studies have demonstrated the profound effect that cell shape and orientation 

have on differentiation and, and therefore on protein expression of cells. Changes in cell 

shape that follow alterations in cell-cell and/or cell-ECM contacts are associated with 

changes in the differentiated phenotype of cells (Ben-Ze'ev, 1991). Alterations in cell shape 

can produce changes in cytoskeletal elements, which may affect the position and function of 

much of a cell's metabolism (Ingber, 1987). Changing cell shape by mechanical stretching 

of epithelial cells (Brunette, 1984) or osteoblasts (Hasegawa et al, 1985) increased the 

number of cells synthesizing D N A in culture and altered their pattern of collagen and non-

collagenous protein synthesis. Examples of the effects of cell shape on cell metabolism are 

abundant. 

In the study of Hong and Brunette (1987) on the effect of cell shape on neutral proteinase 

secretion by epithelial cells from porcine periodontal ligament, cells that were more round in 

shape secreted more porteinase. Solursh reported in 1989 that a rounded cell shape promoted 

differentiation of mesenchymal cells into chondrocytes whereas a flattened cell shape 
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promoted differentiation into fibroblasts. Mammary epithelial cells, when cultured in 

collagen gel, assumed their native shape and secreted a basal lamina, achieving a 

configuration much more tissue-like than in a culture spread out on plastic (Emerman and 

Pitelka, 1977). Emerman found from the contraction of the gel medium, on which the cells 

were grown, that a correlation existed between cell shape and the degree of differentiation 

(Emerman et al, 1977). Another good example is Watt's study of mammary epithelial cells 

when grown on floating collagen gel (Watt, 1986). She found that the cells assumed a 

cuboidal morphology and secreted some of milk proteins, including caseins. 

Thus, diverse studies on diverse cell populations using diverse methods of altering cell 

shape all indicate a relationship between cell shape and metabolism. As osteogenic cells in 

vivo polarize to differentiate into osteoblasts, bone production could be enhanced in vitro by, 

perhaps, producing a cell orientation that is instrumental in the development of a functional 

cell polarity (Chehroudi et al, 1992). Micromachined grooved substrata, through orienting 

osteoprogenitor cells, are a possible means of achieving such functional polarity. 

One could measure the effect of cell orientation on mineralization by studying 

micromachined grooved substrata. Many studies have been done to show that 

micromachined grooves are very effective in orienting cells, but the relationship between cell 

orientation and mineralization is still unclear. 

In culture, fibroblasts form multilayers of cells where the long axes of the cells in one 

layer are parallel (Elsdale and Foley, 1969). Osteoblast-like cells extracted from chicken 

embryos behaved similarly as Gerstenfeld et al (1988) noted and every layer was associated 

with well-developed collagen fibrils orthogonally arranged with respect to adjacent layers. 

According to Jones et al (1975 and 1976), cell orientation governs collagen orientation when 
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they studied mammalian bones and they reported (1975) that 80% of the osteoblasts they 

studied were aligned within 30° of the collagen fibers underneath the cells. The reverse 

relationship between collagen fibers and osteoblast-like cells has been demonstrated by the 

study of Elsdale and Bard (1972) in which fibroblasts aligned themselves parallel to an 

oriented collagen substratum as they did to most grooved surfaces (Rovensky et al, 1971). 

However, on surfaces that lack such orienting effects, the orthogonal arrangement of collagen 

fibers should parallel the cell orientation and vice versa. 

Cell orientation has been quantified in different ways (Brunette, 1988a; Dunn and Brown, 

1986; Clark et al, 1990). One method uses the orientation index (OI). Orientation index is 

the ratio of the longest axis of the cell parallel to the grooves to the width of the cell at the 

widest point perpendicular to the grooves (Brunette, 1986b). An OI value of 1.0 indicates no 

preferred orientation whereas an OI value of greater than 1.0 indicates that the cell is 

favouring the direction of the grooves (Brunette, 1986b). Brunette (1986b) found that tightly 

spaced grooves were most effective in orienting epithelial cells. 

One elegant method, though complex, is the method developed and used by Dunn and 

Brown (1986). Their method involves a highly sophisticated mathematical equation by 

which measures of cell shape and alignment are derived from the moments of cell shapes 

(Dunn and Brown, 1986). The method, however, is complex and has not been employed 

frequently. 

Another way of measuring orientation is by way of orientation angle (OA). This is a 

simple method that uses the angle of the largest axis of the cell parallel to the direction of the 

grooves, or an arbitrary, randomly selected axis in the case of a smooth surface (Brunette, 

1986a). Clark et al (1990) defined cells as being aligned when their OA was less than 10°. 
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This means of characterizing of orientation on surface has been widely used due to its 

simplicity (Brunette, 1988a; Oakley, 1995; den Braber et al, 1996, 1998; Qu et al, 1996). 

However, it is somewhat an insensitive measure since only two categories (< 10° and > 10°) 

are used. 

One way to measure cell orientation is to measure the orientation angle of cells with 

respect to a chosen axis, but in crowded cultures where cells form multilayers, such as 

osteoblast-like cell cultures, measuring the OA of individual cells is difficult because the cell 

outlines are not distinct. It has been shown that fibroblast elongation on cylindrical substrata 

is accompanied by nuclear elongation in the same direction (Margolis et al, 1975; Dunn and 

Heath, 1976; Weinreb et al, 1997). Therefore, orientation of the nuclei can be used rather 

than the whole cell outline to measure their orientation angle. 

More than twenty methods have been developed to stain the nuclei of cells by fluorescent 

dyes. Propidium iodide is a fluorescent stain that is widely used for staining nuclear 

materials. The method was developed by Hudson et al (1969). Propidium iodide has several 

advantages. 1) Its maximum excitation is at about 530nm and maximum fluorescence at 

615nm and therefore it can be used as a fluorescent marker with confocal microscopes that 

do not have U V excitation source (Orsulic and Peifer, 1994; Matsuzaki et al, 1997). 2) 

Propidium iodide can be used in conjunction with other fluorescent dyes for multicolour 

staining (Orsulic and Peifer, 1994). 3) Propidium iodide bleaches very slowly (months) 

compared to other commonly used stains, such as DAPI (4,6-diamidino-2-phenylindole), 

Hoechst, and ethidium bromide (Orsulic and Peifer, 1994; Matsuzaki et al, 1997). The only 

significant disadvantage of propidium iodide is that it also stains R N A and samples should be 

RNase-treated before staining i f specific staining of D N A is desired (Matsuzaki et al, 1997). 
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B. Extracellular matrix (ECM) of bone-like tissue produced in vitro 

As mentioned previously, for dental implants to be successful, they have to become 

osseointegrated. Mineralized tissue has to form around the implant to secure it in place. This 

mineralized tissue may resemble real bone, but it may lack some characteristics such as 

osteons and trabecular and Haversian systems. The E C M formed in the mineralized tissue 

comprises organic and inorganic components, which will be discussed below. 

1. Organic matrix 

Collagen and mucopolysaccharides make up the major portion of the organic material 

(Basset, 1962). Ninety five percent of the organic matrix is collagenous protein, 4% is 

proteoglycans and glycosaminoglycans (chondroitin sulphate, hyaluronic acid, heparan 

sulphate, and dermatan sulphate), and the remaining consists of non-collagenous proteins 

(Sammon and Thomas, 1981; Aubin et al, 1992). Glycosaminoglycans (GAGs) and 

proteoglycans (PGs) form a highly hydrated, gel-like ground substance in which the fibrous 

proteins (collagens and elastin) are embedded (Birk et al, 1991; Reichardt and Tomaselli, 

1991). Glycosaminoglycans owe their name to the fact that one of the two sugar residues in 

the repeating disaccharide is always an amino sugar, N-acetylglucosamine or N -

acetylgalactosamine (Jackson et al, 1991). Proteoglycans are GAGs that are covalently 

attached to a protein (Hardingham and Fosang, 1992). In bone, PGs are of two classes; 

byglycan or PG I and decorin or bone PG II, which differ in the protein core and the number 

of attached sulphated chains (Fisher and Termine, 1985; Stanford and Keller, 1991). 

The major constituent of the organic matrix, collagen, is a structural protein which comes 

in at least fifteen types (Uitto and Larjava, 1991). Most have three polypeptide chains which 
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are rich in proline and hydroxyproline. These chains form a three-dimensional triple helix 

and upon maturation inter- and intramolecular linkages form. Collagen is first formed in the 

form of procollagen intracellularly and its transformation into collagen is a membrane-

associated event. Collagen network gives the extracellular matrix its integrity and it is 

suggested that through its association with osteoblast-secreted phosphoproteins it may serve 

as nucleation site for hydroxyapatite crystals (Sodek et al, 1991; Veis, 1993). The two 

collagen types mostly found in the E C M of bone are type I and III. Type III collagen is 

present at low levels (<5%) in cultures of osteoblast-like cells (Aubin et al, 1982; Scott et al, 

1980; Wiestner a/, 1981). 

Non-collagenous proteins in bone are mostly polyanions which bind Ca + + ions strongly 

and are most likely associated with the mineralization process, but their exact functions are 

not clear (Glimcher, 1989). Perhaps the most studied non-collagenous protein is osteonectin, 

a phosophoprotein with great affinity for collagen and hydroxyapatite that is thought to be 

involved in mineralization of collagen type I (Termine et al, 1981a,b). There is a difference 

of opinion on the tissue specificity of osteonectin in the literature. Some authors believe that 

osteonectin is bone-specific (Termine et al, 1981a,b), but it has been found that osteonectin 

can also be produced by fibroblasts (Young et al, 1986). 

Sialoproteins make up another family of non-collagenous proteins that are distinguished 

by their sialic acid content. Osteopontin or secreted phosphoprotein I (SPP I) and bone 

sialoprotein (BSP) are members of this family (Triffitt, 1987; Linde, 1989, Mikuni-Takagaki 

et al, 1995). Osteopontin acts as a ligand between osteocytic cells and hydroxyapatite and it 

is rendered bone specific only through post-translational sulphation (Sodek et al, 1991). BSP 

is bone-specific and is possibly involved in mineralization (Glimcher, 1989). 
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Osteocalcin, another non-collagenous protein, has been considered as the most specific 

marker of mature osteoblasts and calcified bone matrix (Gundberg et al, 1984; Price, 1985, 

Aubin 1998). Osteocalcin formation is dependent on vitamin K and the protein is found in 

association with bone morphogenic protein (BMP). There is evidence that osteocalcin 

inhibits hydroxyapatite formation and it is necessary for osteoclastic bone resorption (Price et 

al, 1983; Price and Williamson, 1985). 

Enzymes and growth factors are also present in bone matrix and are thought to play 

important roles in bone metabolism and its maintenance. Growth factors identified in bone 

matrix include transforming growth factor-p (TGF-P), platelet-derived growth factor 

(PDGF), fibroblast growth factor (FGF), and bone morphogenic protein (BMP) (Wozney et 

al, 1988). Collagenases, proteinases, and alkaline phosphatase are the most abundant 

enzymes present in bone matrix (Bonewald and Mundy, 1990). 

2. Inorganic matrix 

About 70% of the dry weight of bone is its inorganic matrix, mostly composed of 

hydroxyapatite (Glimcher, 1989). During mineralization, osteoblasts secrete vesicles 

containing non-collagenous proteins, alkaline phosphatase, and ATPase. These vesicles are 

reportedly associated with calcification of the matrix as they are sometimes transported 10-

20pm to the mineralization front (Boyan et al, 1993). 

Anionic non-collagenous proteins bind to collagen and entrap calcium ions (Linde, 1989). 

After the alkaline phosphatase enzyme has released phosphate ions from organic sources, 

casein kinase II phosphorylates matrix proteins and mineralization is triggered as a result 

(Mikuni-Takagaki etal, 1995). 
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Davies (1991a) and Lowenberg et al (1991) have identified mineralized globules that 

appear to be attached to the substratum. Chehroudi et al (1992) classified these into small 

sizes (0.5-3 urn in diameter) and large ones (>10pm in diameter) and found that smaller 

globules were primarily at the periphery of osteoblasts and osteocytes. 

To detect the presence of bone or mineralized tissue, one can search for several criteria: a) 

cells showing osteoblastic morphology, function (Holtrop, 1990), and biochemical markers 

(Aubin, 1998), b) presence of collagen type I, and c) mineralization (Aubin, 1998). 

Light and scanning electron microscopy can be used to look for phenotypic traits that are 

characteristic of active osteoblasts. Holtrop (1990) has summarized these traits as basophilic, 

cuboidal, rich in rough endoplasmic reticulum, mitochondria, vesicle-rich Golgi apparatus, 

and numerous microtubules and microfilaments. Monoclonal antibodies can be used to 

detect biochemical markers such as osteocalcin, osteopontin, and bone sialoprotein. 

To visualize the presence and arrangement of collagen bundles, picro-sirius staining can 

be used which takes advantage of the birefringent nature of the collagen molecule. 

To detect mineralization, several methods are widely used including Alizarin red staining, 

G B H A or glyoxal-6w-(2-hydroxyanil), and von Kossa. Alizarin red is a 

hydroxyanthraquinone dye which forms chelates with calcium (Kiernan, 1990). One 

problem with this technique is that calcium has to be released from its insoluble form to form 

chelates with the dye and consequently, some diffusion from the site of deposition is 

inevitable. Other problems with this method include non-specific pink background and 

sensitivity to pH of the solution (Kiernan, 1990). G B H A is a chelating agent for metals, 

including calcium (Kiernan, 1990). Like Alizarin red, G B H A is also sensitive for soluble 

calcium and insoluble calcium deposits remain largely unstained. Also, the sample to be 
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stained has to be freeze-dried. If the method is applied to samples that are conventionally 

fixed in aqueous reagents, calcium deposits will get stained but so will nuclei, cytoplasmic 

RNA, and proteoglycans (Kiernan, 1990). 

In vitro tetracycline labelling of bone is another method of visualizing mineralized tissue. 

This procedure involves adding low concentrations (5ug/ml) of tetracycline to the vitamin C 

and phosphate supplement (Gruber, 1993). Tetracycline becomes incorporated in the newly 

formed mineralized tissue and fluoresces when viewed under blue or U .V. light. 

The von Kossa technique is often used for staining mineralized tissue, but it is really a 

method for phosphate and carbonate with which calcium is associated in normal calcified 

tissue (Kiernan, 1990). Silver ions (from silver nitrate solution) replace calcium from 

calcified deposits and the use of bright light promotes the reduction to metal of silver ions in 

the crystals of the insoluble silver phosphate and silver carbonate (Meloan and Puchtler, 

1985; Kiernan, 1990). Although it is less sensitive than the two methods described above 

and may result in staining artifacts, it is the most commonly used method because it provides 

sharp and precise localizations of calcified deposits (Kiernan, 1990). 

C. Osteogenic cell cultures 

In vitro studies of mineralization owe their feasibility to rapid adaptation of osteoblast-

like cells to culture conditions and more importantly, these studies allow one to obtain more 

reliable results in shorter times than their in vivo counterparts; they are reproduced more 

easily, and allow for more control of different parameters. 

Osteogenic cells may be obtained using different techniques. Jones and Boyde (1977) 

made use of the migratory behaviour of osteoblast-like cells in medium and were able to 
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collect these cells from denuded parietal bone fragments onto glass spicules. Another widely 

used technique is the enzymatic extraction of osteoblast-like cells from fetal or neonatal 

calvariae of rodents and chickens (Rao et al, 1977; Ecarot-Charrier et al, 1983). Cells 

isolated in this manner were quite capable of forming bone-like tissue (Tenenbaum and 

Heersche, 1982; Bellows et al, 1986). A third technique, described by Maniatopoulos et al 

(1988), uses adult rat bone marrow as the source for osteoblast-like cells. Although this 

procedure makes cell collection simple, a drawback is that it results in a heterogeneous 

population of hematopoietic cells and the cells of the reticular system, which consist of 

fibroblasts, chondroblasts, osteoblasts, and stem cells. Also, the culture period after 

extraction of almost thirty days is longer than those of the former two techniques. 

For an osteogenic culture to be successful and produce mineralized tissue in vitro, specific 

culture conditions must be met. As with any other type of culture the basic requirements are 

a minimum essential medium, serum which provides the culture with amino acids, 37°C 

temperature, CO2, and air. Antibiotics are added to prevent contamination by opportunistic 

microorganisms. Several labs (Tenenbaum, 1981; Nijweide et al, 1982; Nefussi et al, 1985; 

Bellows et al, 1986) reported that osteogenic cell cultures in vitro formed osteoid material, 

but the osteoid only mineralized when the culture media were supplemented with organic 

phosphate, particularly in the form of P-glycerophosphate. The organic phosphate is needed 

as a substrate for alkaline phosphatase. Tenenbaum (1981) recommended the use of 1 OmM 

concentration in completely defined media with no serum. 

Another key ingredient for osteoblast-like cells to produce mineralized tissue is ascorbic 

acid or vitamin C (Bellows et al, 1986). Ascorbic acid or ascorbate is required in the 

synthesis of hydroxyproline in collagen (Barnes, 1975; Kivirikko and Myllyla, 1984; 
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Schwartz et al, 1987), and indeed hydroxyproline content has been generally used as an 

index of collagen synthesis. Ascorbate is also necessary for maintenance and stimulation of 

osteogenic phenotype (Spindler et al, 1989). According to Spindler, addition of sodium 

ascorbate to confluent cultures of isolated rat calvarium osteoblast-like cells caused an 

increase in D N A synthesis, [ 1 4C] proline incorporation into collagenous and non-collagenous 

proteins, and alkaline phosphatase activity. The concentration widely used in osteogenic 

experiments is 50 pg/ml and it is replaced frequently once the culture becomes confluent. 

In conventional cultures, osteogenic cells proliferate to confluence and eventually form 

multilayers (Peterson and Yamaguchi, 1996). Bone cells in culture go through a lag, log, and 

stationary phase of growth and also become growth-arrested, suggesting that D N A synthesis 

and proliferation are cell density dependent (Peterson and Yamaguchi, 1996). Lian and Stein 

found (1992), that proliferation and differentiation were related in osteogenic cell cultures 

and that differentiation is always preceded by a decline in proliferation. Peterson and 

Yamaguchi argue that for the down-regulation of proliferation to take place, a minimum 

critical cell density must be reached and report it to be 2 x 105 cells/cm2. At this cell density, 

cell culture is a mixed population of quiescent and dividing cells, most undergoing 

differentiation or already committed osteoblasts (Peterson and Yamaguchi, 1996). 

D. Cell behaviour on grooved substrata: contact guidance 

Although contact guidance was first defined by Harrison in 1914 (cited by Oakley, 1995) 

it was Weiss who systematically studied the phenomenon by plating chick brain or spinal 

ganglial cells on a variety of substrata including fish scales, scratched glass, and clots (Weiss, 

1959). Contact guidance is best described as the tendency of cells to be guided in their 
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direction of locomotion by the shape of the substratum (Brunette, 1988b). Rovensky et al 

(1971) took the studies another step further when they used the sound recording technology 

to create grooves of specific depths and dimensions on polyvinylchloride plates. They noted 

that embryonic fibroblast-like cells, when plated on grooved polyvinylchloride discs, 

acquired an orientation parallel to the direction of the grooves. More controlled surface 

conditions have been achieved through the use of microfabrication, a process used in 

microelectronics fabrication (Brunette, 1983, 1986a,b; Dunn and Brown, 1986; Clark et al, 

1987). The above process allows for fabrication of surface features, such as grooves, with 

precise dimensions and therefore has revolutionized the study of contact guidance. The 

influence of surface topography is cell type dependent, as Clark et al (1987) learned from 

their experiments with fibroblasts, neutrophils, and embryonic neural cells. Several 

hypotheses have been suggested to explain cell orientation and locomotion on 

micromachined surfaces (Brunette, 1988b). 

Weiss (1958) hypothesized the microexudate hypothesis and suggested that 

macromolecular material, such as fibrin, exuded from cells were responsible for orienting 

cells. Although plausible, the above hypothesis has been criticized by several authors, as 

cells have been able to orient themselves on substrata (glass cylinders) where orientation of 

any microexudate had not been expected or where little microexudate was formed (Curtis 

and Varde, 1964). Furthermore, it has been suggested that contamination of substrata by 

oriented structures is possible when preparing the surfaces (Dunn, 1982). 

Dunn and Heath (1976) suggested that i f a distortion of microfilament bundle geometry 

hindered cellular traction, cells would move in a manner to reduce the microfilament bundle 

impairment. Supporting evidence for the microfilament bundle hypothesis comes from the 
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work of Curtis and Varde (1964) who observed movement of fibroblasts along glass 

cylinders where the diameter of the cylinders did not exceed lOOum and that cells avoided 

bending with the curvature of the cylinders. The microfilament bundle hypothesis is, 

however, argued against by Brunette (1988b), who observed that cell alignment preceded 

microfilament bundle formation, and Lazarides and Revel (1979) who reported that 

fibroblasts could move without any microfilament bundles. Moreover, Oakley and Brunette 

(1993 and 1997) showed that microtubules, not the actin microfilament bundles, were the 

most sensitive cytoskeletal element in response to topography. Contrary to Dunn's 

hypothesis that cells would avoid crossing boundaries with sharp curvatures, Oakley and 

Brunette (1993) demonstrated that fibroblasts could spread across groove edges. 

Another contact guidance hypothesis, centered on focal contacts, was first presented by 

Ohara and Buck (1979). Ohara and Buck showed that fibroblasts aligned themselves on 

grooved substrata with a pitch smaller than a cell length and that the cells aligned on the 

ridges more often than within the grooves. They argued that fibroblasts formed focal 

contacts along the ridges where limited areas of attachment were available and that focal 

contacts were also aligned. The difficulty with the focal contact hypothesis is that groove 

depth is a deciding factor in the degree of the orientation of cells (Clark et al, 1987) and it is 

unlikely that the formation of focal contacts is affected by different groove depths (Brunette, 

1988a). On grooved surfaces with narrow ridges focal contacts may span several grooves 

and become corrugated as a result (Dunn, 1991). Brunette (1986a and 1988a) used time-

lapse cinematography to demonstrate that locomotion was often associated with close contact 

rather than focal contact as he observed an interaction between the grooves and the cells' 

leading lamellae. Moreover, Oakley and Brunette (1993) found that focal contacts were 
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formed long after cells were aligned with the direction of the grooves and that individual 

focal contacts could bend around groove edges. 

Stochastic models, in contrast, suggest that cells do not respond to topographical features 

in an "all or none" manner, but rather in a probabilistic or statistical way (Brunette 1986a,b, 

1988b; Clark et al, 1987). Brunette reasoned that a grooved substratum does not absolutely 

impede cell locomotion across the grooves, but it substantially reduces the chances of that 

happening (Brunette, 1986a,b, 1988b; Clark et al, 1987). For example, cell processes at or 

near the edges of the grooves were less stable than those formed on flat surfaces of the edges, 

and therefore the average duration of adhesions of cells within the proximity of the edges is 

probably shorter than on a flat surface (Brunette, 1988b). Clark et al (1987) studied the 

effect of a single step on cell migration path and reported that the step aligned a cell by 

reducing its chances of making a process or moving in a direction that would cross the step. 

Briefly, this model of contact guidance suggests that cell migration and alignment in a 

direction other than the direction of the grooves is possible, but highly improbable. 

Each one of the above hypotheses tries to explain cell alignment and locomotion, but no 

single hypothesis seems to be able to explain in detail the behaviour of cells on different 

substrata (Brunette, 1988b). It may be possible that at any given time more than one 

mechanism is at work. For example, it was shown that fibroblasts orient hierarchically to the 

grooves of different dimension (Brunette, 1986a). Fibroblasts, when plated on substrata with 

both major and minor grooves, aligned themselves with the major grooves, although minor 

grooves were able to orient cells in the absence of any other orienting effect. T E M showed 

that the filamentous cytoskeletal elements reflected the orientation of the cell as a whole and 

also it was suggested that the duration of attachment to groove edges may affect the contact 
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guidance (Brunette, 1986a). Despite all the uncertainties of the above hypotheses, there is 

little doubt that a variety of grooves of different dimensions affect cell migration and 

locomotion (Brunette, 1988b). 

E. Objective of the thesis 

The main objective of this thesis is to study and compare the responses of osteogenic 

cells to precisely defined substrata and investigate some of the mechanisms that have been 

proposed for the promotion of mineralization on micromachined grooved substrata. Given 

the current hypotheses on the possible mechanisms, the increased mineralization effected by 

micromachined grooved substrata and the orientation of cells and the organization of 

collagen fibers as well as creation of different microenvironments were investigated. 

Micromachining allows for fabrication of substrata with desired designs and dimensions, 

therefore making it possible, through manipulation of different variables, to create systems 

where each mechanism might be studied individually. This study is aimed at gaining more 

knowledge as to how micromachined grooved substrata work, hoping that in the future, 

implants maybe designed with improved surface topographies, specialized to encourage 

osseointegration. 

1. Hypothesis 

Micromachined grooved substrata, through orienting osteoblast-like cells, promote 

mineralization in vitro. 
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2. Specific aims of this thesis 

- To create an in vitro system, by incorporating smooth areas into the grooved substrata, 

whereby the effect of cell orientation on osteogenesis can be separated from that of the 

groove walls. The above system is aimed at understanding whether the increased 

mineralization on micromachined grooved substrata is due to the effect of the groove 

walls or due to the orientation of the osteogenic cells. 

- To study the effect of groove depth on cell orientation and mineralization. 

- To obtain information on the organization of collagen fibers in the extracellular matrix 

and its relationship with osteogenesis in vitro. 
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II. Materials and Methods 
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A . Substrata 

1. Micromachining 

The micromachining techniques used to produce surfaces for this thesis were 

developed at the Electrical Engineering Department of University of British Columbia by 

Camporese et al (1981) for the fabrication of photomasks for solar cells. The first step in 

micromachining is the production of a master pattern which is reduced to desired dimensions. 

The eventual end result is a photomask, which is a glass plate with a metallic master pattern 

placed on it. The pattern on the mask is then transferred onto a silicon wafer by 

photolithography. Photolithography involves covering the silicon wafer first with a thin 

layer of silicon oxide and then with a U V sensitive photoresist polymer. The wafer is then 

radiated with U V light through the photomask; the photoresist material is removed and the 

result is a negative copy of the mask design. Then the silicon oxide layer is chemically 

removed and this is followed by the removal of the rest of the polymer. The result is a 

positive copy of the photomask design made out of silicon oxide on the wafer. The positive 

copy is then chemically etched to desired depths using anisotropic etchants such as 

hydrofluoric acid. The duration of the etching process determines the depth of the grooves 

being produced; the longer the etching, the deeper the grooves. 

2. Surface design 

For the surfaces used in the experiments of this thesis one mask was produced to my 

design by Mr. Hiroshi Kato. The only surface variable was depth, which was controlled by 

the duration of etching. The pitch or the spacing of the grooves was held constant at 47um. 

Pitch is defined as one groove width and one ridge (Figure 1). In order to separately 
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investigate the effect of cell orientation on mineralization, smooth gaps of different widths 

were introduced in the grooved area of the surfaces (Figure 2). The smooth gaps, despite 

their different widths, were designed to have equal areas (90,000 um 2 ). The widths chosen 

for the smooth gaps were designed based on previous observations as to how far osteoblast-

like cells could stretch out of grooves. Consequently, smooth gaps with widths of 50pm, 

100pm, 150pm, and 200pm were designed and integrated into the grooved area of each 

surface at a frequency often each per surface (i.e. total of forty gaps per surface). To 

investigate the effect of groove depth on mineralization and cell orientation, three depths of 

3pm, 10pm, and 30pm were used. The 30pm grooves were V-shaped, but because the same 

photomask was used to produce the 3pm and 10pm grooves, they had a truncated shape (i.e. 

with a flat bottom). The surfaces were all etched on silicon wafers and sputter-coated with 

50nm of titanium. 

3. Preparation of replicas 

Plastic replicas of the surfaces were made for sectioning. Using Provil impression 

material (Haraeus Kulzer Inc., South Bend, IN) negative copies of the above surfaces were 

obtained. Small tombstone-like epoxy blocks (about 1 cm x 0.5 cm) were made 

using E P O - T E C H (Epoxy Technology, Billerica, M A ) . The positive copies of the 

surfaces were made by placing a drop of fresh E P O - T E C H material on the blocks and putting 

the negative copies face down on the blocks and fresh resin material. The blocks with the 

negative copies on them were allowed to dry at room temperature overnight and then baked 

in the 70°C oven for a period of three days. After baking, the negative copies 

were peeled off and the blocks were sent to the Electrical Engineering Department ( U B C ) 
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A Pitch 

Groove width Ridge 

Depth >\ / \ • ' 
3 |im 

B Pitch 

Groove width Ridge 

Depth [ \ / \ / 
10 LLm 

Figure 1: Cross-sectional diagram of grooves. 
A. 3jo,m grooves. B. lOixm grooves. C. 30|i.m grooves. 
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Figure 2: Scanning electron micrograph of the 30p:m deep grooves. 
(Courtesy of David Perizzolo) 
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for coating with 50-80nm of titanium. The surfaces were coated using a sputter coater 

(Randex 3140 Sputtering System, Palo Alto, CA). 

4. Cleaning and preparation of substrata for cell culture 

In the studies involving biocompatible surfaces one has to take extra care that the 

surfaces are thoroughly cleaned before culturing. The cleaning process used here involves 

three steps: a) ultrasonication, b) washing, and c) glow-discharging. 

a. Ultrasonication 

Surfaces were placed in a 250ml plastic beaker with half water and half 7X detergent 

(Flow Laboratories, McLean, VA) . The container was then placed in an ultrasonicator and 

ultrasonicated for 15 minutes. Ultrasonication helps remove any particulate and organic 

debris that may be present on the surfaces. 

b. Washing 

After ultrasonication the surfaces were meticulously washed ten times with tap water 

and ten times with distilled water. This helped in removing the 7x detergent used in the 

ultrasonication process. During washing and at all times after ultrasonication, the surfaces 

were handled with sterilized titanium forceps to avoid contamination with organic matter and 

extra care was taken to prevent scratching. The surfaces were allowed to dry overnight in a 

Petri dish in a tissue-culture laminar-flow fume hood. 
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c. Glow-discharging 

After the surfaces were fully dry, they were placed in a glow-discharge apparatus 

(Aebi and Pollard, 1987) and glow-discharged for three minutes. Glow-discharging not only 

cleans the surfaces, but also achieves high surface energies on them (Meenaghan M A et al, 

1979; Baier RE et al, 1982 and 1984). High surface energy, as mentioned earlier, is 

important in cell attachment and spreading. 

B. Cell culture 

Osteoblast-like cells were obtained from neonatal Sprague-Dawley rats' calvariae. 

The method used was similar to the method described by Hasegawa et al (1985). Frontal, 

parietal, and occipital bones of calvariae were dissected from eighteen neonatal rats. The 

dissected bones were rinsed in sterile phosphate buffer saline (PBS) solution and stored in 

tissue culture medium (a-minimum essential medium, a - M E M , StemCell Technologies Inc., 

Vancouver, B.C.) with 15% fetal calf serum (Cat. #CS-C 10-500, Cansera, ON, Canada) and 

antibiotics (100 pg/ml Penicillin G, Sigma, St. Louis, M O ; 50 pg/ml Gentamicin, Sigma; and 

0.3 pg/ml Fungizone, Gibco, Grand Island, NY). The calvariae were then further dissected 

into 1-2 mm 3 pieces using a pair of sterile scissors. The pieces were placed in 5 ml of a 

digestion solution containing 180 units/ml of clostridial collagenase (type la, Sigma) and 0.5 

mg/ml trypsin (Gibco) in PBS and allowed to digest for 10 minutes at 37°C in a Pierce 

"Reacti-Vial" (Pierce Chemical Company, Rockford, IL) with constant stirring. The 

supernatant was pipetted and discarded (population I). Five ml of the enzyme solution was 

added into the Reacti-Vial and the mixture was allowed to digest under above conditions for 

15 minutes. The supernatant was pipetted and discarded (population II). Again, 5 ml of the 
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enzyme solution was added to the Reacti-Vial and the mixture was allowed to digest for 20 

minutes. The supernatant was pipetted and using a 10ml syringe (Becton Dickinson & Co., 

Franklin Lakes, NJ) pushed through a 0.3mm mesh assembly (Gelman, Ann Arbor, 

Michigan) to remove any undigested tissue. The filtered supernatant was mixed with 5 ml of 

cold fetal calf serum (FCS, Flow Laboratories Inc.) to stop the enzymatic reaction. The 

mixture was then centrifuged at 1500 rpm for 5 minutes. The supernatant was discarded and 

the pellet was resuspended in 5 ml of a - M E M (StemCell). The suspension was added to a 

75cm2 tissue culture flask (Becton Dickinson Labware, Franklin lakes, NJ) with 20 ml of a-

M E M culture medium containing 15% FCS and antibiotics and incubated in a humid 

atmosphere of 95% air, 5% CO2, and 37°C temperature for later subculturing. 

1. Subculturing 

After about a week of incubation, with medium changes twice weekly, the primary 

cell culture had reached confluency. At this point the medium was pipetted off and the cells 

were rinsed with 10 ml of a 0.25% trypsin solution made of trypsin (Gibco) in citrate saline 

(pH 7.8) and 0.1 % glucose (Sigma). Then, 10 ml of the trypsin solution were added to the 

cells and the cells were incubated at 37°C for 10 minutes until the cells came off the floor of 

the flask. The suspension of the cells and the trypsin was transferred into a sterile test tube 

and centrifuged at 1500 rpm for 5 minutes. The supernatant was discarded and the pellet was 

resuspended in 10 ml of warm a - M E M with 15% FCS and antibiotics. The suspension was 

transferred into two sterile 75cm flasks (5 ml each) and 20ml of medium with 15% FCS and 

antibiotics were added to each flask and the flasks were incubated. These gave rise to 

subculture I. After about a week, the same procedure was repeated and the result was four 
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flasks of subculture II. Subculturing was repeated to obtain subculture III. Subcultures II or 

III osteoblast-like cells were used in all the experiments described in this thesis. 

2. Cell population density 

Cell population density refers to the cell concentration per area (cm2) of substrata. 

The same cell density (2x10 cells/cm ) was used in all the experiments. This density was 

selected in pilot experiments (Appendix A) in which three cell densities (2 x 103 cells/cm2, 2 

x 104 cells/ cm 2, and 2 x 105 cells/cm2) were plated. It was observed that when cells were 

plated at 2 x 105 cells/cm2, more mineralized accretions were produced by the osteoblast-like 

cells. Cell counts were determined using a Coulter Counter (Coulter Electronics Ltd., Beds, 

England). 

3. Medium supplements 

When the cell cultures were confluent, usually on the eighth day, the culture medium 

was supplemented with 50pg/ml ascorbic acid (BDH Inc., ON) and lOmM Na-P-

glycerophosphate (Sigma), as vitamin C and an organic phosphate sources are required 

for collagen synthesis and mineralization respectively (Tenenbaum, 1981; Bellows et al, 

1986). The supplements were added to the media of the experimental cultures, where 

mineralization was the desired outcome, and the cultures were fed with fresh medium and 

supplements three times weekly. Stock cultures were supplied with medium (a -MEM, 

15% FCS, and antibiotics) twice weekly. 
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C. Qualitative and quantitative techniques 

1. Reflected light microscopy (RLM) 

Reflected light microscopy (RLM) technique was used for counting calcified 

accretions that were stained using the von Kossa method. Titanium-coated wafers bearing 

grooved surfaces with smooth gaps (Figure 2) were ultrasonicated, washed, and glow-

discharge treated as described above. The grooves used were of three different depths (3pm, 

10pm, and 30pm) and smooth titanium-coated silicon wafers were used as control. 

Osteoblast-like cells of subculture II were plated on the substrata in quadruplets in six-well 

culture dishes (Becton Dickinson Labware) at the cell density 2 x 105 cells/cm2. The cultures 

were incubated in humid air (5% CO2) at 37°C. Media were changed three times weekly and 

on the eighth day they were supplemented with vitamin C and p-glycerophosphate. 

a. von Kossa staining 

After 43 days the cultures were washed with medium that contained no FCS and fixed 

in 10% buffered formalin (Fisher Scientific, Fair Lawn, New Jersey) for about two hours. 

After being in fixative the cultures were rinsed three times with distilled water and 5% 

silver nitrate solution (BDH) was added to the surfaces for 20 minutes under bright light. 

Silver nitrate solution was washed away by rinsing with distilled water for five times and 5% 

sodium thiosulphate solution (BDH) was added for 2 minutes. Sodium thiosulphate solution 

was removed and surfaces were rinsed three times with distilled water and counter-stained 

with 1% methylene blue dye (BDH). The dye was rinsed off with distilled water and the 

surfaces were stored in phosphate buffer saline (PBS) in a refrigerator for later counting. 
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b. Counting of calcified nodules 

Surfaces stored in PBS were rinsed with distilled water and allowed to dry. Once 

completely dry, the surfaces were mounted on glass slides (Fisher Scientific) and observed 

on an inverted microscope (IM 35, Zeiss, Oberkoken, Germany) equipped with Differential 

Interference Contrast (DIC) and using reflected light and a 16x objective lens. When 

counting calcified nodules that were stained with von Kossa, extra care was taken to only 

count the nodules that were similar in appearance to the ones reported in previous studies. 

To avoid counting stained artifacts that could easily pass for calcified nodules, it was decided 

to count nodules that were larger than 50 urn in diameter, as smaller entities could not be 

clearly resolved. Upon the review of the literature, it was noticed that there was no 

agreement as to what constitutes a nodule and the von Kossa staining is often used as the sole 

criterion for confirming calcified deposits (Bellows et al, 1985, 1986; Nefussi et al, 1985; 

Ecarot-Charrier et al, 1983,1988; Chehroudi et al, 1992). Mineralized accretions usually 

have well-delineated, three-dimensional nodular structures whereas unmineralized or 

mineralizing accretions have mound-like appearance and are usually smaller than the 

mineralized ones (Bellows et al, 1985, 1986). Meloan and Puchtler (1985), in their study of 

the von Kossa technique, reported that silver phosphate stains yellow to yellowish brown and 

the use of bright light causes the irreversible blackening of organic matter. Calcified nodules 

that met the above criteria were counted on all the surfaces (grooves, smooth gaps, and 

smooth controls) and their concentrations per unit area (cm2) were calculated. Mineralization 

on the grooved surfaces was quantified on a total area equal to the total area covered by the 

smooth gaps. For example, nodules were counted a distance, equal to the width of the 

smooth gap, away from the gap. The NIH program was used to measure and mark the area. 
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Nodules were counted on forty such areas, since there were forty gaps. This measure was 

taken to even the sampling areas from both surfaces. 

2. Transmission light microscopy (TLM) 

T L M was used to investigate the physical characteristics of osteoblast-like cell 

cultures and mineralized accretions in vitro. Replicas of titanium-coated wafers (30um 

grooves with smooth gaps) were produced as described in A.3 and sputter-coated with 50nm 

of titanium. Surfaces were cleaned by ultrasonication and glow-discharging, placed in six-

well culture dishes (Becton Dickinson) and seeded with osteoblast-like cells of subculture II 

at 2 x 10 cells/cm . Fresh media containing FCS and antibiotics was supplied three times 

weekly and vitamin C and phosphate supplements were supplied on the 14 th day. The 

supplementation of the media was deliberately delayed (from the eighth day) to ensure the 

confluency of the cultures, since the replicas are not transparent and therefore difficult to 

examine on a transmission light microscope. Two weeks after supplements were added and 

every week thereafter one culture was subjected to fixation up to and including the sixth 

week. 

a. Sectioning 

Cultures were first fixed in 10% formalin (Fisher Scientific), stained with von Kossa 

method and counterstained with either 1% methylene blue (BDH) or 1% toluidine blue 

(BDH) and then fixed in 2% Os0 4 (JBS). Once fixed, the surfaces were dehydrated in 

graded ethanol solutions (30% to 100%) and embedded (Jembed 812 resin, JBS). The blocks 

were baked in a 70°C oven for three days, trimmed, and sectioned at 2u.m intervals with a 
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microtome (Porter-Blum MT-2, Sorvall Inc., Newtown, Connecticut). Sections were 

mounted and pictures were taken using a light microscope (Photomicroscope, Zeiss) 

equipped with a camera and a 35mm Fuji fdm (Fujicolor 400, Fuji Photo Film Co., Ltd., 

Tokyo, Japan). 

3. Confocal laser scanning microscopy (CLSM) 

Titanium-coated grooved surfaces of 3pm, lOum, and 30pm depths (six each) with 

smooth gaps were ultrasonicated, washed, and glow-discharge treated. Titanium-coated 

smooth surfaces were used as controls. Osteoblast-like cells of subculture III were plated on 

the surfaces at the cell density 2 x 105 cells/cm2 in six-well culture dishes (Becton Dickinson 

Labware) and incubated in humid air (5% CO2) and 37°C. Cultures were provided with fresh 

media three times weekly. Vitamin C and phosphate supplements were not added, as the 

formation of mineralized nodules would have obscured the cells from microscopic 

observations. 

a. Propidium iodide staining of nuclei 

The staining technique described here is a modified protocol developed by Andre 

Wong of the Faculty of Dentistry at U B C (personal communication). Cultures were 

fixed in 100% ethanol and then taken through baths of 95%, 85%, 70%, 50%, and 35% 

ethanol solutions at culture times of 8 hours, 24 hours, 4 days, 7 days, 14 days, and 21 days. 

Surfaces were submerged in each alcohol dilution for five minutes and at the end they were 

rinsed with distilled water three times. Propidium iodide (Sigma) was diluted in PBS and 50 

ul of the 10"3 dilution was used to stain each surface. The staining was done in the absence 
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of light, as propidium iodide is light sensitive. After staining the surfaces were rinsed with 

distilled water (3x) and mounted on glass slides (Fisher Scientific) using immersion oil and 

glass cover slips (Fisher Scientific). The surfaces were wrapped in aluminum foil, and stored 

in a refrigerator prior to examination by confocal laser scanning microscopy. 

i. Measurement of cellular angle of orientation 

Cell cultures on microfabricated surfaces were optically sectioned using a confocal laser 

scanning microscope (MC 80, Zeiss) equipped with a helium-neon laser (?t r n a x=543nm). 

Scanning was done under a 40x objective and at an interval of 3pm for 30pm depth grooves 

and 1pm for all other surfaces. The choice of a 3um sampling interval for the 30pm grooves 

was made deliberately as the computer could not store the 30 images required for a 1 um 

sampling protocol. The 3pm sections were sufficient to include all the cells in any of the 

fields. Furthermore, special care was taken to ensure that no detail was missed when the 

deeper grooves were examined. Three areas per surface were optically sectioned and the 

areas were randomly chosen. The images were stored and transferred onto a personal 

computer and recorded on a disc. Figure 3 shows examples of the sections. Three-

dimensional composites of the sections (examples in Figure 4) were made and printed using a 

video printer (UP 5000, Sony, Richmond, B.C.). The optical sections were examined and 

orientation angle of every nucleus relative to the direction of the grooves was measured and 

recorded using the NIH program and a PowerTower Pro 180 computer (Power Computing 

Corp., Round Rock, Texas). On the smooth controls the orientation angles were measured 

with respect to an arbitrary horizontal axis. A l l nuclei that appeared at the same depth were 

considered to make up one cell layer. Thus, the mean orientation angle of one group of cells 
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reflects the overall orientation of the cell layer that they occupy. Where there was any doubt 

about the location of a nucleus in relation to other nuclei or layers, the 3D composites were 

used to locate the nucleus. To avoid measuring the orientation of the same nucleus more 

than once every nucleus was marked after its orientation angle was measured. 
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Figure 3: Propidium iodide staining of osteoblast-like cells' nuclei on a lOOum 
gap of a 21-day old culture. A through F show optical sections 1 through 6 from 
top to bottom respectively. 
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Figure 4: A. composite picture of images in Fig. 3. 
cells on a 50pm gap in a 14-day culture. C. cells on 
2()()pm gap in a 7-day culture. 
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4. Scanning electron microscopy (SEM) 

Two titanium-coated surfaces (silicon wafers) with lOum-deep grooves were cleaned and 

glow-discharge treated as described above. Osteoblast-like cells of subculture III were plated 

on the surfaces at 2 x 105 cells/cm2 and the cultures were provided with fresh medium 

containing FCS and antibiotics three times weekly. Vitamin C and phosphate supplements 

were supplied on the eighth day. After two weeks and three weeks cultures were fixed in 

2.5% gultaraldahyde (Fisher Scientific) for 2 hours, rinsed in 0.1 M sodium cacodylate buffer 

for 5 minutes three times, and stored in the buffer in a refrigerator until secondary fixation. 

Secondary fixation started by soaking the surfaces in freshly made 2% osmium tetroxide 

(OSO4, J .B . E M Services Inc., Pointe-Claire-Dorval, Quebec) solution for one hour at room 

temperature. The surfaces were rinsed with distilled water three times and treated with 5% 

tannic acid (Fisher Scientific) for 30 minutes. Distilled water was used to rinse the acid off 

(three times) and the surfaces were again subjected to fixation in 2% OSO4, but this time only 

for 30 minutes. The fixative was washed off three times with distilled water and the wafers 

were dehydrated in graded ethanol (30% to 100% ten minutes each). The wafers were 

critical point dried (Ladd Research Industries Inc., Burlington, VT) with liquid C O 2 , sputter-

coated with gold (Hummer VI Sputtering System, Technics, Alexandria, VA) , and examined 

using a scanning electron microscope (Cambridge Stereoscan 260, Cambridge Instruments, 

Leica, Canada). Scanning electron micrographs were recorded on Polaroid 55 film (Polaroid, 

Cambridge, Mass.). 

5. Polarized light microscopy (PLM) 

To visualize collagen fibers in in vitro cultures picro-sirius red staining technique 
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(Constantine and Mowry, 1968) and P L M were used. The collagen molecule is birefringent 

and the Sirius Red stain enhances its birefringence by as much as 700% (Junqueira et al, 

1979). 

a. Collagen staining with Picro-sirius Red 

Eight surfaces with lOum-depth grooves and smooth gaps were cleaned and glow-

discharge treated as described above. Osteoblast-like cells of subculture II were plated at 

2 x 105 cells/cm2 on seven of the above surfaces and one was used as a control with no cells. 

Fresh medium with FCS and antibiotics was supplied to the cultures three times weekly. On 

the eighth day vitamin C and phosphate supplement was supplied to cultures of week 2 

through week 6 only. Cultures were fixed in 10% phosphate-buffered formalin (Fisher 

Scientific) for one hour after 24 hours and every week for a period of six weeks. Then the 

surfaces were soaked in PBS three times, five minutes each time, and were stored in PBS in a 

refrigerator until staining with Picro-sirius Red. Dr. Clive Roberts (OBMS, UBC) and 

Michael Iagallo of U B C Hospital (personal communications) provided the staining protocol 

described here. After the culture from week 6 was fixed, all surfaces were rinsed with tap 

water and 95% ethanol and treated for 10 minutes in alkaline ethanol (prepared by adding 

ammonium hydroxide (Fisher Scientific) to 95% ethanol until pH > 8) in a 60°C oven. The 

surfaces were rinsed with tap water and submerged in 2% F3B Picro-sirius Red stain (BDH, 

a gift from the histology laboratory at the U B C hospital) for one hour at room temperature. 

After staining the surfaces were rinsed with 1% acetic acid (BDH) until acid was clear. The 

surfaces were then dehydrated by submerging them twice in 75%, 100% ethanol, and xylene 

one minute each time. Once the surfaces were dry, they were mounted on glass slides (Fisher 
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Scientific), covered with cover slips (Fisher Scientific), and examined using a light 

microscope (Zeiss, Jenapol, Germany) equipped with polarizing filters, a 20x objective lens, 

and a centered rotatable stage. Images were recorded on a 35mm film (Kodak Ektachrome 

160T, Eastman Kodak Company, Rochester, NY) . Every field was photographed at zero 

degrees and forty five degrees. 

6. Time-lapse video microscopy (TLVM) 

A titanium-coated wafer with 10pm grooves and smooth gaps was cleaned, glow-

discharge treated, and placed inside a Pentz chamber (Bachofer, Reutlingen, Germany) 

on a glass slide (Fisher Scientific). The substratum was seeded with osteoblast-like cells 

of subculture III at 2 x 105 cells/cm2 using a 10ml syringe (Becton Dickinson). The Pentz 

chamber containing the substratum and the cell suspension was placed on a stage incubator 

on an upright microscope (IM 35, Zeiss) equipped with reflected Nomarski differential 

interference contrast (DIC) optics and an 8x objective lens (Zeiss). A television camera 

(Hamamatsu C2400, Hamamatsu Photonics K. K. , Hamamatsu City, Japan) was used to 

capture images of the surface every four minutes. The digital images were stored on a hard 

drive and then recorded on a compact disc (CD) using a TEAC CD writer (TEAC America 

Inc., Taiwan). The culture medium was changed three times weekly and supplements were 

added on the eighth day. 

E . Statistics 

Numeric results are presented in mean + standard error (SE). One way analysis of variance 

(ANOVA) with Tukey's honestly significant difference (HSD) or Student's t-test was used 
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for comparing results. Where data clearly skewed, Kruskal-Wallis non-parametric test for 

independent samples was used for comparisons. Significant differences in results were 

determined based on a level of 5%. SPSS software (1995, SPSS Inc.) was used for the above 

tests and the Excel program (Office 1997 version) was used to plot all graphs. 
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III. Results 
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A. Counts of bone-like nodules in vitro 

To determine the effects of substrata on bone formation von Kossa staining method was 

used to visualize the nodules. The effects of surface topography were investigated using 

microfabricated surfaces comparing grooves of various depths, smooth gaps in the grooves, 

and smooth controls. Smooth gaps were used to separate the effect of cell orientation from 

that of the microenvironment created by the groove walls. 

von Kossa stained surfaces of all depths of grooves, smooth gaps, and smooth 

controls were examined and nodules that could easily be distinguished (i.e. > 50pm in 

diameter) were counted per unit area (cm2). The results of the counts are summarized in 

Table 1. 

1. Nodule formation on grooved surfaces 

The number of nodules on grooved surfaces was quantified and the results suggest that 

nodule number decreased as groove depth increased. The 3pm-deep grooves produced the 

highest number of calcified nodules per area, followed by 10pm- and 30pm-deep grooves 

respectively. The results of the different depths were all found to differ significantly 

(P < 0.05) from each other. Examples of calcified nodules are shown in Figure 5. 

2. Nodule formation on smooth gaps 

The smooth gaps, surprisingly, produced the highest number of nodules, even higher than 

the 3pm-deep grooves. One way analysis of variance (ANOVA) showed that the number of 

nodules in the smooth gaps differed significantly from that found on the grooved surfaces (P 

< 0.05). There were no significant differences among the smooth gaps of different widths on 
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the grooves of same or different depths and therefore, they were all placed in one group when 

compared with other surfaces. 

3. Nodule formation on smooth surfaces 

Smooth surfaces produced fewer bone-like nodules than all other surfaces (P < 0.05) 

(Table 1). 

Table 1: Number of bone-like nodules on different surface topographies 

Surface Topography Nodules/cm2 + SE 

Smooth 165.3 + 16.5 

3p,m-deep grooves 545.1 ±55.6 

10p.m-deep grooves 388.9 ±27.3 

30pm-deep grooves 239.6 ±26.0 

Smooth gaps 1004.6 ±61.3 

P<0.05 
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Figure 5: von Kossa staining of nodules. A . A nodule on 3um-deep grooves. 
B & C. Nodules on 1 Oum-deep grooves. D & E. Nodules on 50pm- and 150um-
wide smooth gaps respectively (flanked by 3um-deep grooves). F. Nodules on a 
lOOum-wide smooth gap flanked by 1 Oum-deep grooves. Cultures were all 
fixed and stained after 43 days. 
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B. Measurements of calcified nodules 

1. Measurement of diameters of nodules on different surface topographies 

To measure the size of a nodule, the longest axis of the nodule, regardless of the 

orientation of the nodule with respect to the grooves, was measured using the NIH Image 

software. Table 2 summarizes the results of measuring the diameters of nodules on the 

smooth gaps of titanium-coated micromachined grooved substrata where groove depth and 

smooth gap width are the variables. Two-way analysis of variance indicated that the depth of 

the flanking grooves had no effect on the size of the nodules formed inside the smooth gaps, 

but within a given depth of the flanking grooves, the gaps of different sizes differed 

significantly in diameter of nodules (P < 0.05). However, a pattern could not be established 

between gap width and nodule size. For example, on 3pm substrata the largest mean nodule 

diameter occurred on the 150pm gaps, but on 30pm substrata the largest mean nodule 

diameter was found on the 200pm gaps. 
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Table 2: Mean diameters of nodules on smooth gaps 

Depth of 
Flanking 

Grooves (nm) 

Gap 
Width 
(urn) 

n 
Mean Diameter 

(p:m) + SE 
Mean (urn) + SE 

3 

50 35 109.9 + 6.0* 

99.4 ±3.5 3 
100 37 87.4 ±6 .4* 

99.4 ±3.5 3 
150 24 111.4 + 8.2* 

99.4 ±3.5 3 

200 24 90.5 + 6.5* 

99.4 ±3.5 

10 

50 41 84.6 ± 6 . 1 * 

99.8 ±3 .7 10 
100 27 112.0 ± 8.7 * 99.8 ±3 .7 10 
150 30 102.7 ±6 .5* 

99.8 ±3 .7 10 

200 25 108.0 ±8 .2* 

99.8 ±3 .7 

30 

50 20 83.8 ±5 .8* 

109.2 ±4.5 30 
100 27 104.4 ±5 .9* 

109.2 ±4.5 30 
150 22 112.5 ±7 .5* 

109.2 ±4.5 30 

200 18 140.8 ± 13.3* 

109.2 ±4.5 

* indicates means that are significantly (P < 0.05) different (one-way A N O V A and 
Tukey's HSD tests) when compared within a given depth of flanking grooves. 

The size of nodules on micromachined grooved substrata varied with the groove depth 

(Table 3). It was found that the deeper the grooves the longer the diameter of nodules (i.e. 

the longest axis of nodule regardless of the direction of the grooves). There was no 

significant difference between the mean diameters of the nodules on the smooth surfaces and 

the 3um-deep grooves. The diameters of nodules on the 10pm- and 30pm-deep grooves 

were similar and there was no statistical difference between the diameters of the accretions in 

both groups. However, the results of the smooth surfaces and 3pm-deep grooves were 

statistically (P < 0.05) different from those of the 10pm- and 30pm-deep grooves. The 

smooth gaps within the grooved areas produced the smallest calcified nodules and the 

difference with the nodules of all other surfaces was statistically significant (P < 0.05). 

57 



Table 3: Mean diameters of nodules on different surface topographies 

Surface Topography n Mean Diameter (u.m) + SE 

Smooth 160 135.8 + 6.6 

3u,m-deep grooves 160 150.3 ±6 .8 

lOpm-deep grooves 160 174.9 ± 7.0* 

30pm-deep grooves 160 187.0 ± 7 . 3 * 

Smooth gaps 330 102.1 ±2 .2 

* These two means are significantly (P < 0.05) different from the other 
means (one-way A N O V A and Tukey's HSD tests). 

2. Orientation of calcified nodules 

The angle of orientation was measured as the angle between the longest axis of a nodule 

and the direction of the grooves. For the smooth surfaces, the angle between the longest axis 

of the nodule and an arbitrary horizontal axis was measured. Nodules on the smooth gaps of 

different widths showed no particular orientation with respect to the direction of the flanking 

grooves. Table 4 is the summary of the orientation measurements of the calcified nodules in 

the smooth gaps. Also, there was no statistically significant difference among the orientation 

angles (OA) of the nodules on the smooth gaps of different widths as they appeared to be 

randomly oriented. The depth of the neighbouring grooves played no apparent role in 

orienting the calcified nodules in the gaps, as their mean OA did not differ from the smooth 

gaps of surfaces with grooves of different depths. The overall mean OA for the nodules on 

the smooth gaps of surfaces with 3p.m-, lOum-, and 30pm-deep grooves was 40.2° ± 1.2 

(SE), close to the value (45°) expected i f no orienting influences were present. 
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Table 4: Orientation of nodules on the smooth gaps of different widths 

Depth of 
Flanking 

Grooves (pm) 

Gap Width 
(urn) 

n 
Orientation 

Angle (°) + SE 
Mean (°) + SE 

3 

50 59 44.3 ±3 .7 

42.4 ± 1.9 3 
100 47 37.9 ±3 .5 

42.4 ± 1.9 3 
150 32 37.2 ±4 .1 

42.4 ± 1.9 3 

200 27 52.0 ±3 .3 

42.4 ± 1.9 

10 

50 36 40.5 ±4.2 

38.5 ±2 .0 10 
100 40 38.6 ±3 .9 

38.5 ±2 .0 10 
150 52 36.6 ±3 .4 

38.5 ±2 .0 10 

200 25 39.4 ±4 .7 

38.5 ±2 .0 

30 

50 18 51.3 ±6 .9 

39.0 ±2 .7 30 
100 29 33.5 ±4.2 

39.0 ±2 .7 30 
150 30 37.5 ±5 .2 

39.0 ±2 .7 30 

200 22 38.2 ±5.5 

39.0 ±2 .7 

Angular orientation measurement of nodules on micromachined grooved substrata 

showed that nodules become more oriented with the direction of the grooves as the grooves 

become deeper. As a result, 30pm-deep grooves produced nodules with the lowest mean 

OA. The mean O A of the nodules on the 30um-deep grooves was significantly (P < 0.05) 

different from those of the nodules on smooth gaps, smooth surfaces, and 3um-deep grooves. 

Table 5 presents the results from the measurements of the OA's of calcified nodules on 

different surface topographies. For the smooth surfaces the angle was measured with respect 

to an arbitrary axis as defined by the horizontal of the image documenting the nodule. 
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Table 5: Orientation of nodules on different surface topographies 

Surface Topography n Mean Angle of Orientation (°) + SE 

Smooth 160 38.6 ± 1.8 

3pm-deep grooves 160 37.2 + 2.1 

lOpm-deep grooves 160 33.8 ± 2.1* 

30p.m-deep grooves 160 29.6 ± 2 . 1 * 

Smooth gaps 417 40.1 ± 1.2 

* These two means are significantly (P < 0.05) different from the other means 
(one-way A N O V A and Tukey's HSD tests). 

3. Histology 

von Kossa-stained nodules on the grooves and the smooth gaps were sectioned and 

several observations were made. Nodules on the grooved areas and the smooth gaps all 

consisted of multilayers of osteoblast-like cells (minimum 5 layers). Figure 6 presents 

examples of the overall structure of the nodules on grooves. These nodules have mound-like 

shapes and are about 5-6 cell layers above the ridges of the grooves. Most of the 

mineralization inside the nodule was located above the grooves and little inside the grooves. 

The cultures from which these nodules were selected for sectioning were 4-6 weeks old, but 

the age of a single nodule cannot be determined from the age of the culture since at any given 

time nodules of different sizes can be found. It was noted that the majority of mineralization 

occurred above the surface of the substrata and little von Kossa staining was located in 

immediate contact with the titanium coating of the substrata. Figure 7 presents a closer look 

at the cross-section of a nodule on the grooves. Where mineralized accretions were thick, the 

von Kossa technique only stained the surface of the accretion and the centre remained 
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unstained. Examples of these accretions can be seen in Figures 7 and 8. Figure 8 is the 

cross-section of a nodule on a 50pm-wide smooth gap. 

The distribution of cells within the nodules was consistent in that most of the cells visible 

in the sections were located in the upper part of the nodule, fewer in the centre of the nodule, 

and the least at the bottom. This pattern was more pronounced in the nodules on the grooves. 

Figures 6 and 7 clearly show that most of the osteogenic cells were situated at the top and the 

centre and relatively few cells were found inside the grooves. 

Another observation was that some mineralized accretions were rod shaped in cross 

section, as can be seen in Figures 7 and 8. It is possible that while other accretions appeared 

circular in cross section the long axes of the rods coincided with the direction of the grooves 

and hence the proportion of the rod-like accretions is underestimated. 
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Figure 6: von Kossa and toluidine blue sections of two nodules on 30um-deep 
grooves. B and D are higher magnifications (40x oi l immersion) of A and C 
(16x objective) respectively. 

Figure 7: von Kossa and methylene blue section of a nodule on 30um-deep 
grooves. Note mineralized areas in the centre of the nodule (arrowheads). 
On the left, one mineralized accretion is stained with von Kossa only in its 
periphery. 
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Figure 8: von Kossa and toluidine blue section of a nodule on a 
50urn-wide smooth gap (40x oil immersion). The direction of the 
flanking grooves is coming out of the micrograph. Note the 
mineralized areas (arrowheads) and possibly an osteoblast (asterisk) 
close to the mineralization front. It is possible that some 
mineralized accretions appearing as rods in section, could be plate­
like. 
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C. Effect of surface topography on cell orientation in vitro 

1. Cell orientation on 3 urn-deep grooves 

Since optical sections were used to determine the orientation of the cells on the surfaces, 

a cell layer consisted of all the cells that appeared at the same level and a cell layer was 

defined as being one cell thick. The optical sections were obtained from top to bottom of the 

culture, and the cells that appeared in the last optical section and closest to the surface were 

considered to be in layer 1. Sometimes cells appeared in more than one optical section and 

there were instances of overlap between adjacent sections. In such instances a cell was 

considered to be in the cell layer where the majority of its nucleus was located. According to 

this definition of cell layer, for cells on smooth surfaces, and 3 pm grooves, the number of the 

cell layers corresponds more or less directly to distance from the titanium surface. For 

surfaces with 10pm- and 30pm-deep grooves, however, the correspondence is not as direct, 

as cells growing on the groove walls would be classified as being in different layers even 

though each cell was in contact with titanium. 

The osteoblast-like cells plated on 3pm-deep grooves reached confluency four days 

after plating at which time the culture consisted of one cell layer. Around the 7 t h day a 

second cell layer was observed. By the 14 th day the culture consisted of three cell layers. 

Using the propidium iodide staining technique and C L S M (described in C.3), the cell layer 

for each cell was assigned and its orientation angle relative to the grooves was measured. 

The mean OA's of cell layers at different times were compared and found to be significantly 

different (P < 0.05). However, it was observed that the mean angle of orientation for a 

particular cell layer changes over time. For example, the mean OA of cell layer 1 at day 4 
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was different from the mean O A of cell layer 1 at day 21. The differences, however, between 

the mean O A o f the equivalent cell layers at different times were not always statistically 

significant. It was noted that over time, cell layer 1 became less oriented with respect to the 

direction of the grooves whereas layers 2 and 3 became slightly more oriented. However, 

overall and at all times, cell layer 1 was more oriented with the direction of the grooves than 

cell layer 2, and cell layer 2, in turn, was more oriented than cell layer 3. Table 6 

summarizes the results from the measurements of the mean O A ' s for all cell layers. To 

facilitate comparison the results for equivalent cell layers in Table 6 have been shaded alike. 

Table 6: Orientation angles of cell layers over time for 3um-deep grooves. 

Time Cell Layer n 
(No. of cells) 

Mean Angle of 
Orientation (°) + SE 

8hrs. 1 249 14.4 ± 0 . 8 

24 hrs. 1 256 10.4 ± 0 . 6 

4 days 1 256 14.9 ± 0 . 8 

7 days 
1 273 15.6 ± 0 . 9 * 

7 days 
2 210 42.2 ± 1.6* 

1 329 23.9 ± 1.3* 

14 days 2 229 40.5 + 1.7* 
3 133 50.2 +2.1* 

1 244 25.4 + 1.6* 

21 days 2 182 34.4 ± 2 . 0 * 

3 68 45.1 ± 3 . 5 * 
* indicates means that are significantly (P < 0.05) different from the other means 
within the same time period (Kruskal-Wallis one-way A N O V A or Student's t-test 
where applicable). 
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To determine the percentage of osteoblast-like cells in each cell layer that were well 

oriented with the grooves, cells were categorized according to their angle of orientation. The 

categories were based on 10-degree increments. Using Clark et al's criteria (1990) well-

aligned cells fall into category 1 (0°-9.9° i.e. < 10°). The other categories were 10°-19.9° 

(increment 2), 20°-29.9° (increment 3), 30°-39.9° (increment 4), and so on. It was found out 

that the 3um-deep grooves oriented cells as early as 8 hours after plating. After 8 hours the 

majority of the osteoblast-like cells were in increment 1. After 7 days when the culture 

consisted of two cell layers or more, the osteoblast-like cells in subsequent cell layers had no 

apparent preferred orientation and the grooves did not appear to dictate the orientation of the 

cells. As a result, when the cells in cell layers 2 and 3 were categorized with respect to their 

angle of orientation, no particular category or increment was dominant over the others. This 

effect is reflected in the overall orientation angle of the cell layers as given in Table 6. With 

every subsequent cell layer the average angle of orientation increased, indicating the 

weakening orienting effect of the grooves. It was also observed that some osteoblast-like 

cells in layer 3 of the 14-day and 21-day cultures were oriented almost at right angles to the 

direction of the grooves, as the number of these cells in higher increments (6, 7, 8, and 9) was 

slightly higher than the number of the cells in the same increments in cell layers 1 and 2. 

Figure 9 shows the distribution of osteoblast-like cells according to their angle of orientation 

on 3pm-deep grooves. 

Cell layers at a given location on the substratum had different numbers of osteoblast-like 

cells associated with them. For the 3pm-deep grooves, cell layer 1 had the most cells 

associated with it followed by cell layer 2 and cell layer 3. Figure 10 indicates cellular 

distribution in all cell layers at different culture times. 
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8hrs. 24 hrs. 

14 days 21 days 

Figure 9: Distribution of osteoblast-like cells according to their angle of orientation 
on 3 urn-deep grooves. 
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8hrs, 24 hrs. 

Figure 10: Percentages of total cell population associated with cell layers on 
3 jam-deep grooves. 
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2. Cell orientation on lOum-deep grooves 

Very much like the cultures on the 3um-deep grooves, the cells plated on the lOum-deep 

grooves formed monolayers of osteoblast-like cells until the 4 t h day. Until day 4 all cells 

were in contact with titanium at the bottom of the grooves. On the 7 t h day a second cell layer 

could be found on most cultures. After 14 days of incubation the cultures were three cell 

layers thick. On the 21 s t day in some places a fourth cell layer could be seen in the cultures, 

but there were so few cells in the fourth layer that they were not analyzed further. The mean 

OA's for all these cell layers were calculated by measuring the OA of individual osteoblast-

like cells in every cell layer. The mean OA's of cell layers were compared and it was found 

that the means were statistically different (P < 0.05) with single exception of cell layers 1 and 

2 on the 14 t h day where the two cell layers had similar OA's. Cell orientation with the 

grooves followed the order cell layer 1 > cell layer 2 > cell layer 3. Cell layer 1 when 

examined over time, was found to vary in the mean angle of orientation in that it went from 

being little oriented with the grooves at 8 hours to very oriented up to the 7 t h day and to less 

oriented after the 14 t h day. Cell layers 2 and 3 were found to become less oriented with the 

grooves, as their mean OA increased with time, but were always significantly different in 

orientation from cell layer 1 at all times. Table 7 summarizes the orientation of cell layers at 

different times. 
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Table 7: Orientation angles of cell layers over time for lOum-deep grooves 

Time Cell Layer 
n 

(No. of cells) 
Mean Angle of 

Orientation (°) + SE 

8hrs. 1 151 29.8 ± 2 . 1 

24 hrs. 1 160 13.1 ± 1.0 

4 days 1 255 10.0 ± 0 . 5 

7 days 
1 321 10.6 ± 0 . 5 * 

7 days 
2 138 13.1 ± 0 . 9 * 

1 186 19.2+ 1.7 

14 days 2 170 21.9 + 1.7 

3 60 29.7 ± 3 . 0 

1 272 22.8 + 1.6* 

21 days 2 177 32.2 ± 2 . 1 * 

3 82 37.7 ± 3 . 2 * 

* indicates means that are significantly (P < 0.05) different from other means 
within the same time period (Kruskal-Wallis one-way A N O V A or Student's t-test 
where applicable). 
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When osteoblast-like cells were categorized according to their angles of orientation, it was 

found that after 8 hours of incubation over 25% of the cells were aligned (i.e. O A < 10°) with 

the direction of the grooves. The number of aligned cells in increment 1 increased to over 

50% and 60% after 24 hours and 4 days of incubation respectively. At any given time after 

24 hours of incubation more than 50% of the osteoblast-like cells were oriented with the 

grooves. For the second cell layer, which was first detected after 7 days, the percentage of 

oriented cells decreased with time (i.e. over 50% on day 7, over 40% on day 14, and just over 

30%o on day 21). In cell layer 3 over 30% of the cells were oriented with the grooves on days 

14 and 21. Briefly, cell layer 1 had more oriented cells than either of the cell layers 2 and 3 

at any time. Figure 11 presents the distribution of osteoblast-like cells according to their 

angles of orientation. The 10-degree increment classification system is the same as the one 

used for the 3 urn-deep grooves. 

When more than one cell layer was present, different numbers of osteoblast-like cells 

were associated with each cell layer. A t all times, cell layer 1 was the most populated cell 

layer, accommodating a minimum of 44% of the total cell population for any microscopic 

field examined. Ce l l layer 1 was followed by cell layer 2 and 3 in decreasing order of total 

osteoblast-like cells in them. Figure 12 shows the cell distribution among all cell layers. 
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8hrs. 24 hrs. 

4 days 7 days 

Figure 11: Distribution o f osteoblast-like cells according to their angle o f orientation 
on 1 Oum-deep grooves. 
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24 hrs. 

Figure 12: Percentages of total cell population associated with cell layers 
on lOum-deep grooves. 
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3. Cell orientation on 30u.m-deep grooves 

As identified by optical sectioning, cell layers 1, 2, and 3 were most often within the 

grooves whereas cell layers 4 and 5 were above the ridge level. It should be noted once 

again that the concept of cell layers and their distance from the titanium surface is less well 

defined in deep grooves and cannot be compared directly with the cell layers on smooth or 

shallow-grooved substrata. On smooth surfaces the cells in layer 2 would not be in contact 

with the titanium for there is an underlying cell layer (1) between the layer 2 cells and the 

titanium. On 30um-deep grooves, however, some of the layer 2 cells will be on the groove 

walls and thus in contact with the titanium while others will be in the trough of the groove 

with cell layer 1 cells separating them from the titanium. Figure 13A and 13B show 

examples of the osteoblast-like cells on the groove walls. 

Cultures on the 30um-deep grooves, similar to the cultures on the 3pm- and lOpm-deep 

grooves, consisted of a non-confluent monolayer of osteoblast-like cells up to and including 

the 4 t h day of incubation. The monolayer comprised cells that, optically, were at the same 

level and within the trough of the grooves with no cells above or beneath them. After 7 days 

of incubation, one could easily note three and sometimes even four cell layers. By the 21 s t 

day the number of cell layers had increased to five. The OA of cell layers 1 through 4 were 

not statistically different until the 21 s t day of incubation. During the first 14 days of 

incubation all cell layers were well aligned with the direction of the grooves. In the 21 -day 

culture cell layer 4 was less oriented with the grooves and cell layer 5 was even less oriented 

than cell layer 4. However, cell layers 1 through 3 were well aligned with the grooves. The 

mean OA's for cell layers 4 and 5 were statistically (P < 0.05) different from the mean OA's 

of cell layers 1 through 3. Figure 14, a cross-section of the 30pm-deep grooves, shows that 
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the majority of the cells in layers 1, 2, and 3 (asterisks) were aligned with the grooves 

whereas the cells in the higher cell layers (arrowheads) were at an angle to the direction of 

the grooves. Table 8 is a summary of the measurements of the angle of orientation for cell 

layers on the 30um-deep grooves. 

The OA's for individual cell layers were compared over time. Cell layer 1 was found to 

be aligned with the grooves at all times except for the first 8 hours after plating. The results 

for cell layer 2 also indicated orientation with the grooves at all times, although slightly less 

well oriented than cell layer 1 after the 14 th day (P < 0.05). Cell layer 3 did not change much 

over time and most cells were aligned with the grooves. The orientation results for cell layer 

4, however, indicate that the cell layer underwent an orientational change between days 14 

and 21 of the incubation period. The mean angle of orientation for the 21-day culture was 

statistically (P < 0.05) higher than those of the 7- and 14-day cultures. However, the change 

in orientation was not sudden, as the mean OA of the cell layer for the 14-day culture was 

slightly higher (i.e. less aligned) than that of the 7-day culture. Cell layer 5, which was first 

observed on day 21, was not aligned with the direction of the grooves. Generally, cell layers 

1, 2, and 3 appeared to be within the grooves whereas cell layers 4 and 5 appeared at or 

above the ridge level. The rows of Table 8 are shaded so that cell layers have the same gray 

level to facilitate comparison over time. 
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Table 8: Orientation angles of cell layers over time for 30um-deep grooves 

Time Cell Layer n 
(No. of cells) 

Mean Angle of 
Orientation (°) + SE 

8hrs. 1 194 13.9+1.0 

24 hrs. 1 255 9.4 + 0.6 

4 days 1 242 10.7 + 0.8 

1 98 7.4 ±0 .9 

7 days 
2 105 6.9 ±0 .5 

7 days 
3 106 9.0 ±0 .8 
4 72 7.8 ±0 .6 
1 103 10.5 ± 1.3 

14 days 
2 177 12.5 ± 1.2 

14 days 
3 178 11.5 + 1.0 
4 97 12.4 ± 1.3 
1 59 6.6 ±0 .6 
2 134 8.6 ±0 .8 

21 days 3 129 11.1 ± 1.3 
4 295 19.1 ± 1.2* 

31 5 + 23* 
* indicates means that are significantly (P < 0.05) different (Kruskal-Wallis one­
way A N O V A ) . 
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A 47 nm 

Figure 13: Toluidine blue section of 30pm-deep grooves at week 4. A 
and B are two instances of osteoblast-like cells (asterisks) occupying the 
groove walls at different depths and would be counted as being in 
different cell layers. Ti = titanium coating on the groove walls. 
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Ti 
47 11m 

Figure 1 4 : Methylene blue section of 30pm-deep grooves at week 4 . Cells 
within the grooves (asterisks) appear to be in alignment with the grooves 
whereas the cells in higher cell layers (arrowheads) are at an angle to the 
direction of the grooves. T i = titanium coating on the groove walls. 
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Osteoblast-like cells were categorized into 10-degree increments according to their angle 

of orientation. Eight hours after cells were plated on the 30um-deep grooves, over 50% of 

the cells were already aligned with the grooves. After 24 hours more than 70% of cells in 

layer 1 were oriented with the grooves. On day 7 there were three cell layers and over 70% 

of cells in all three cell layers were aligned with the grooves. On day 14 four cell layers were 

present. In layer 1 over 70% of the cells were oriented compared to over 60% of the cells in 

layers 2 through 4. After 21 days when five cell layers were observed, layers 4 and 5 had 

fewer cells aligned compared to cell layers 1 through 3. It is worth mentioning that cell 

layers 4 and 5 were mostly located outside the grooves and above the ridge level. Bar graphs 

in Figure 15 show the distribution of osteoblast-like cells according to their angles of 

orientation. 

The fraction of total cells associated with every cell layer was found to vary over time. 

An unexpected observation was that the number of cells in cell layer 1 (closest to the bottom 

of the grooves) decreased over time from 100% (8 hours, 24 hours, and 4 days) to just over 

8%> on day 21. As the cell density in higher layers increased, fewer cells were found in the 

layer 1. It appeared that as the culture formed multilayers of cells, fewer cells were found at 

the level closest to the groove bottom where 100% of the cells resided between 8 hours and 4 

days. This finding is illustrated in Figures 13 and 14 where few cells can be seen at the 

bottom and most cells are near the top of the grooves. On days 7 and 14 cell layers 2 and 3 

had the most number of osteoblast-like cells in them. On day 21a mere 8.2% of the total 

cells were found in cell layer 1. Cell layers 2 and 3 had 33.4% of the total cells and cell layer 

4 was the largest with over 41% of the total cells. The pie graphs in Figure 16 present the 

proportion of cells in different layers with respect to one another over time. 
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Figure 15: Distribution of osteoblast-like cells according to their angle of orientation 
on 30u,m-deep grooves. 
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Figure 16: Percentages of total cell population associated with cell layers 
on 30u,m-deep grooves. 
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4. Cell orientation on smooth gaps 

The mean angle of orientation of cells was measured with respect to the direction of the 

flanking grooves. Similar to the grooved micromachined substrata, it was found that cultures 

that were younger than seven days comprised a single cell layer. Eight hours after plating the 

cells were still randomly oriented. At 24 hours, the orientation of cells on all the smooth 

gaps, with the exception of the 100pm-wide gaps, was random and very similar to the results 

of the 8-hour culture. On the lOOpm-wide gaps, the cells were more oriented with a mean 

angle of orientation of about 30°. After 4 days of incubation, the orientation of osteoblast-

like cells on the smooth gaps dramatically changed, as the cells became oriented with the 

flanking grooves. Table 9 is a summary of the orientation of the osteoblast-like cells in 

cultures with a monolayer of cells. 

At 7 days, there were two cell layers on all the smooth gaps. It was found that the cells in 

cell layer 1 were slightly more oriented with the flanking grooves as the gap width increased. 

The mean orientation angle of cell layer 2 was significantly (P < 0.05) different from that of 

cell layer 1 only on the smooth gaps with the widths of 150 pm and 200pm (Table 10). 

At 14 days, four distinct cell layers were present on all the smooth gaps compared to only 

three on the smooth surfaces at the same time. Osteoblast-like cells in cell layer 1, regardless 

of gap width, were better oriented with the flanking grooves than the cells in the other three 

layers. Orientation with respect to the neighbouring grooves decreased with cell layer, layer 

1 being the most oriented and layer 4 the least oriented. The mean angles of orientation for 

cell layer 4 on 50pm- and 150pm-wide gaps were significantly (P < 0.05) higher than cell 

layer 4 of either 100pm- and 200pm-wide gaps. The mean angles of orientation of cell 

layers 2 and 3 were similar (no statistical difference) on all but the 200pm-wide gaps. 
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Table 9: Orientation angles of monolayers of osteoblast-like cells on smooth gaps on 
surfaces with 10u.m-deep grooves 

Time 
Gap Width 

(um) 
Cell 

Layer 
n 

(No. of cells) 
Mean Angle of Orientation 

(°) ± SE 

8 hrs. 

50 1 85 44.5 + 2.6 

8 hrs. 
100 1 73 39.3 ±3 .0 

8 hrs. 
150 1 113 40.0 ±2 .3 

8 hrs. 

200 1 143 39.5 ±2.2 

24 hrs. 

50 1 86 40.0 ±3 .0 

24 hrs. 
100 1 91 30.5 ±2 .4 

24 hrs. 
150 1 81 36.5 ±3 .0 

24 hrs. 

200 1 89 38.3 ±2 .8 

4 days 

50 1 83 23.4 ±2 .6 

4 days 
100 1 138 23.7 ±2 .0 

4 days 
150 1 127 24.7 ±2 .1 

4 days 

200 1 96 22.7 ±2 .3 
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At 21 days, four distinct cell layers could be found on all the smooth gaps. As with the 

14-day old cultures, it was found that cell layer 1 on all smooth gaps was better oriented with 

the direction of the flanking grooves than the other three cell layers. The degree of 

orientation with the grooves decreased with cell layers (i.e. cell layer 1 being the most 

oriented and cell layer 4 being the least oriented). The difference was not always statistically 

significant. It was also noted that cell layers 2 and 3 had similar (no statistical difference) 

mean angles of orientation on all but the 150pm-wide gaps where cell layer 3 was less 

oriented with the flanking grooves than cell layer 2 (Table 10). 

Overall, it can be generalized that the orientation with respect to the grooves of cell layers 

in gaps decreased going from the lower cell layers to the higher ones (Table 10). The data 

gathered on the orientation of osteoblast-like cells suggest that cell layers generally become 

less oriented with the grooves as the cell layers get farther from the surface, similar to the 

results of the grooved areas. The histological cross sections in Figure 17 illustrate the above 

arrangement of cell layers on smooth gaps. 
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Table 10: Orientation angles of cell layers on gaps with two or more cell layers 

Time 
Gap Width 

(Um) 
Cell 

Layer 
n 

(No. of cells) 
Mean Angle of Orientation 

(°) ± SE 

50 
l 61 27.0 + 3.7 

50 2 49 27.0 + 2.6 
100 

1 69 27.4 + 3.5 
7 days 

100 2 65 28.2 + 2.7 
7 days 

150 
1 135 21.4 + 2.1 * 

150 2 94 30.0 ± 1.8 * 
200 

1 140 20.2 ±2.0 * 
200 2 100 24.0 + 2.0 * 

1 64 20.7 ±2.1 * 
50 

2 47 28.7 ±2.5 
50 3 41 32.6 + 3.4 

4 32 52.2 + 3.3 * 
1 48 16.6 ±2.8 * 

100 
2 80 30.6 + 2.6 

100 3 58 30.4 + 2.7 
14 days 

4 70 38.5 ±2.2 * 
14 days 

1 86 24.2 + 2.2 * 
150 

2 89 31.2 + 2.4 
150 3 72 32.7 + 2.6 

4 65 50.1 ±2.2 * 
1 122 19.7+1.7 * 

200 
2 93 26.0 + 2.0 * 

200 3 78 35.0 ±2.6 
4 65 35.2+1.7 
1 74 23.9 ±2.4 * 

50 
2 51 35.9 ±3.0 

50 3 42 38.9 ±2.9 
4 39 42.7 ±3.4 * 
1 119 27.7 ±2.0 * 

100 
2 70 41.2 ±2.9 

100 3 68 39.6 ±2.7 
21 days 

4 44 48.5 ±3.3 * 
21 days 1 150 32.3 ±2.2 ** 

150 
2 105 28.8 ±2.0 ** 

150 3 61 36.4 ±2.9 ** 
4 42 52.8 ±3.5 ** 
1 199 24.2 ± 1.5 * 

200 
2 151 34.2 ± 1.9 

200 3 82 34.7 ±2.8 
4 47 53.8 ±3.0* 

* indicates mean OA's of cell layers in the same gap size that are significantly (P < 0.05) 
different from one another (one-way A N O V A and Tukey's HSD tests). 
** indicates that the mean OA of all four cell layers are significantly (P < 0.05) different. 
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Figure 17: Toluidine blue section of a 50pm-wide gap in 30pm deep grooves with 
multilayers of osteoblast-like cells. The direction of the flanking grooves is coming 
out from the plane of the section. Cells in the lower cell layers (asterisks) are aligned 
with the grooves. Cells in the second and third cell layers (arrows) are at an angle 
with the flanking grooves. Cells in the higher layers (arrowheads) are at even higher 
angles to the direction of the adjacent grooves compared to the cells in the second and 
third layers. 
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Osteoblast-like cells were categorized into 10-degree increments (1-9) according to their 

angle of orientation with respect to the flanking grooves. Figures 18 through 21 provide an 

orientation profile of cells in each cell layer. No preferred orientation was observed after 8 

hours, but after 24 hours some orientation with respect to the flanking grooves took place as 

the number of cells in increment 1 (0°-9.9°) increased. By the fourth day more cells were 

found in increment 1 than in any other category. At times when the cultures consisted of 

multilayers of osteoblast-like cells, the second and third layers had fewer cells aligned with 

the neighbouring grooves (i.e. in increment 1) than layer 1 and had more cells in the 

increments 2, 3, 4, and 5 (i.e. orientation angles 10°-49.9°). This overlap between the second 

and third cell layers is also apparent in the mean angles of orientation (Table 10) for both cell 

layers where little differences existed between the two cell layers. 

The distribution of osteoblast-like cells according to their angle of orientation in cell layer 

4 was different in that it had more cells in increments 6 to 8 (50°-79.9°) than other cell layers. 

Therefore, going from cell layer 1 to cell layer 4, one finds that cells become less oriented 

with respect to the direction of the flanking grooves. 
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8 hrs. 24 hrs. 

increment (io degree.) Increment (10 degrees) layer 

14 days 21 days 

Figure 18: Distribution of osteoblast-like cells according to their angle of orientation 
on 50ujn-wide gaps of substrata with lOpm-deep grooves. 
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8 hrs. 24 hrs. 

Increment (10 degrees) Increment (10 degrees) 

4 days 7 days 

Increment (10 degrees) Increment (10 degrees) layer 

Figure 19: Distribution of osteoblast-like cells according to their angle of orientation 
on 100|um-wide gaps of substrata with lOum-deep grooves. 
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Figure 2 0 : Distribution of osteoblast-like cells according to their angle of orientation 
on 150nm -wide gaps of substrata with lOujn-deep grooves. 
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8 hrs. 24 hrs. 

Increment (10 degrees) Increment ( 1 0 degrees) 

Figure 21: Distribution o f osteoblast-like cells according to their angle o f orientation 

on 200jum-wide gaps o f substrata with 10u,m-deep grooves. 
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The percentages of osteoblast-like cells associated with cell layers in the smooth gaps 

were calculated (Figures 22-25). The results indicated that cultures were made up of one cell 

layer on day 4. On the 7 t h day, two distinct cell layers were observed, with the cell layer 

closest to the titanium having the most cells. On the 14 th day four cell layers could be 

distinguished. Except for the cultures on the 100pm and 150pm gaps, cell layer 1 had the 

most cells. Cell layer 1 on the 100pm gaps on day 14 had the fewest proportion of cells and 

on the 150pm gaps had equal proportions with cell layer 2 (Figures 23 and 24). At the same 

time, cell layer 3 had more cells than cell layer 4 on all gap sizes except for the 100pm gap. 

After 21 days, there were still four distinguishable cell layers. However, the proportion of 

cells within cell layer 1 rebounded to have more cells than all other cell layers. The order of 

cell layers for the number of osteoblast-like cells associated with them was found to be cell 

layer 1 > cell layer 2 > cell layer 3 > cell layer 4. This order held true regardless of the 

number of cell layers, except for the 14 th day when the proportion of cells in cell layers 1 and 

2 decreased from the 7 t h day. This decrease in cell distribution of cell layers 1 and 2 (i.e. day 

14) was noticed for all gap sizes. The percentages of cells associated with cell layers 1 and 2 

increased on day 21, but the values were still lower than those of day 7. The actual number 

of cells in cell layers varied over time so that no pattern could be established, but the total 

number of cells (sum of the cells in all cell layers) increased as a whole (Table 10). 
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8 hrs. 24 hrs. 

Figure 22: Percentages of total cell population associated with cell layers in 
50p:m gaps of substrata with 10u.m-deep grooves. 
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8 hrs. 24 hrs. 

23% 

Figure 23: Percentages of cell population associated with cell layers in lOOum 
gaps of substrata with lOum-deep grooves. 
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8 hrs. 24 hrs. 

Figure 24: Percentages of cell population associated with cell layers in 150p.m 
gaps of substrata with 1 Oum-deep grooves. 
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8 hrs. 24 hrs. 

26% 

Figure 25: Percentages of cell population associated with cell layers in 200pm 
gaps of substrata with 10u,m-deep grooves. 
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5. Cell orientation on smooth surfaces 

The angles of orientation for osteoblast-like cells on smooth surfaces were measured with 

respect to the horizontal axis of every field. It was found that cells on the smooth surfaces 

showed no preferred orientation (i.e. mean O A close to 45° as expected i f no orienting 

influences were present) and no statistical differences were found either with time or cell 

layer. 

Table 11: Orientation angles of cell layers on smooth surfaces 

Time Cell Layer 
n 

(No. of cells) 
Mean Angle of 

Orientation (°) + SE 

8 hrs. 1 256 42.8+1.5 

24 hrs. 1 256 40.8 ± 1.5 

4 days 1 256 45.4+ 1.6 

7 days 
1 267 40.8 + 1.4 

7 days 
2 92 45.2 ± 2 . 7 

1 321 41.9 ± 1.4 

14 days 2 203 43.6 ± 1.7 

3 102 48.1 ± 2 . 5 

1 342 41.6 ± 1.3 

21 days 2 165 41.7 ± 1.8 

3 63 44.0 ± 1.4 
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The cultures on the smooth surfaces consisted of a monolayer of osteoblast-like cells 

before the 7 t h day, when two cell layers were distinguished. On the 7 t h day cell layer closest 

to titanium (cell layer 1) had more cells than cell layer above it (Figure 26). On the 14 th day, 

three cell layers were found in all cultures. At this time, cell layer 1 had a smaller proportion 

of the total cell population than the 7 t h day. However, the proportion of cells in cell layer 2 

increased from day 7. After 21 days, there were still three cell layers. The percentage of 

cells in cell layer 1 increased, but it was still lower than the figure on the 7 l h day. This 

pattern is similar to the pattern observed for the smooth gaps. Cell layer 3's proportion of 

cell population decreased between days 14 and 21. 
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8 hrs. 24 hrs. 

;ure 26: Percentages of cell population associated with cell layers on smooth surfaces. 
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6. Scanning electron microscopy (SEM) 

Another approach to studying the orientation of osteoblast-like cells on the 

microfabricated substrata is scanning electron microscopy (SEM). However, using SEM as 

the sole technique for determining cell orientation is limited since, typically, it allows for 

examining only the cells on the surface layer at any time. 

Osteoblast-like cultures were prepared for S E M studies after 14 and 21 days of 

incubation. At 14 days most of the osteoblast-like cells were either below or at the ridge 

level and were mostly oriented with the direction of the grooves. Rarely would cells be 

found above the ridge level. The number of cell layers could not be discerned by looking at 

the S E M micrographs, as the top layers obscured the lower ones. Figure 27A shows 

osteoblast-like cells on day 14. At 21 days, it was noticed that the cells that were situated 

above the ridges had their long axis at an angle to the direction of the grooves (Figure 27B). 

This type of cell arrangement with cells lacking conformity to the underlying grooves was 

frequent in the 21-day old culture whereas in the 14-day old culture it was only rarely 

observed. The cells that were below or at the ridge level were mostly aligned with the 

grooves, as found with the 14-day old culture. 

On the smooth gaps the cells that were situated at the top were mostly at an angle with the 

direction of the flanking grooves. This lack of orientation was apparent in both the 14- and 

21-day old cultures. The cells below or the number of cell layers could not be determined by 

looking at the micrographs. Figure 28 shows osteoblast-like cells on a 100-pm wide gap 

after 14 days of incubation. 
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156x 15kV 

184x 8kV 

Figure 27: A . Osteoblast-like cells on lOum-deep grooves after 
14 days. Note that the majority of the cells are aligned with the 
direction of the grooves (double-headed arrow). B. Osteoblast-
like cells on 10u.m-deep grooves after 21 days. Cells above the 
ridge level (arrows) did not align with the grooves, but the cells 
below them were mostly aligned with the grooves. 
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290x 1 5 k V 

Figure 28: Osteoblast-like cells on a 1 OOum-wide gap (area marked 
by arrows) flanked by 1 Opm-deep grooves. Note that the cells on 
top (arrowheads) are not oriented with the flanking grooves. Cracks 
in the culture are artifacts of normal shrinkage during critical point 
drying. 
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D. Collagen orientation and distribution in cultures stained with Picro-sirius Red 

Collagen orientation and distribution over a span of six weeks were also examined for 

osteoblast-like cell cultures. Pictures taken from Picro-sirius Red stained cultures indicated 

that the amount of collagen increased over time. The control surface, which was incubated 

with medium and no cells, showed no birefringence (data not shown). For the grooved 

surfaces, collagen fibers were generally oriented with the grooves. Figure 29 shows collagen 

orientation on the grooved substrata after five weeks of incubation. Groove walls in 29A 

appear red due to reflected light. 

On the smooth gaps collagen fibers were oriented somewhat differently. One group of 

collagen fibers was oriented with the flanking grooves and appeared as if they were bridging 

the gap. Another set of collagen fibers was oriented at right angles to the direction of the 

grooves. Finally, when the microscope stage was rotated 45°, a third set of birefringent 

collagen fibers were observed that were oriented diagonally with the direction of the flanking 

grooves. These diagonally oriented collagen fibers were the most frequent. Figure 30 shows 

the three different orientations of collagen fibers on the smooth gaps. 

Collagen fibers on the smooth surface were found not to have any preferred orientation 

(Figure 31). At higher magnification the collagen fibers appeared to be parallel, but on a 

closer examination one could see shadows (i.e. dark lines) created by another set of collagen 

fibers at nearly right angles to the predominant ones. These fibers (shadows) seem to 

interdigitate with the visible fibers. A stage rotation of 45° revealed a third set of collagen 

fibers that are at an angle (almost 45°) to the first set. 
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Figure 29: Picro-sirius Red staining of collagen fibers 
on lOum-deep grooves from a five-week-old culture of 
osteoblast-like cells. A . Grooves at 0°. B . Grooves at 
45°. 
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Figure 30: Picro-sirius Red staining of collagen fibers on smooth gaps. A & B 
show collagen on a 50u,m-wide gap from a six-week old culture at 0° and 45° 
respectively. Note collagen fibers almost bridging the gap in A. C & D show 
collagen on a 100pm-wide gap from a six-week old culture at 0° and 45° 
respectively. In C collagen fibers are almost at the right angle with the 
flanking grooves. E & F show collagen fibers on a 200um-wide gap from a 
five-week-old culture at angles of 0° and 45° respectively. In E two 
orientations of collagen fibers can be seen; fibers that are aligned with the 
grooves and fibers that are perpendicular with the grooves. B , D, and F show 
collagen fibers that form an angle with the direction of the grooves. 
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B 
50 um 

Figure 31: Picro-sirius Red staining of collagen fibers 
on smooth surface. A demonstrates collagen fibers at 
0°. B shows the field in A at 45°. Note the shadows 
(crossing dark lines) created by other collagen fibers in 
both A and B. The shadows are almost at right angle to 
the birefringent fibers. 
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E . Observations from time-lapse video microscopy ( T L V M ) 

1. Osteogenic cell migration and behaviour on grooves and smooth gaps 

The movies are provided in QuickTime format in the CD R O M attached to the 

thesis. Osteoblast-like cells became oriented with the lOpm-deep grooves almost 

instantaneously and only moved within the walls of the grooves. Shortly after spreading, 

cells formed lamellipodia. Lamellipodia are thin forward protrusions that are filled with a 

meshwork of actin fibers, and mechanically are stiff enough to resist bending by a glass 

microneedle (Harris, 1998). In some instances, it was noticed that the spreading cells on the 

smooth gaps became oriented with the grooves upon touching another cell that was already 

oriented (Movie 1). Inside the grooves, cells would rarely hinder each other's movements, as 

they would often slide by one another before confluency (Movies 2-5). Cells that spread on 

the smooth gaps mostly moved along the length of the gap and some moved into the grooves 

(Movies 1 and 2). Cells that spread in the grooves would generally move across the gap and 

would rarely stay in the gap (Moviesl, 2, and 3). Movement of cells across a smooth gap 

was bidirectional, as cells moved out of the grooves and crossed the gap from both sides of 

the gap (Movies 1, 2, and 3). 

Once cells spread on the smooth gaps they moved apparently randomly unless influenced 

by groove walls or other cells (Movies 2-5). By the fourth or the fifth day the culture was 

almost confluent and most cells were either oriented with the neighbouring grooves or were 

moving up and down the smooth gap, treating the gap as if it was another wide groove at a 

right angle to the flanking grooves. The cells on the smooth gaps appeared more spread than 

in the grooves. Very often cells coming out of one groove onto the smooth gap would cross 
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the gap and enter a groove on the other side that was not necessarily the groove directly 

opposite from where the cell entered the gap (Movies 2-5). It was also noticed that cells 

would move under one another on the smooth gap. This behaviour was rarely noticed on the 

grooved areas where cells would slide by each other. It was also noticed that cells on the 

smooth gaps moved faster than the cells in the grooves. 

Cell movement was visibly much slower as the culture neared confluency (Movie 5). At 

or near confluency, when there was only a monolayer of cells, most cells were aligned with 

the flanking grooves when trafficking across the gap (Movie 5). In the smooth gaps, when 

the culture consisted of multilayers of cells, the top layer was at an angle with respect to the 

flanking grooves (Movie 6). Mitotic activity was visible even after confluency (Movie 6). 

Once cells divided, they would often move in opposite directions. After 14 days (Movie 6) 

cell movement was slow and almost non-existent within the gaps and the grooves. However, 

cells exhibited oscillating motions, as they moved back and forth along their long axis. Cells 

within the topmost layer had very limited movement (Movies 6 and 7). Very rarely a few 

cells would break free from the topmost layer and would move about above the topmost layer 

(Movies 6 and 7). 

Cell movement over the ridges was only noticed at or near nodules (Movies 6, 7, and 8). 

After 21 days, there was more cell movement on the ridges than inside the grooves (Movie 

8). Close examination of the cells on or above the ridges, revealed that most of these cells 

were moving at an angle to the direction of the grooves (Movie 8). Cells in the grooves were 

either static or moving towards the nodule (Movie 8). 
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2. Characteristics of calcified nodules 

Nodules on both the grooves and the smooth gaps were mostly round in shape (Movies 

6,7, and 10), but some nodules on the grooves were aligned with the direction of the grooves 

(Movies 8 and 9). Most nodules appeared mound-like (Movies 6, 7, and 10) and had a 

cobble stone appearance (Movie 7 and 8). The edges of all nodules were rough and cellular. 

The overall size of the nodules did not appear to change markedly over time (5-7 days), but 

the edges were constantly changing in shape. 

Some oriented nodules on the lOpm-deep grooves oscillated in the direction of the groove 

axis (Movies 7 and 9), but no net movement of the nodules was observed. Nodules on both 

10pm- and 3pm-deep grooves were higher than the ridges of the grooves and appeared more 

cellular than the rest of the substrata (Movies 6 and 7). Another observation was that in some 

instances osteoblast-like cells would leave the 3pm-deep grooves and would move towards 

the nodules. This behaviour of the osteoblast-like cells was best demonstrated by Movie 10 

in which cells travelled over the ridges of several grooves to reach the nodules. 
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3. Movie legends 

Movie 1: Frame 1: Osteoblast-like cells spreading on 
a 50pm-wide gap of a surface with lOpm-deep 
grooves. Time: after plating. 8x objective. Pitch = 
47pm. Length of the movie: 20 seconds. 

Movie 2: Frame 1: Osteoblast-like cells spreading on 
a 50pm-wide gap of a surface with lOpm-deep 
grooves. Time: after plating. 8x objective. Pitch = 
47pm. Length of movie: 12 seconds. 
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Movie 3: Frame 1: Osteogenic cells shortly after 
spreading on a 50pm-wide gap of a surface with 1 Oum-
deep grooves (8 hours). 8x objective. Pitch = 47pm. 
Length of movie: 12 seconds. 

Movie 4: Frame 1: Osteogenic cells on a 50um-wide 
gap of a surface with 1 Oum-deep grooves on day 3. 8x 
objective. Pitch = 47pm. Length of movie: 21 seconds 
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Movie 5: Frame 1: Osteogenic cells on a 50pm-wide 
gap of a surface with lOpm-deep grooves on day 4. 8 x 
objective. Pitch = 47pm. Length of movie: 8 seconds. 

Movie 6: Frame 1: A calcifying nodule situated on the 
border of a lOOpm-wide gap and lOpm-deep grooves 
on day 14. 8x objective. Pitch = 47pm. Length of 
movie: 18 seconds. 
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Movie 7: Frame 1: Possible developing nodule on 
lOpm-deep grooves next to a 50um-wide gap on day 
16. 8x objective. Note: Cells move onto the ridge 
near the nodule site. Pitch = 47pm. Length of movie: 
18 seconds. 

Movie 8: Frame 1: An oriented nodule on 10 urn-deep 
grooves on day 21. 8x objective. Pitch = 47u.m. 
Length of movie: 21 seconds. 
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Movie 9: Frame 1: A n oriented nodule on 1 Oum-deep 
grooves on day 21. Inverted background (NIH) used 
for better contrast. Nodule oscillates. 8x objective. 
Pitch = 47um. Length of movie: 16 seconds. 

Movie 10: Frame 1: Two round nodules on 3um-deep 
grooves on day 44. Cells attracted by nodules. 8x 
objective. Pitch = 47pm. Length of movie: 16 seconds. 
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IV. Discussion 
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To better understand the formation of bone-like nodules in vitro, several parameters 

including cell orientation, collagen organization and distribution, and surface characteristics 

were examined as a function of time in culture. The effect of feature depth on cell 

orientation and nodule formation was studied in the range of 3-30pm while the pitch was 

kept constant. Another surface feature introduced into the experimental design was smooth 

gaps of different widths in the grooved regions of substrata, an attempt to separate the effect 

on osteogenesis of cell orientation from that of the microenvironment that was thought to be 

produced by the restriction of diffusion by the groove walls. The following are the findings 

of this thesis: 

1. The number of bone-like nodules was found to be in the order: smooth gaps > 3pm-deep 

grooves > lOpm-deep grooves > 30pm-deep grooves > smooth surfaces. 

2. The average diameter of nodules was in the order: 30pm-deep grooves > lOpm-deep 

grooves > 3pm-deep grooves > smooth surfaces > smooth gaps. 

3. Osteoblast-like cells in the grooves formed multilayers that aligned with the grooves 

when inside the trough of the grooves, but were diagonal to the grooves when above the 

ridge of the grooves. Generally, the cell layer closest to the titanium was the best aligned 

cell layer with respect to the direction of the flanking grooves and this alignment 

decreased progressively with subsequent layers above. Cell layers on the smooth 

surfaces showed no preferred orientation. 

4. Collagen fibers in the grooves were generally oriented with the grooves whereas collagen 

fibers in the smooth gaps had several distinguishable orientations including fibers 

oriented with the flanking grooves, fibers diagonal with the flanking grooves, and fibers 

at right angles with them. Collagen on the smooth surfaces was organized in arrays of 
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parallel fibers, in a criss-cross pattern. 

A . Introduction to nodule formation 

1. Culture conditions 

Nodule formation or osteogenesis in vitro involves differentiation of mesenchymal cells 

to osteoblasts through a series of commitment steps. Through these steps, osteoblasts acquire 

the ability to synthesize the extracellular matrix of bone and regulate its mineralization (Liu 

et ai, 1997). Immunohistochemical markers have provided a better understanding of 

differentiation steps (Aubin and Turksen, 1996) which seem to follow a temporal sequence of 

events including elevation in alkaline phosphatase activity, increase in collagen type I 

synthesis, expression of bone matrix proteins (i.e. osteopontin, bone sialoprotein, and 

osteocalcin), and deposition and mineralization of the extracellular matrix to produce bone 

(Liu etal, 1997). 

Differentiation of mesenchymal cells into osteoblasts, alone, is not sufficient for bone 

formation in vitro. Organic phosphate is the substrate for the enzyme alkaline phosphatase, 

without which mineralization cannot take place (Tenenbaum, 1981; Nijweide et al, 1982; 

Nefussi et al, 1985; Bellows et al, 1986). Another requirement for nodule formation in vitro 

is ascorbic acid, which is required for collagen synthesis (Barnes, 1975; Kivirikko and 

Myllyla, 1984; Schwartz etal, 1987). 

Bellows et al (1986) have also suggested that nodule formation increases as a function of 

cell density, as they reported a positive correlation between the two, a finding that parallels 
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the results of a preliminary study to determine the optimal cell population density for my 

experiments (Appendix A). 

Bellows et al (1986) also observed that three-dimensional nodules (approx. 75pm thick) 

covered by polygonal osteoblast-like cells only formed where cells were able to multilayer. 

In Bellows et aVs experiments they studied nodule formation on 35mm culture dishes and 

reported a mean of 14.2 + 0.9 nodules/cm2. 

One study of interest that made use of micromachined surfaces was that of Chehroudi et 

al (1992). Chehroudi et al (1992) investigated the effect of grooved substrata on 

osteogenesis both in vivo and in vitro. They used grooved substrata with 19pm and 30um-

deep grooves and smooth surfaces as controls. Their results, both in vivo and in vitro, 

suggested that the 30pm-deep grooves were better in promoting osteogenesis, as their in vitro 

experiment resulted in more nodules with the 30um-deep grooves and their in vivo implants 

with the deeper grooves resulted in more bone production. Chehroudi et al (1997) 

reinvestigated the micromachined grooved substrata in vivo, but this time with the grooves of 

higher depths (> 30pm deep). They reported that bone formation next to their subcutaneous 

implants, which were implanted above the calvaria of rats, decreased as the groove depth 

increased. 

Another study of interest is that of Perizzolo (2000, in an M.Sc. just completed in this 

laboratory). Perizzolo utilized the surfaces designed for this study but with somewhat 

different culture conditions. Perizzolo observed that the shallower grooves (3pm deep) 

produced the least number of bone-like nodules followed by 10pm- and 30um-deep grooves. 

Perizzolo reported, as found in my work, both the grooved areas and the smooth gaps 

produced more nodules than the smooth controls. 
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2. Underlying mechanisms leading to nodule formation 

Apart from the above conditions and requirements, it has been suggested that certain 

mechanisms, such as cell orientation and collagen organization, may play a role in promoting 

nodule formation. In lamellar bone, collagen fibers are orthogonally arranged in longitudinal 

and transverse arrays (Gebhardt, 1905, cited in Boyde and Riggs, 1990; Boyde et al, 1984; 

Ascenzi and Benvenuti, 1986; Weiner et al, 1997) and this arrangement serves a functional 

purpose (Schenk and Buser, 1998). Using structural models, Gebhardt demonstrated that 

longitudinal fibers might be expected to endow tensile strength whereas transverse fibers 

would endow compressive strength (Boyde and Riggs, 1990). Gerstenfeld (1988) observed 

that embryonic chicken calvariae osteoblast cultures, when three to four layers thick formed a 

matrix and each layer was associated with a layer of collagen fibers orthogonally arranged 

with respect to neighbouring layers. It has been suggested that through this orthogonal 

arrangement the extracellular matrix can make cells more responsive to soluble signals by 

allowing them to assume a particular spatial arrangement (Watt, 1991). 

The relationship between cell shape and orientation and cell metabolism is well 

documented (Emerman and Pitelka, 1977; Emerman et al, 1977; Brunette, 1984; Hasegawa 

et al, 1985; Watt, 1986). As osteogenic cells in vivo polarize to differentiate into osteoblasts, 

bone production could be enhanced in vitro by, perhaps, producing a cell orientation that is 

instrumental in the development of a functional cell polarity (Chehroudi et al, 1992). 

Micromachined grooved surfaces, through orienting osteoblast-like cells, seem to achieve 

such functional polarity, as the grooved areas in my studies produced more bone-like nodules 

than the smooth controls. 
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B. Number of nodules 

The data collected from the mineralization experiments showed that the micromachined 

grooved surfaces produced significantly (P < 0.05) more nodules than the smooth surfaces. 

An interesting finding was that as the groove depth increased the number of nodules formed 

decreased. On first examination this decrease in the number of nodules suggests that the 

groove walls may have a negative effect on mineralization in vitro. It was, however, 

discovered that the diameter of the nodules generally increased with groove depth; the order 

being 30u,m-deep grooves > lOpm-deep grooves > 3u.m-deep grooves > smooth surfaces > 

smooth gaps. Thus, the number of nodules is not necessarily a sound indication of the 

amount of mineralization since the grooved surfaces that produced the fewest number of 

nodules had the largest nodules. 

In comparing my results to those of other studies, it is apparent that culture conditions are 

very important in determining the number of nodules formed. In the study done by Bellows 

et al (1986) the number of nodules reported (14.2 + 0.9 nodules/cm ) were somewhat low. It 

is worth noting that Bellows et al used a much lower cell population density (about lOOx 

lower). In the study of Chehroudi et al (1992) where they used 19um- and 30um-deep 

grooves and smooth surfaces for controls, their results, both in vivo and in vitro, suggested 

that the 30pm-deep grooves were better in promoting osteogenesis. The cell density used in 

their in vitro experiments was lower (2 x 103 cells/cm2) than the one used in my experiment. 

5 2 

In Perizzolo's study (2000), a cell density of 1 x 10 cells/cm , half the cell density in my 

study, was used. However, Perizzolo observed more nodules on his surfaces (2181 +98 for 

30pm-deep grooves, 1917 + 59 for 1 Oum-deep grooves, 1611 + 39 for 3um-deep grooves, 

and 938 + 10 for smooth controls). The comparison between my results and those of 
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Perizzolo's suggests that cell population density does not, by itself, seem to explain the 

differences. 

Another difference between my culture conditions and those of Perizzolo's was that he 

used a derivative of vitamin C, L-ascorbate-2-phosphate, which is more stable than the 

underivitized vitamin C used in my study. The more stable L-ascorbate-2-phosphate allowed 

Perizzolo to reduce the number of medium changes to two times per week compared to three 

times per week used in my experiments. As vitamin C is required for collagen synthesis 

(Barnes, 1975), it is quite possible that the more stable L-ascorbate-2-phosphate supplement 

enhanced collagen synthesis relative to the standard vitamin C. However, the amount of 

collagen fibers did not appear to differ in the two studies, as assessed by a qualitative method 

(Picro-sirius Red staining). 

In addition, Perizzolo added tetracycline that was incorporated into the newly formed 

apatite. The addition of tetracycline was meant to facilitate the localization of newly formed 

nodules with little background, since the incorporated tetracycline fluoresces under blue 

light. However, tetracycline not only acts as an antibacterial agent, but also inhibits 

collagenase, a metalloproteinase (Golub et al, 1999), and serves as a bone formation 

enhancer (Park et al, 2000). Park et al (2000) implanted tetracycline-loaded membranes on 

rat calvariae and observed increased new bone formation in calvarial defects after two weeks 

of implantation. 

Another source of differences between my results and those of Perizzolo's is that the 

medium was changed twice weekly in his study as opposed to the three times weekly in this 

study. It is possible that changing the medium less frequently allowed for the development 

of a microenvironment that promoted nodule formation. 
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Finally, in comparing Perizzolo's study and mine, it should be noted that the use of 

tetracycline seems to be a more precise and reliable method for investigating mineralization 

in vitro, particularly in deeper grooves. A problem with the use of von Kossa staining 

method is that some calcified nodules could be undetected as part of the background in 

deeper grooves (10pm- and 30um-deep grooves) whereas the fluorescing tetracycline-

labelled hydroxyapatite is more easily detected. 

Despite the experimental differences, the above studies share a common finding that the 

micromachined grooved substrata and the smooth gaps within them produced more bone-like 

nodules than the smooth controls. As the different features of the grooved surfaces can be 

controlled through the science of micro fabrication, more work will be needed to better 

understand the role of a variety of groove features, such as pitch and ridge width. 

C. Nodule characteristics 

1. Nodule size and surface topography 

Different surface topographies produced nodules of somewhat different sizes, as 

determined from the diameters of the nodules. The order of nodules sizes on different 

surfaces was: 30pm-deep grooves > lOpm-deep grooves > 3pm-deep grooves > smooth 

controls > smooth gaps. However, the sizes of the nodules were not significantly different 

from one another at all times. For example, although the size of the nodules on the 3pm-

deep grooves was slightly larger than the nodules on the smooth controls, but the difference 

was not significant. The same can be said about the difference between the size of the 

nodules on 30pm- and lOpm-deep grooves. 
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Generally, the 30pm-deep grooves produced the largest nodules and the smooth gaps 

produced the smallest nodules. This finding would raise the question as to which surface 

better promoted osteogenesis in vitro. The present data cannot determine from the nodule 

numbers (in the previous section) the microfabricated surface the most effective in enhancing 

mineralization, since the grooved surface that produced the least number of nodules had the 

largest nodules. To better compare the microfabricated surfaces, the development of a 

method to assess the total mineralized volume on each surface may be required. 

2. Nodule orientation and surface topography 

Nodule orientation was measured as the angle between the longest axis of a nodule and 

the direction of the grooves. For the smooth surfaces, the angle between the longest axis of 

the nodule and an arbitrary horizontal axis in the field was measured. It was found that the 

grooves flanking the smooth gaps had no orienting effect on the nodules on the smooth gaps, 

as those nodules showed no preferred orientation with their OA close to what would be 

expected for random orientation (45°). Also, it was found that the widths of the smooth gaps 

had no orienting effect on the nodules. However, on the grooves, nodules became more 

oriented with the direction of the grooves as the grooves became deeper. The difference 

between the OA's of nodules of 10pm- and 30-pm deep grooves was not significant. It is 

worth noting that the 3pm-deep grooves produced nodules with OA's that were not 

significantly different from those of the smooth gaps and the smooth controls. Hence, it can 

be concluded that groove depth is a determining factor in the orientation of the mineralized 

tissue. 
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D. Role of cell orientation in nodule formation 

Grooved surfaces are effective in orienting fibroblasts and epithelial cells (Brunette, 1983, 

1986a,b) as well as osteoblasts (Qu et al, 1996; Movies in this study). Grooved surfaces are 

also known to promote osteoblast-like cell attachment (Qu et al, 1996) as well as increase 

mineralization in vitro and in vivo (Chehroudi et al, 1992; Qu et al, 1996). Based on the 

reports that cell shape and metabolism are related (Emerman et al, 1977; Brunette, 1984; 

Hasegawa et al, 1985; Watt, 1986), it is likely that the micromachined grooved surfaces 

change the shape of osteoblast-like cells, which may affect their gene expression of 

extracellular matrix proteins, such as metalloproteinase-2 (Chou et al, 1998). Similarly, it is 

possible that the increased nodule formation on the grooved surfaces is a result of the 

orientation and polarity of the osteoblast-like cells effected by the grooves themselves. 

The reason why the smooth gaps produced more bone-like nodules is not clear, but there 

are several possibilities. The cell layers on the smooth surfaces showed no preferred 

orientation when averaged over large fields, but there were small patches of osteoblast-like 

cells in parallel arrays, similar to the observations of Elsdale and Foley (1969) and Elsdale 

and Bard (1972) on human fetal lung fibroblasts. However, in any given low power 

microscopic field there were many such patchworks oriented randomly. Because all the 

patchworks were taken into consideration when calculating the orientation for the cell layer, 

the average orientation of the cell layer was close to the angle of 45° expected when there are 

no orienting influences. The criss-cross arrangement of the cell layers on the smooth surface 

was confirmed by the orientation of collagen fibers, as cell orientation governs collagen 

orientation (Trelstad, 1973; Jones et al, 1975; Jones and Boyde, 1976). 
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On the smooth gaps, at day 21, there were four distinct cell layers, compared to only three 

on the smooth surfaces. The cell layers on the smooth gaps did not comprise patchworks of 

cells like the cell layers on the smooth surfaces. Moreover, the orientation of the cell layers, 

with respect to the flanking grooves and each other, was not random at all. The bottommost 

cell layer was generally oriented with the direction of the flanking grooves and as one moved 

to the topmost layer, cell layers became progressively less oriented with respect to the 

grooves and adjacent cell layers were positioned at an angle with respect to one another, but 

not necessarily at a 90° angle to each other (Figure 32). The collagen fiber organization on 

the smooth gaps mirrored the cell layer orientation. Some collagen fibers were parallel with 

the direction of the flanking grooves, some were at an angle to the grooves, and some almost 

at right angles to the grooves. 

In the light of the comparison between the smooth gaps and the smooth surfaces it is 

noted that the cell layers on the smooth gaps were different in that their mean OA 

progressively increased as the distance between the cell layers and the titanium surface 

increased and they did not exist as randomly oriented patchworks of cells that occurred on 

the smooth surfaces. Moreover, the histological sections from the grooved surfaces indicated 

that in most instances mineralization took place above the ridge of the grooves where cell 

layers were progressively at higher angles relative to the oriented cell layers in the grooves 

beneath them, an arrangement similar to the cell layers in the smooth gaps. The data from 

this thesis, thus suggest that there seems to be a relationship between the orientation of large, 

relative to smooth surfaces, areas of cell layers at an angle to one another (approx. 9°-27°) 

and nodule formation because mineralization predominantly occurred in areas (i.e. gaps and 

area above the ridges) where adjacent cell layers were at an angle relative to each other. 
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Figure 32: A drawing showing the orientation of three cell layers 
on a smooth gap relative to one another and the flanking grooves. 
A . Cell layer 1. B. Cell layer 2. C. Cell layer 3. Note that cell 
layers 1 through 3 become progressively less oriented relative to 
the grooves. Cell layer 1 is the closest of the three cell layers to 
the titanium surface. 
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E. Role of number of layers of osteoblast-like cells in nodule formation 

It has been reported that multilayeredness is one of the requirements for mineralization in 

vitro (Bellows et ai, 1986). Supporting evidence for the importance of multilayer formation 

comes from the work of Casser-Bette et al (1990) who cultured osteogenic cell line MC3T3-

E l onto a three-dimensional matrix of denatured collagen type I. After culturing for eight 

weeks they discovered mineralization in the upper surface of a newly synthesized collagen 

type I matrix which resembled osteoid. Casser-Bette et al (1990) used fibroblasts as control 

and found that fibroblasts passed through the network of denatured collagen and formed a 

monolayer at the bottom. Moreover, Gerstenfeld et al (1988) noted that mineralization in the 

cultures of chicken calvaria osteoblasts only took place in the deepest parts of the culture and 

when the culture cell layers were three to four cells thick. 

One noticeable difference between the smooth surfaces and the smooth gaps was that the 

cultures on the smooth gaps formed multilayers faster than the smooth surfaces. By the 14th 

day the smooth gaps had four distinct cell layers (Table 10) whereas the smooth surfaces had 

only three (Table 11). The groove walls guide cells from the grooves into the gaps at high 

levels (Movies 4 and 5). The cells in the smooth gaps also divided and the net result was 

multilayers made up of cell layers whose mean OA with respect to the flanking grooves 

progressively increased with the distance from the titanium surface. Mitotic divisions in the 

smooth gap areas are best observed in Movie 6. 

Further support for the importance of multilayer formation in mineralized nodule 

production comes from the observations on cell cultures on the 30pm-deep grooves. From 

the histological sections of the grooves it is apparent that most of the mineralization took 

place above the ridge level, where cell layers are more in contact with each other than the cell 
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layers inside the trough of the grooves. Inside the grooves, cell layers are not continuous as 

the groove walls interrupt them and as a result each cell layer is only 1-3 cells wide. 

From the results of this thesis it is apparent that nodule formation or mineralization in 

vitro seemed to depend on the formation of multilayers of osteoblast-like cells where the 

layers, without any interruptions, were in contact with one another and their orientation with 

respect to each other changed from layer to layer. 

F. Role of collagen organization in nodule formation 

Picro-sirius Red staining of collagen indicated that collagen fiber organization on the 

grooves, smooth gaps, and smooth controls differed. Collagen fibers on the grooved surfaces 

were better oriented than those on the smooth controls. On the smooth surfaces, collagen 

fibers were in arrays of parallel fibers. These arrays were arranged in a criss-cross fashion 

and sometimes interdigitated each another (Figure 31). Overall, the organization of collagen 

on the smooth controls had no preferred orientation. On the smooth gaps, however, collagen 

fibers were organized in several distinguishable orientations that included collagen fibers that 

were parallel with the flanking grooves, fibers that were perpendicular to the flanking 

grooves, and fibers that were at an angle to the flanking grooves. 

It has long been known that collagen fibers in adjacent lamellae of human osteons are 

organized in an orthogonal arrangement (Ascenzi and Bonucci, 1967 and 1968). Subsequent 

studies (Frasca et al, 1977; Ascenzi and Benvenuti, 1986) reported that there was another 

orientation of collagen fibers that included fibers that were at an angle close to 45° to the 

direction of the fibers in two adjacent lamellae and this orientation only happened in the area 

between two adjacent lamellae. Cells in culture or in situ may use collagen orientation to 
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comrnunicate with each other without being in direct contact. Tension created by cells can 

lead to collagen fiber orientation, which in turn, determines the orientation and morphology 

of other cells (Klebe et al, 1989). Moreover collagen orientation plays a role in the 

mechanical responses of bone, as fibers oriented longitudinally are expected to provide 

tensile strength (Ascenzi and Bonucci, 1967) and those oriented transversely are expected to 

provide compressive strength (Ascenzi and Bonucci, 1968). 

Based on the examination of the collagen fibers on the smooth gaps, it appears as though 

the collagen orientation resembles that in vivo, but in the present study it is hard to tell the 

order (with depth) in which the collagen fibers of different orientation exist relative to one 

another. However, i f cell orientation is any indication (Trelstad et al, 1973; Jones et al, 

1975; Jones and Boyde, 1976), the fibers that are aligned with the flanking grooves should be 

the ones in the bottom, the fibers that are at an angle should be the middle ones, and the 

fibers that are at a right angle to the grooves should be on the top. The collagen orientation 

of the fibers within the trough of the grooves was in the direction of the grooves. However, I 

could not clearly determine the orientation of the fibers above ridge level. As it is generally 

believed that cell orientation is an indication of collagen orientation, the fibers above the 

ridge should be at an angle to the grooves, in which case, they would also resemble the 

collagen orientation in vivo. On the smooth controls, where the least number of nodules were 

produced, collagen fibers had no preferred orientation and were arranged in a criss-cross 

pattern. 

Therefore, based on the results of my experiments it appears that there is a relationship 

between collagen orientation and nodule formation in vitro. It appears likely that surfaces 

that orient collagen fibers in an orderly fashion that resembles collagen orientation in vivo 
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(smooth gaps and grooves) produce the most nodules and the surfaces on which collagen 

fibers has no preferred orientation (i.e. smooth controls) produce the lowest number of 

nodules. 

From the comparisons drawn among the three different surfaces (i.e. smooth, smooth 

gaps, and grooves) it is clear that both cell orientation and collagen orientation on the 

grooves and the smooth gaps are more orderly than those on the smooth surfaces. Moreover, 

it is clear that nodule formation appear to be related to the ability of the surfaces to promote 

multilayer formation. In the light of the observations made in this thesis it appears that 

nodule formation in vitro does not depend on one single aspect of cell and matrix geometry, 

but on the interplay of several factors including cell orientation, number of cell layers, and 

collagen organization. 
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V. Future work 
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This thesis provides further evidence that micromachined grooved substrata promote 

bone-like nodule formation in vitro. It was learned that nodule formation is associated with 

an interplay of several factors including cell orientation, number of cell layers, and collagen 

fiber organization. The conditions of the in vitro experiments may not mimic exactly those 

in vivo due to the complexity of the physiological conditions and many biological factors 

involved, such as hormones and cytokines, but under the controlled conditions of cell culture 

these surfaces can be studied thoroughly and consequently potentially improved surfaces 

identified for future in vivo applications. Although few studies have been done to test the 

effectiveness of implants with a grooved microtopography, those surfaces that have been 

tested have shown good promise (Chehroudi et al, 1992 and 1997). However, there is still 

room for improving the surface through variations (e.g. groove depth and pitch) and other 

modifications (e.g. addition of smooth gaps of different sizes and depths). 

A. Smooth gap variation and modification 

The additions of the smooth gaps into the grooved surfaces was an attempt to separate the 

effect of cell orientation from that of the microenvironment postulated to exist as a result of 

the groove walls, but unexpectedly the smooth gaps produced an increased number of 

nodules compared to the smooth surface controls. However, because of the difficulties of 

nodule quantification with the von Kossa technique on deep (30pm) grooves, the effect of the 

smooth gaps cannot be accurately compared with that of the deep grooves. One possible way 

to study the smooth gaps would be through varying their size, frequency, and depth. As it 

was desired to get cell orientation in the absence of groove walls, the current sizes for the 

smooth gaps were designed on the basis of an estimate of the ability of an osteoblast-like cell 
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to stretch across the gap. According to my results, the current gap sizes did not produce 

significantly different results from each other in terms of bone-like nodule formation. A 

greater variation in size (e.g. gaps with width differences of 100pm and more) should be 

tested. By testing different sizes of the smooth gaps their role in enhancing the mineralizing 

ability of the grooved surfaces can be studied and their effects can be maximized. Another 

approach to using the gaps would be to make them deeper than the flanking grooves (Figure 

33). It would be expected that osteoblast-like cells would treat the deeper gap, which is 

actually the floor of a groove, as a groove and would align themselves with the direction of 

the gap. Cells coming out of the flanking grooves (above the cells already in the gap) would 

be mostly aligned with the direction of the flanking grooves. The result would be cell layers 

that are at a right angle to one another. These deeper gaps would be made by prolonging the 

etching time in the microfabrication process. This process, however, would require two 

photomasks, one to produce the flanking grooves and the second one to protect the grooves 

while the gaps were etched. The result would be grooves and gaps that are different in depth. 

Similar approaches could be used to align cells at desired angles and the effects of relative 

orientation of cell layers could be studied. 

B. Cell shape and mineralization 

Another issue that still needs to be addressed is the relationship between cell shape and 

bone-like tissue formation. It is hypothesized that the grooves change the shape of the 

osteoblast-like cells and by analogy to other systems, change their pattern of gene 

expression. Future studies are needed to compare the shape of the cells, through 

measurements, on the smooth surfaces, the smooth gaps, and the grooves and correlate them 
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Figure 33: A diagram of a grooved substratum with a smooth gap (i.e. floor 
of a groove) deeper than the grooves. A . A cross-sectional diagram of the 
smooth gap. B . Top view of the substratum. 

134 



with nodule formation. Such studies would determine the extent to which cell shape could 

promote mineralization in vitro. Ce l l shape on grooved surface has been quantified by two 

form factors, F O R M E L L and F O R M P E (Brunette, 1986a). F O R M E L L is the ratio of the 

major axis of the cell to its minor axis and considers the cell as an ellipse. A perfectly 

spherical cell would yield a F O R M E L L value of 1.0 and an elliptical or spindle-shaped cell 

gives a value greater than 1.0. F O R M P E is calculated using the area to the perimeter ratio o 

the cell. The formula for F O R M P E is: An area/(perimeter)2 (Brunette, 1986a). Another 

aspect of cell shape is cell thickness, which can be measured and studied by C L S M . The 

surfaces and culture conditions in this study can be used to establish a relationship between 

the effect of cell shape, measured by the above methods, and mineralization in vitro. It can 

also be determined whether different gap sizes (50-200pm) and different groove depths 

(3pm, 10pm, and 30pm) alter cell shape differently. 

C. Phenotypic expression of cells on different surface topographies 

Another study of interest would be to examine the phenotypic expressions of osteoblast-

like cells on different topographies. This study would determine i f cells on different 

surfaces differed in the timing or pattern of differentiation. Monoclonal antibodies along 

with Aubin 's model of osteoblast differentiation (1996) can be used to find out whether 

surface topographies (e.g. smooth gaps, grooves, etc.) have any influence on the 

differentiation o f osteogenic cells. 

In such an experiment, osteogenic cells from rat calvariae would be grown on the 

surfaces as in the current study. At different times, monoclonal antibodies against certain 

phenotypic markers, such as osteopontin, osteocalcin, alkaline phosphatase, and bone 
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sialoprotein can be used to determine the proportion of cells exhibiting these markers on 

different topographies. According to Aubin and Turksen (1996) these markers are 

differentially expressed by cells at different stages of differentiation. The level of 

expression of each marker could be compared with Aubin's model of osteoblast 

differentiation (1996) and it could be determined whether different topographies altered 

differentiation of the osteogenic cells. For example, i f micromachined grooved substrata 

altered differentiation by increasing the proportion of cells entering the osteoblastic 

pathway, one might expect to see an early burst of osteopontin-positive cells, but 

progression at the usual rate after that stage. 

D. In vivo trials of the surfaces with smooth gaps 

Pending better characterization of the smooth gaps through in vitro studies and based on 

the interesting results from the current study, it is of interest to examine their effectiveness in 

vivo. If the smooth gaps of different depths are able to produce different cell layer 

orientations, it is possible that they will also affect mineralization. 

Surfaces in this study and others with gaps that have different depths from their flanking 

grooves could be duplicated in epoxy and coated with titanium. These surfaces, then, could 

be implanted subcutaneously on the calvariae of Sprague-Dawley rats using the methods of 

Chehroudi et al (1992). At different times rats would be sacrificed and the implants would 

be processed for light and transmission electron microscopy (TEM) to determine the level of 

mineralization in association with different surface features. This experiment would yield 

valuable information on the possible clinical usefulness of the surfaces that an in vitro study 

could not provide. The in vivo study with the help of T E M could also provide information 
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about the orientation of collagen fibers on these surfaces that would help determine whether 

the effects on orientation of extracellular matrix found in this study also occurred in vivo. 

Therefore, a more detailed relationship between collagen orientation and osteogenesis could 

be established. 
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Appendix A: Preliminary study on the 
effect of cell population density on nodule 
formation in vitro 

Cell population density (cells/cm2) No. (n) Mean No. of nodules/cmz + SD 

2 x 103 4 8.0 + 8.5 

2 x l 0 4 4 8.0 + 5.7 

2 x10 s 4 13.5 + 3.5 

P < 0.05 
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