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ABSTRACT

Grooved, rough, and porous surfaces are in use clinically to stabilise the bone/implant
intertace and encoutage osseointegration for hip and knee replacements and dental
implants. To date, there is no onc topographical surface that is considered superior. No
one has ever directly observed the process of bone formation by cells in three dimensional
spaces. Also, little work on the response of cclls to curved surfaces exists.

The aim of this work was two-fold: to isolate and characterise primary osteoblasts from
rat and human sources, and to study the response of those cells to different topographies.
Fused silica grooved surfaces (width =2 - 100 pm, depth = 10 nm - 6.0 pm), polyurethane
replicas, and fine quartz tubes (diameter = 150 - 700 wm, length = 5 mm - 2,5 cm) provided
an array of topographical environments. Besides conventional techniques like video time
lapse scanning cinemicrography. scanning electron microscopy, immunofluorescent
(confocal scanning laser microscopy) and histological staining, two new techniques were
used o assess osteoblast extracellular matrix production and orientation: polarised light
microscopy and atomic force microscopy.

Findings included rat and human osteoblast sensitivity to grooved features greater than
80 and 100 nm in depth respectively. Furthcrmore, preliminary rcsults suggested that
grooved surfaces (width: 5 um, depth: 6 um) influence extracellular matrix production, ie.
the alignment of collagen and mineral with the groove long axis. The ability to influence
and control the oricntation of new bone via topography is the first step towards tissue
engineering organised bone. In addition, the ability to control new bone growth could have

an impact in Lthe acceleration and enhancement of the wound healing and repair process.




Video time lapse cinemicrography revealed that within an hour of seeding, osteoblasts in
tubes had extended towards each other and formed dynamic cord-like structures that
spanned the tube diameter and along its length. Furthermore, after a few days, cells had
formed nodule-like structures usually associated with two dimensional tissue culture
despite the lack of ascorbic acid and f-glycerophosphate. Examination of these tubular
environmenis with polarised light revealed bircfringent particles present in some of these
nodules. Osteocalcin staining showed brightly stained globules produced along cell cords
and suggested the inner wall of the tube was coated by small mineralised particlcs.

In summary, the findings presented in this work demonstrate the ability of both
material surfaces modified in a regular manner (grooves) and extended concave surfaces of
small diameter (tubes) to influence osteoblast behaviour and mineralisation in vifro. There
is some evidence to suggest that grooved surfaces influence extracellular matrix orientation,
i.e, collagen and mineral alignment. Also, cells seeded into a three dimensional tubular
environment behaved differently than similar cells on flat surfaces in terms of overall
activity, and extracellular matrix production. In conclusion, this work imparts new
information on the response of osteoblasts to topographical surfaces and environments

that could lead to the tissue engineering of bone and redesign of implant surfaces.
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Chapter 1: Introduction

BONE PHYSIOLOGY

Tissue Level Morphology

Macroscopic Structure

All of the long bones in the human body have similar global features. Each bone consists
of two regions, the epiphyses or bone ends, and the diaphysis or midshatt of the bone.
The diaphysis is a long, hollow cylinder of bone with the medullary canal located in its
centre. The epiphyscs arc comprised of corfical bone along the outer perimeter and
cancellous bone in their interior (please see next section for description of cancellous and
cortical bone). The surrounding “skin™ of the long bone, referred to as the periosteum,
consists of an outer layer of dense tissue, while osteoblasts (bone making celis) and
osleoclasts (bone eating cellsy are found in the osteogenic inner layer. Tendons and
ligaments attach to the bone along this tissue. A similar tissue, also rich in osteoblasts and
osteoclasts, the endosteum, lines the canals in bone, including both the medullary canal,

and the trabeculae in cancellous bong that contact marrow (Marieb, 1995).

Microscopic Structure
Bone tissue can be classified into two types: cortical (compact), and cancellous
(trabecular). Cortical bone is comprised of unit structures of oriented collagen and mineral.

Cancellous bone, on the other hand, is mainly distinguishable by trabecular struts amidst a

sea of marrow.
Cortical bone is teeming with channels and passages that provide pathways for nerves,
blood vessels and lymphatic vessels. The structural unit ol compact bone, the osteon,

(Figure 1) is also known as a haversian system. These “tiny weight-bearing pillarg” are

12




Chapter 1: Introduction

oriented parallel to the long axis of the cortical bone, and each is a hollow tube of bone
matrix. Structurally, they are comprised of 3-7 um thick concentric sheets of oriented
collagen known as lamellae. Each sheet of collagen is oriented in the opposite direction
(90°) from the one on either side of it. This structure allows bone to withstand torsional
stresses - each lamellae reinforces the other. Each osteon is comprised of 4-20 lamellae and

has an average diameter between 150 and 250 pm (Marieb, 1995, & Park and Lakes, 1992).

Figure 1: Schematic depicting the gross structure of the osteon.

There are two type of canals in cortical bone. Haversian canals are found in the direct
centre of the osteon and contain small blood vessels and nerve fibres. Volkmann’s canals,

orientated perpendicular to the Haversian system, serve to connect the vascular and nerve




Chapter 1; Introduction

supplies of the periosteum to the central canals of various ostcons and ultimaicly the
medullary cavity (Webster, 1988).

At lamellae junctions, spider-shaped bone cells occupy lacunae. As the mairix hardens
during bone formalion, osteoblasts beeome trapped and mature into osteocytes in these
tiny cavities. These irapped cells maintain connections with one another via long tentactc-
like projections and gap junctions through tiny canals or canaliculi which also serve to
connect the cells to the central canal in the osteon and enable nutrients and wastes to be
delivered und removed, This network of cells and canaliculi established in the osteon is
also known as the ostcocytic-osteoblastic bone membrane, and separates the mineralised
malrix from the plasma in the central canal (Sherwood, 1993).

Cancellous bone consists of trabeculae organised along directions of stress that act
similarly (o struts to support the bone. No osteons are present, instead cells are randomly
arranged and interconneccted via canaliculi like those canals found in cortical bone.
Cancellous bone is best visualised as a sponge, with the interconnected interstices filled

with bonc marrow (Marieb, 1995).

Biochemical Composition:

Bone consisls of both organic and inorganic parts, each contributing to its unique
mechanical propertics. Wet bone contains approximately 22 wt% organic matrix, of which
90-96 wt% is collagen. This organic matrix also consists of cells including osteoblasts,
osteoclasts, and osteocyles, and osteoid. The mechanical properties conferred by this
organic matrix include the great tensile strength of bone, its flexibility and its ability to

resist sireiching and twisting (Park & T.akes, 1992). The osteoid secreted by the

14



Chapter 1: Introduction

osteoblasts comprises about one third of the bone matrix and includes proteoglycans,
glycoproteins, and collagen.

Recent research has involved the identification of glycoproteins located within bone
matrix and the integrins involved in mediating cell attachment to these proteins (Tables 1
& 2). Skeletal development, bone matrix production, and pathological processes like
fractures, osteogenic tumours, and metabolic bone diseases are influenced by the

interactions of bone cells and their extracellular environment (Saito, ct al, 1994).

15



Chapler 1: Introduction

Glycoprotein in Bone
(*contains RGD sequence)

Location in Human Bone

Suggested Function

Mature & immature bone mairix,

Cell adhesion™®

Fibronectin® appears early in osteogenesis® Multiple cell attachment mitogen’
Differentiation’
Mature bone matrix - osteoid layer Multifunctional cell adhesion
{osteoblasts & osteocytes), maoduiator®
Thrombospondin* cambial layer of periosteum, Binds to calciom’
primitive woven bone, appears Binds {0 osteonectin®™
eatly in osteogenesis’ Binds to hydroxyapatite®’
Fibrillin Bone matrix® Assembly of elastic [ibre®

Osicopontin® (SPP1,

Bone matrix (scereted mostly by
osteoblasts), appears later in

Rogulates & nucleates
mineralisation®, involved in cell

BSP I} osteogenesis’ attachment™ & tissue remodeling’,
binds to hydroxyapatite’
Type [ collagen* Bone matvix* Principal (>90%) ECM°
Type I, V, X, XI, XIII Bone matrix' Minor collagens’
collagens
Osteonectin (SPARC) Soft and hard tissues® Modulates cell-matrix interactions®
Links mineral to matrix®
Vitronectin® Mature bone matrix’ Cell attachment®

Bone sialoprotein* (BSP II)

Lacalised to osteoblasts primarily
but has been found in platelets and
cancer cells’

Nucleator for mineralisation®®
Matrix organisation’
Cell attachment**’

Bone-associated glycoprotein-
75

Done matrix®

Binds calcium® and
hydroxyapatite’

Osteocalcin (bone Gla
protein, BGP)

Mineralised tissues’, but mRNA
has been found in platelets’

Role in mineralisation®
Role in remodeling®
Calcium binding protein®
Calcium homeostasis?
Binds strongly to hvdroxyapatite’

Matrix Gla Protein

Soft and hard tissues™

Regulates mineralisation®’
Calcium homeostasis®

Bone morphogenetic proteins

Bone matrix®

Role in differentiation’,

(BMPs) morphogenesis®
CS-PG I (biglycan) Chondroitin sulphate form is Tissue remodelling & wound
unigue 1o bone, but core protein healing’
same as dermatan sulphatc PG Binds to collagen®
biglycan in many soft tissues’
CS-PG II (decerin) Same as above Regulates fibrilogenesis®
Binds to TGF-3*
CS-PG 1L Restricted to bone (7)° Regulates mineralisation’
alpha-211S-glycoprotein Synthesised in liver* & found Bone remodelling & resorption®”
everywhere®
Osteoadherin Bone matrix® Cell altachment®
Osteoglycin Bone matrix® TGFB3/BMP binding®

Table 1: The location of glycoproteins in bone tissue and their possible function in bone
formation (Marks & Popoffl, 1988; Boskey?2, 1989; Stanford & Keller3, 1991; Grzesik &
Robey4, 1994; Davies5, 1996; Reddi6, 1997; Robey7, 1989; Boden8, et al, 1996;
Mundy9, 1993).
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Glycoprotein(s) Integrin receptor(s)
type T or IV collagen, gelatin, laminin O[lﬁ, and (Xaﬁl

fibronectin o, 0P and poss. o.f, &, B, o, B,

osteopontin, bone sialoprotein x, ﬂ,

vitronectin o, B, a,ps
fibrinogen o, B,
vitronectin, fibronectin, fibrinogen,
thrombospondin, von Willebrand factor, bone o, B,
sialoprotein & osteopontin )

Table 2;: The integrin receptors thought to bind to spceific glycoproteins (Stanford &
Keller, 1991; Saito, et al, 1994).

The inorganic portion of bone is responsible for 69 wt % of the bone mass and is
comprised mostly of hydroxyapatite (Ca,o(PO4)s(OH),) with a few other ions including
citrate (C6H5074'), carbonate (Cng'), fluoride (F7), and hydroxyl ions (OH’). Tiny
calcium phosphate salt crystals on the order of 20-40 nm in length and 1.5-3 nm in width
are interspersed among the collagen in the cxtracellular matrix. The inorganic portion of
bone is responsible for conferring the mechanical property of hardness and the ability of

bone to resist compression (Park & Lakes, 1992).

Osteogenesis

In the developing human embryo, the fibrous and cartilaginous skeleton starts to be
replaced by bone around week six. This ossification occurs by two processes:
intramembranous and endochondral bone formation. 1n the former type, flat bones like
those of the skull and clavicles are formed while in the case of the latter, the long bones of
the skeleton are made.

At week 8, mesenchymal cells cluster together in the fibrous framework of a central

ossification centre in (he membrane, differentiate into ostcoblasts and secrete osteoid, thus



Chapter I: Infroduction

beginning the inframembranous ossification process. After a few days, the osteoid
becomes mineralised and is identical to true bone matrix. During this process some
osteablasts become trapped in the lacunae of the developing bone and mature into
osteocytes. This process occurs simultaneously at multiple ossification centres until an
interconnected network of trabeculae are formed. This type of bone is called woven bone
because the blood vessels and collagen are arranged randomly in an overlapping fashion
throughout the structurc. Concomitantly, the periosteal sheet is formed at the surface of
the woven bone. Eventually the woven bone around the porimeter of the bone organises
itself’ into lamellar bone, but the interior of the bone retains its trabecular structure
permanently with spaces filled with marrow (Marieb, 1995).

The second type of devclopmental bone formation is endechondral ossification and
begins late in the second month of development. This type of bonc formation involves the
transformation of an existing hyaline cartilage “skeleton™ into bone, and begins at a primary
ossification centre. The first step is the vascularisation of the perichondrium, the outer
layer covering the hyaline cartilage. This change in nutrition results is the transformation
of the osteoprogenitor cells just below the perichondrium to osteoblasts. The osteoblasts
secrete osteoid that cncases the hyalinle cartilage. Duwring the formation of this “bone
collar,” the underlying cartitape celll‘s; ..h\ypcr‘t.rophy and signal the surrounding matrix to
calcily. 'The calcification of the matrix prevents nutrients from diffusing to the interior
cartilage cells whf) subsequently dic. Despitc the deterioration of the interior of the
forming bone, its overall structural integrity is maintained by the outer collar of bone

(Marieb, 1995).
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During the third month of development, the interior deteriorated matrix is invaded by a
periosteal bud which includes a nutrient artery and vein, lymphatics, ncrve fibres, red
marrow elements, osteoblasts, and osteoclasts, The osteoblasts secrete osteoid around the
hyaline cartilage remnants forming a cancellous bone structure. The region of this structure
in the centre of the developing bone is broken down by osteoclasts to form the medullary
canal. The bone grows distally and proximally along the epiphyseal lines by the division
of cartilage cells. At birth or shortly thereafter, the epiphyses ossify via secondary
ossification centres. This process differs from formation of the diaphysis in that the
trabecular interior structure is retained. At the end of the entire process, cartilage cells are

only found at the epiphyseal plates and the articular surfaces (Marieb, 1995).

Dynamic nature of bone/ bone remodelling

In most tissues, tissue is regenerated cell by cell. In bone however, the tissue as a whole
inchiding extracellular matrix is renewed and revitalised continuousiy. Between 5-7% of
human bone mass is regenerated each week and the influx and outflux of calcium per day
can be as much as one half a gram, Amazingly, the distal portion of the human femur is
completely replaced every 5-6 months (Marieb, 1995). Thus, bone is an extremely
dynamic and complex tissue that is continuously modified throughout development and
life.

During the process of bone remodelling, new bone is laid down on the surface of old
bone. Factors that promote bone deposition include ascorbic acid necessary for collagen
synthesis, vilamin A, and minerals including calcium, phosphorus, magnesium, and
manganese. Thesc junctions of new and old bone are sometimes referred to as cement lines

in the literature. The deposition of bone in vivo is delineated by the presence of an osteoid

19



Chapter 1: Introduction

seam, a 0.2-12 um wide “gauzy-looking” band of unmineralised bone matrix. There is
evidence that this region is morphologically distinct from normal mineralised bone tissue
because these areas do not contain collagen, but instead consist of ground substances rich
in sulphur (Marieb, 1995; Davies, 1996) Davies quotes work by Frasca (1981) that
suggests these regions are sulphated protein polysaccharide complexes.

Because the transition between unmineralised and mineralised areas is quite sudden, it is
speculated that some unknown factor triggers mineralisation after the 10-12 day
maturation of the matrix. Known information regarding mineralisation includes the fact
that specific local concentrations of calcium and phosphate ions are necessary in order for
hydroxyapatite crystallised nuclei to form spontaneously. These precursor nuclei catalyse
the crystallisation of calcium salts. Other factors that contribute to the matrix calcification
process include the secretion of extracellular matrix proteins like osteonectin and
osteocalcin which bind and concentrate calcium and high levels of alkaline phosphatase.
Even though it always precedes mineralisation, the exact function of alkaline phosphatase
in the mineralisation process remains a mystery,

Therefore, not only are the specifics of mineralisation not well understood, the exact
mechanism by which bone responds to mechanical stress remains unknown as well.
Known facts include increases in mechanical stress are directly proportional to bone
deposition as evidenced by more bone mass in athletes and decreases in bedridden patients
{Sherwood, 1993). Also, the deposition ol bone occurs in regions of negative charge, while
resorption occurs in regions of positive charge. Information obtained experimentally
includes the facis that electrical current produced by bone deformation is proportional to

the applied [orce, and compressed and streiched regions arc oppositely charged.
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Furthermore, cicetrical stimulation of fracture sites has led to the theory that these fields
prevent parathyroid hormone lrom stimulating osteoclasts at the fracture site thereby
promoting bone formation (Marieb, 1995),

Thus, bone is a dynamic tissue that is continuously undeigoing the process of
remodelling, It is responsible for controlling the availability of ionic calcium, a crucial
player in numerous biological processes. The exact mechanisms by which mineralisation
ocecurs in vivo or ir vitro and how bone responds to mechanical influences are not well

understood to date.

Wound repair - human

The healing time for a fracture in human bone is 8-12 weeks, but can last much longer for
larger, weight bearing bones and older people (Marich, 1995), Twenty-four hours from the
time of fracture, a blood clot or hematoma forms at the fracture site. Osteocytes closest to
the fracture are resorbed, osteoblasts deprived of nutrition die, the periosteum becomes
swollen with oedema and proliferating fibroblasts. However, there is little change in the
endosteumn. After two days, the clot is invaded by capillaries, phagocytic cells that clean
up debris, and fibroblasts that begin to lay down new osteoid. At four days, the blood clot
has been mostly replaced by vascularised fibroblastic tissue (soft granulation tissue)
containing nests of cartilage cells that extends down the medullary canal from the fracture
line in both directions.

The next stage, callus formation, is cruecial to the expeditious and successful repair of the
fracture site. By the fifth day of repair, a callus produced by fibroblasts making collagen,
has formed smoothly connecting the bone sides externally. The success of this stage and

the next, depend on a mostly intact periosteum as a source of osteogenic, reparative cells.
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Some osleogenic cells migrate from the endosteal surface and the marrow, but if the
periosteum has been severely disrupted, callus bridging will not occur, an essential
component of proper fracture healing. Other notes regarding callus formation include the
fact that flat bones like the ribs that form via intermembrous ossification do not progress
through a callus cartilaginous stage like most long bones do (Webster, {988).

The successful and timely replacement of the callus scaffold with bone depends on
immobilisation (rigid fixation favours bone formation), age, and nutrition. Bone formation
at fracture sites can be stimulated with electrical fields and bone morphopenetic proteins
(Webster, 1988). At the end of the weck during repair, the central cattilage nests have
started to calcify and osteogenic cclis appear underneath the periosteum, increasing its
thickness. By the tenth day, the process of replacing the fibroblastic tissue with immature
woven bone has begun. At two weeks, remodelling events have created a medullary canat
and endochondral bone formation is well progressed. By the eighteenth day, the
petiosteum is back to a normal size and a new cortical bone collar surrounds the callus
remnants which include the newly formed woven bone and in the centre, the remains of the
original cortex. At the end of the fourth week, the outer cortical bone collar is the same
thickness as the original cortex and a red marrow medullary canal exists between the old
and new cortex. Along the fracture line, the old and new cortexes are bridged by foci of
cartilage or fibrous tissue. By the seventh week, the fractured bone is basically back to
normal (Byers, et al, 1981; Marieb, 1995). Thus, the time for wound healing to occur
depends directly on the mechanical stability of the site and on the existence of an intact

source of osteogenic cells.
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OSTEOBLAST DIFFERENTIATION AND PHENOTYPE
EXPRESSION DURING CELL CULTURE

Differentiation

ECM protein temporal markers:

Characteristics of osteoblasts includc their ability to synthesise type 1 collagen,
SPARC/ostconectin, osteopontin, bone sialoprotein and osteocalcin, in addition to high
alkaline phosphatase (AIP) activity. These factors appcar to be properties of cells at
different maturation levels. Tor instance, AJP levels increase initially, but drop off as
mineralisation progresses. Other observations include: osteopontin appears prior to bone
sialoprotein and osteocalcin, bone sialoprotein is first detected in differentiated osteablasts

[orming bone, and osteocalcin appears concomitant with mineralisation.

Gene expression:
Numerous studies reviewed recently by Stein, et al, (1996) used analytical techniques
including northern blot analysis, in situ hybridisation, nuclear run-on transcription and
histochemistry to painl a picture of the genes expressed during the development of
osteablasts in vitro. Essentially, there are four stages on routc to a mature, mineralised
matrix (Table 3).

During the initial proliferalive slage, requisite genes like c-myc, c-fos, and c-jun along
with histones and cyclins are expressed. In addition, genes associaied with the regulation
of extracellular matrix biosynthesis like TGE-8 and type [ collagen, integrin expression and
cell adhesion markers like fibroncetin can be detected. Genes [or alkaline phosphatase
appear during the second phase as the matrix begins to mature and prepare itsell for

mincralisation. Osteocalcin and osteopontin genes are expressed at maximal levels during
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the third stage which is denoted by hydroxyapalite deposition. The fourth and final stage
of bone matrix synthesis is hypothesised to have a editing or remodelling role. Genes for
collagenase and typc I collagen are expressed, and apotosis and proliferative compensation

are characteristic ol this stage.

Stages of mineralised Genes expressed and
matrix formation in vitro matrix characteristics

» Expression of proliferation genes
Stage 1: Proliferation » Integrin expression
+ Adhesion mediators, i.e. fibronectin

Stage 2: Preparation for mineralisation + Alkaline phosphatase

Stage 3: Matrix maturation  Hydroxyapatitc dcposition
* Osteocalcin & osteopontin genes @ maximatl levels

Stage 4: Matrix Maintenance » Type I collagen & collagenase
* Apotosis & profiferation

Table 3: TFour stages of the in vitro development of a mineralised matrix (Stein, et al,
1996).

External factors:
Once cell attachment to an ir vivo surface occurs, growth factors present in the bone like
acidic and basic fibroblast growth factor, insulin-like growth factors T and TI, platelet-
derived growth factor, transforming growth factor 8, and bone morphogenetic proteins
influence osteoblastic functions. These factors and proteins may effect proliferation,
maturation and / or differentiation of progenitor cell lincs, and the formation or
composition of the extracellular matrix (Stanford & Keller, 1991).

An exciting family of proteins that is the most promising in the clinical realm in terms of

inducing new bone formation is the bone morphogenetic proteins (BMPs). This class of
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proteins are members of the transforming growth factor-B (TGF-B) superfamily. Wang, et
al, in (Boden, et al, 1996) report that these proteins have the capability to induce “full
osteoblast differentiation” in vivo. Studies of bone development have revealed that BMP-
2, BMP-4, and BMP-7 are important in earlier stages (endochondral ossification), whereas
later events (membranous bone formation) are mediated by BMP-6 and BMP-7.
Furthermore, BMPs are able to drive uncommitled mecscnchymal or bone marrow stromal
cells down the osteoblast lineage in culture (Boder, el al, 1996). Another member of the
bone morphogenetic family, ostcogenie protein-1, has been demonstrated to initiate and/or

promote bone formation both in vitre and in vivo (Dee, et al, 1996).

Phenotype expression

Morphological appearance and mineralisation:

Osteoblasts arc anchorage-dependent cells meaning they must first adhere to a surface in
order for cellular functions to occur like proliteration and mineralised matrix deposition
(Dee, et al, 1996). Furthermore, these cells can be defined morphologically as carly
(palygonal cells with refiactile matrix), intermediate (polygonal cells, refractile matrix,
multilayered cellular system) and mature (similar to intermediate, but with matrix visibly
mineralised) (Aubin, ct al, 1995).

In general, osteoblast development has three steps: proliferation, matrix synthesis and
maturation, and mineralisation. The enzyme alkaline phosphatasc located in matrix
vesicles of chondrocytes and osteoblasts is a calcium-binding glycoprotein. In cartilage,
these vesicles serve as focal points for mineralisation. During mineralisation, alkaline
phosphate actually provides phosphates for immediate mineralisation in the vesicle

membrane. One theory of mineralisation in bone proposes that the activation of alkaline
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phosphatase and the localisation of calcium cause the first mineral crystals to be produced

inside matrix vesicles. Subsequent mineralisation occurs between and along collagen fibrils

(Marks & Popoff, 1988).

THE BIOMATERIAL/BONE. CELL INTERFACE

When an implant is placed in the body its surface chemistry, charge density and
topography immediately determine which macromolecules, i.e. proteins, sugars, ions and
lipids, adsorb to its surface during the first few minutes and even seconds of implantation.
Boyan, et al, (1996) suggest initial cell recruitment is determined by chemotactic factors
provided by the newly conditioned implant surface, whereas recently bound proteins
determine cell attachment. Martin, et al, (1995) propose that this initial cellular
attachment leads to the production of cytokines and chemotactic and growth factors,
thereby influencing the overall tissue response to the implant.

The surface chemistry or topography of an implant arc not the only factors determining
implant success i vivo. For example, a local factor like high oxygen tension which favours
osteogenesis over chondrogenesis can be important as well. In addition, if micromotion
occurs after implant placement, fibrocartilage could form.  Thus, while surface
characteristics may dominate the body’s initia] response to the implant, envirommental or
outer mechanical factors may play a significant role in determining overall implant success
(Boyan, et al, 1996).

Besides implant surface design and external factors, it is also important to consider the
site of implantation and the cell populations that could come in contact with the implant.
Tvery surgical site will contain blood, an instant source of mesenchymal and

osteoprogenitor cells. The first cclls to see an implant arc most likely to be

26



Chapter 1: Introduction

undifferentiatcd mesenchymal cells instead of fully mature and secretory osteoblasts.
These stem cells can differentiate into osteoblasts, chondrocytes, muscle cells and
adipocytes (Boyan, et al, 1996).

How accurately does in vitro cell culiure mimic the real situation? There is some
evidence that the interface constructed by osteoblasts (rat bone marrow cells) in vitro is
similar to the one found in viva. In vitro studies have revealed the presence of a 0.5 pm
thick layer similar to the cementing line found in vive. This continuous layer of globular
accretions is rich in calcium, phosphorous, osteopontin and bone sialoprotein (Davics,
1996).

Despite more detailed information regarding the interface itself, Davies (1996) asserts there
is a dearth of information regarding a mechanistic explanation of how materials elicit a
specific bone cell response and how this interface is formed. He argues the following

questions remain unsatisfactorily answered:

«How do cells make bone on foreign surfaces?
»What is the differentiation state of the osteogenic cells that colonise an implant?

*How do these cells adhere to the implant surface in a manner that permits maturation
of the osteoblastic phenotype?

»Is there an identifiable sequence of matrix formation events that characterises this bone
formation at an interface?

*Can the sequence of matrix formation events on implant surfaces be affected in either
subtle or overt ways by the surface properties of the material?

Thus, there remains a gap in fundamental information about the biomaterial / bone cell

interface and its formation.
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OSTEOBLAST RESPONSE TO SURFACES

Cells are exquisitely sensitive to material surfaces. Previous studies have shown that
surfaces spuiter coated with various implant materials effect metabolism and phenotypic
expression of osteoblasts and chondrocytes (Cooley, et al, 1992; Hambleton, et al, 1994).
There is even evidence to suggest that cells arc scnsitive to surfaces of varying
crystallinities. A study performed by Boyan, et al, (1995) indicated that alkaline
phosphatase, [¥H] uridine incorporation and collagen production differed significantly for
chondrocytes cultured on highly ordered TiO; (rutile) versus amorphous TiOs.
Furthermore, Boyan, et al, quotes the work of Hanein, et al, (1994), slating that cells can
differentiatc between the two {011} faces (R,R) and (8,S) of calcium tartrate hemihydrate
crysials. The authors suggest that protein adsorption may be different for each surface,
and that (his might have been the dominating factor influencing the cell response ta the

different surfaces.

Surfacc energy and chemistry

The surface energy of a material is defined as positive/negative hydrophilic or neutral
hydrophobic. The surface charge creates a local environment with a specific surface
tension, surface energy and adhesion energy (Boyan, et al, 1996). Hydrophilic or
“wettable” surfaces are high in energy, and encourage more cell attachment and spreading
than hydrophobic surfaces. Onc suggested reason for this ability to induce a favourable
cell response is the high amount of proteins that become adsorbed to the surface over time.
For example, Chesmel and Black (1995) believe their polymeric biomaterial surfaces adsorb

as much as 10-20 molecular layers of protein from media supplemented with 10% serum.
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The two popular methods of altering the surface chemistry and energy of implants for
orthopaedic applications with the goal of cncouraging or enhancing mineralisation have
been hydroxyapatite coatings and bioactive glasses. Both of these surfaces have showed
increases in bone deposition bul their mechanical integrity and dissolution properties are
suspect (Chehroudi, et al, 1997). Thus, osteoblasts are sensitive to changes to general
surface chemistry and energy. How is this response related to or similar to their response

to different topographical surfaces?

Topography

Bowers, et al, (1992) report that studies involving dental implant surfaces suggest that
topography plays a crucial role in implant success, rather than surface chemistry alonc. A
reason why surface topography may be a critical factor in determining ccll response to the
surface is the undeniable link between surface energy and topography. Hcenec, by altering
the topography, and thus surface energy, onc could change the protcins and other
molecules that become adsorbed to the implant surface and control cell attachment iater

(Boyan, et al, 1996).

Clinical Implications/Motivation:

The long-tcrm stability of orthopaedic implants for younger patients and those with active
lifestyles remains an elusive goal. Polymethylmethacrylate (PMMA) cement and porous-
coaled structures designed (o promote bone ingrowth are used clinically to stabilise the
implant/bope interface (LThomas, et al, 1987). Researchers continue to search for
innovative methods to improve stability and enhance bone ingrowth. In the 1980s and
1990s, researchers altempied numerous surface macro and micro textures including sintered

beads, [ibre meshes, plasma-~spray coatings, and sand blasted or acid etched surfaces to
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further stabilise the implant-bone interface (Rashmir-Raven, et al, 1995; Chae, et al, 1992;
Tisdel, et al, 1994; Hayashi, et al, 1989; Wong, et al, 1995; Nimb, et al, 1995; Friedman, et
al, 1995).

In each of these studies, researchers tried to improve the osseointegration of the implant
and bone. Osseointegration is the attachment of bone direcily to the implant surface via
chemical or biochemical means (Wong, et al, 1995). It ought to be noted that other groups
have defined it as the contact between bone and the implant on a light microscope level
(Keller, et al, 1987). The primaty goal of ossecintegration is to produce a mechanically
stable and long-lasting interface between the implant surface and bone,  Well-
osseointegrated implants will transfer the [vad dircetly to bone, potentially reducing stress
shielding and bone resorption. In addition, less reaming may be necessary for [ixation,
leaving more of the patient’s viable bone stock available for future operations. The chief
factors affecting osseointegration in addition to overall implant design include the vigour of
the bone remodelling response or the quality of the implant bed, the surgical skill in
insertion, the physical activity level of the patient after surgery, and the overall
biocompatibility of the implant materials (Wong, et al, 1995).

Surface topography also plays a role in the design of dental implants. A recent analysis
of thirtcen commercially availabie dental implants revealed large variability in terms of
surface roughness/ topography, indicating that thete is no consensus for the best
topographical surface at this time (Wennerberg, et al, 1993). Thus, topography is an

important vatiable in device design, and may significantly effect long term clinical success.
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General discussion:

Interest in cell response to topography has spanned most of the 20th century. As early as
1911, Harrison described cell orientation and guided movement in reaction to spider web
threads. In the 1940s and 50s, it was discovered that cells align to fibres and grooves
(Weiss, 1945,1956). Ccll scnsitivity to curvature was demonstrated through experiments
with cells and glass [ibres by Curtis and Varde (1964). In the 1980s and 1990s,
developments within the microelectronics field have enabled researchers to study cell
sensitivity to the precisely defined features of multiple grooved substrata, in some cases
with topographical dimensions on the order of nanometers (Clark, et al, 1987,1990;
Woijciak & Crossan, 1994; Wojciak-Stothard, et al, 1995, 1996; Wojciak, et al, 1995).
These developments have facilitated new bioengineering approaches to problems in the
areas of tendon repair, signalling in neural networks, dental implant stability and bone

formation (Wilkinson & Curtis, 1996; Chehroudi & Brunelic, 1995).

Influence on cell shape:

Chehroudi, et al, (1997) suggest that one explanation for altered ccll behaviour on
topography may be due to the change in cell shape. Thus, the ability to control cell
polarily and shape could enhance or favour osteogencsis in vivo.

It is believed that one of the primary regulators of the proliferative rate in anchorage
dependent cells is cell shape, Rounded cells tend to divide at a lower rate compared to
those that are flattened and well spread on the substrate (Boyan, et al, 1995).
Furthermore, cell shape may influcnce protein production. Changes in cell shape are

sensed through integrins on the cell membrane. These changes are then translated to the
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cytoskeleton and eventually relayed to the nucleus, potentially altering phenotypic
expression.

[f osteoblasts display a fibroblastic morphology in culture, they secrete matrix products
into the medium. However, bone-like matrices oceur if the cells are rounded and
muitilayered at a high density (Hunter, et al, 1995). In vivo, osteoblasts exist in a 3-D
mattix multilayered structure that is essential for terminal ostecoblastic differentiation and
matyix calcification (Bellows, ¢t al, 1986). "For this reason it may be of use if an
orthopaedic biomaterial does not allow spreading to a degree which may favour a change in
phenotype from osteoblastic to fibroblastic at the implant-bone interface" (Ricci, et al,
1994). Thus, the ability to dircetly control cell shape via topography may enhance bone

formation along the interface.

Rough surfaces:
Acid etching, sandblasting, sanding and polishing arc non-speceific methods used to alter the
topography of implant surfaces. Initial studies of the osteoblast response to rough
surfaces focused on cell attachment as indicative of a positive overall cell reaction to the
surface. Some in vitro studies have demonstrated that osteoblasts prefer rough surfaces
over smooth ones {(Michacls, ct al, 1989, Bowers, et al, 1992). Recent research, however,
has suggested that cell shape may be a more important factor than altachment in terms of
enhanced extracellular matrix production. Furthermore, more groups are examining the long
term response of osteoblasts to the surfaces, i.e. mineralisation, as more indicative of
implant success.

Martin, et al, (1995) considered the effect of roughening titanium on osteoblast

proliferation, differentiation, and matrix production.  Cell replication and alkaline
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phosphatase activity (nonconfluent cells) werc inversely related to roughness. However,
ostcoblasts preferred rough over smooth titanium surfaces as demonstrated by the
inhibition of protein production and matix synthesis on the smooth surfaces, and higher
collagen synthesis and better matrix production on the rougher surfaces. A reason why
cells preferred this rougher surface could be the increased adsorption of a cell mediator of
attachment like fibronectin.

Boyan, et al, (1995) also found a decrease in cell proliferation on rough titanium
surfaces and argue that this indicates an acceleration of cell differentiation. The formation
of multilayered aggregates supported this theory. Furthermore, Bowers, et al, (1992)
found mineralisation and alkaline phosphalase activity of confiuent osteoblasts to increase
proportionally to increasing roughness.

Onc interesting finding of Martin, et al, (1995) was that the most “regular” rough
surface, i.e., a surface with 1 pum pits and 10 um craters, seemed to stimulate calcification
and matrix production and/or cell differentiation, Cell number, proliferation and cell layer
alkaline phosphatase results were similar to those of osteoblasts plated on smooth
surfaces. However, matrix production and cellular alkaline phosphatase results were
similar to results from osteoblasts seeded onto rough surfaccs. This finding offers support
to the idea of using of grooved substrata with rigidly defined topography to contrel cell
shape and influence mineralisation (discussed in the next section).

Finally, by roughening the surface unidirectionally, one is able to influence the
orientation of mincralisation macroscopically. Gomi and Davies (1993) demonsiratcd that
polystyrene dishes roughened in one direction with 600 or 320 grit sandpaper which had

grain sizes of 26 um and 46 wm respectively, produced oriented bone in vitro alter 2 weeks
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ascertained via the von Kossa staining method. Thus, roughening the surface can affect cell
attachment, prolifcration, protcin synthesis, and may be able to orient extracellular matrix

production in vifro and in vivo..

Microfabricated surfaces;

It was not until the 1990s that a few groups began to publish papers on the response of
osteoblasts both in vive and in vitro o grooved, microfabricated surfaces. In 1991,
Brunette, et al, first reported the ability of these surfaces to orient osteoblasts derived
from foetal rat calvaria. Epoxy resin surfaces with v-shaped grooves 18 or 30 um deep
were sputter coated with a 50 nm layer of titanium. Time lapse cinemicrography revealed
that cells oriented with their long axis parallel to the grooves and moved along the long axis,
In vive cxperiments with a percutaneous/skull rat model were also conducted. No bone
was present next to the smooth surlaces (12 total), and only 6 out of the 26 grooved
surfaces studied exhibited bone-like tissue.  Also, the authors noted oblique or
perpendiculuar orientation of collagen to the grooves.

This work was continued by Chehroudi, et al, in 1992. Implants were identical to those
used by Brunette, et al, 1991, Both rat calvarial cclls (passages I1 & 1) and calvarial
explants were sceded onto microfabricated surfaces, Using compressed air to remove the
outer cell layer, the authors discovered mineralised globules greater than 10 pm on the
grooved surfaces, whereas smaller globules (0.3 - 3 um) were found only on smooth
surfaces after four weeks of culture. Mineralised globules 5 wm in diameter appeared only
on the grooved explant surface system and not on the smooth control. No bone-like tissue
was found next to smooth swrfaces after implantation in vivo. Although this has not been

rigorously confirmed, the authors found differences in the collagen fibril alignment next to
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grooved surfaces versus smooth in vivo, and suggest that the enhanced mineralisation seen
next to grooved surfaces in vivo may be a result of this orientation of collagen.

Qu, et al, {1996), continuing work in Brunette and Chehroudi’s laboratory with cells
derived from foetal rat calvaria looked at the effect of v-shaped grooved surfaces 3 um
deep (pitch ranging from 6-8 pm) on cell adhesion, cytoskeleton arrangement, and bone
nodule formation in vitro. Significantly mote osteoblast-like cells attached to the grooved
surfaces and after 6 hours cells had aligned to the grooved surface. 'The authors report
tissue orientation in the form of bone-like tissue nodules in vitro, and by using digital
radiography methods showed tissue alignment with the groove long axis in vivo.

Chchroudi, et al, (1997) describe a successful in vivo model to quantify the amount of
bone produced on grooved and pitted surfaces. The region of implantation was again, the
parictal portion of male Sprague Dawley rat skulls. A total of 316 implant surfaces were
analysed for bone formation after 8 weeks. Findings included the decrease of bone-like foci
as groove depth increased, and the orientation of these focl with the groove long axis. [n
summary, grooved surfaces have demonstrated the ability to influence the production of
more bone-like tissue and may influence the orientation of the tissuc formed as well.

Two other groups in the 1990s have demonstrated the influence of grooved surfaces on
bone cells. Gray, et al, (1996) cut 350 pm wide grooves of depths up to 200 pum into thick
slabs of dental tissues with a diamond wheel. Rat calvarial osteoblasts were seeded onto
the surface and examined over 2-4 weeks. The researchers found that bone formation
occurred in places of "cellular condensation,” i.c. within the grooves, at the junction
between the slab and the cullure dish, the dish periphery, and in cracks where dissimilar

tissues separaled. Bone formation occurred fastest in the deeper grooves.
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The authors felt the results of this study demonstrated “unequivocally that the
topography of the substratum affects the siting, timing and extent of new bone formation.”
FFurthermote, surface topography effected differentiation and cell activity in the absence of
mechanical stress, a stimulus for bone formation i» vivo. The authors also viewed that the
fact the amount of new bone was proportional to increasing depth highly significant,
indicating that there may be an optimum depth for bone formation.

Chesmel, et al, {1995a,b}, used solvent-cast polystyrene to produce a topography of 5
LLm wide grooves with depths of either 0.5 or 5 um arranged radially around a central cell
source. The surface chemistry of these structures was altered by varying the amount of
styrene monomer introduced during the casting.

Various combinations of surface chemistry and topography did not significantly effect
the growth rates of cells during the experiment. Surprisingly, there was no increase in the
number of cells that migrated to the 0.5 and 5 pum deep grooves compared to a smooth
surface. A significant difference in the amount of collagenous and noncollagenous protein
produced by the cells was found between the surfaces with O and 1% of the styrene
monomer versus the surface with 2% of the monomer, indicating cell sensitivity to the
surface chemistry. There were no striking differences in protein production beiween the
controls and the 0.5 and 5 um deep grooves.

No qualitative differences were observed between the amount of contact guidance of
cells on the 0.5 pum deep grooves versus cells on the 5 um deep grooves. Cells in both
cases were aligned along the long axis of the grooves. Grooves enhanced the radial
movement of cells as measured by the radial outgrowth area, as well as the overall

migration rate. This observation is supported by other studies that have shown increased
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cell migration in the direction of the grooves (Ricci, et al, 1990, Ricci, et al, 1994). The fact
that migration speed and orientation, and extracellular matrix production varied on different
surface chemistries and topographies but were not correlated with each other suggests
separate cell controls for each of these responses. In conclusion, the authors found that
grooved surfaces causcd confluent regions of cells and extracellular matrix to form in an
“orderly” manncr and that cxpressions of extracellular matrix proteins varied from surface
to surface. Further work is necessary to clarify exactly which cxiracellular matrix proteins
are affected.

Thus, previous work regarding the osteoblast response to grooved surfaces has
determined that (1) osteoblasts arc scnsitive to grooved surfaces as shallow as 0.5 um, (2)
osteoblasts are responsive to grooves and surface chemistry but neither clearly dominates
the other, (3) grooved surfaces promote bone formation in vive and ir vifro but the
mechanism by which this occurs remains unknown, and (4) grooved surfaces influence

alignment of cells and bone-like nodules and tissue in cullure.

Mechanical Stretching of osteablasts

Proto-oncogene mRNA like c-fos, c-jun and zif/268 are actively synthesised during
mechanical stretching of substrates seeded with osleoblasts (Dolce, et al, 1995). These
results suggest these genes are involved in the initial signal transduction during mechanicat
stimulus. Further support for this hypothesis is found in the work of Coplcy, et al,
(1994) who discovercd ostcoblasts cultured on poly-l-lysine versus fibronectin and
subjected to biaxial mechanical strain displayed significantly different proliferation rates.

The reader is referred to the work of Brighton, ct al, (1991, 1992, 1996); Hasegawa, et al,
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(1985); Somjen, ct al, (1980); Duncan, et al, (1995); and Buckley, et al, (1988) for more

information regarding the intluence of mechanical phenomena on osteoblast behaviour.

PROJECT ATMS

General goals

The ability to influence and control the orientation and growth of new bone via
topography two and three dimensionally is the first step toward the tissue engineering of
organised bone. In addition, the ability to guide new bone growth could have an impact in
the acceleration and enhancement of the wound healing and repair process. This work
examines the influcnce of micron and nanometric grooved features on cell behaviour and
extracellular matrix production - namely collagen and mineral oricntation.

Lurthermore, this work addresses the behavioural differences of osteoblasts to flat
versus exlended concave surfaces (tubes). Osieoblast mineralisation has never been
observed continuously in a three dimensional environment before. The diameter of these
tubes is similar to that of porous surlaces used clinically, and it is hoped new, more
spceific information regarding mineralisation in these tubular structures can be learned that

will help to optimisc future prostheses.

Specitic goals

Successful isolation of primary osteoblasts.
The initial aim of this project was to establish a repeatable, dependable protocol for the

isolation of primary osteoblasts from human and rat sources,
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Osteoblast response to grooved topography:
With a few exceplions, the majority of published literature on osteoblasts and grooved
surfaces has focused on grooved dimensions on the order of tens or hundreds of microns.
This work focused on smaller grooves as a method of influencing cell behaviour and matrix
production. Dimensions of grooves assessed in this work are similar to those being
anafysed in industry (Ilarold Alexander, personal communication). In addition, most
analysis of tissue orientation has been macroscopic in nature. This work attempted to
answer the following questions that have been hitherto unsatisfactorily or unaddressed in
the literature:
» How sensitive are osteoblasts to grooved topography, i.e. featlures as shallow as 80
nanometers?
» What is the effect on osteoblasts of varying the width of the grooves - specifically of
those smaller than the average width of a bone cell, 2 and 5 wm, those the same size as
the width of a bone cell, 10 wm, and those 2x the width of a bone cell?
» How is the osteoblast response different in terms of alignment or mineral production
on polyurethane (a flexible surface of higher biocompatibility) versus fused silica

grooved surfaces?

» How do grooved surfaces effect the extracellular matrix production of osteoblasts, i.e.
do oriented osteoblasts produce oriented collagen or hydroxyapatite?

Osteoblast response la curved surfaces/fubes:
There have been few reports in the literature regarding cell behaviour in extended concave
surfaces (tubes), and no one has monitored cell behaviour continuously in tubes before.

This work addressed the following questions:

« What is the effecl of small diamcter (150-700 [im) tubes on osteoblast behaviour?
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* Does the tubular environment effect the osteoblasts’ extracellular matrix production
over time?

» Docs varying the diameter or length of the tube have an effect on cell behaviour or
cxtracellular matrix production?
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INTRODUCTION

A review of published protocols in the literature about the isolation of human and rat bone
cells was conducled, and modified methods were developed for this work, The primary
objective was to develop a repeatable isolation method that resulted in the maximum
number of viable osteoblasts. Once these cells were obtained, their phenotype was
examined using publishcd critcria as a standard, ie. alkaline phosphatase activity,
osteocalcin staining, and of course, their mineralisation capability. A variety of techniques,
including a spectrophotometric assay (alkaline phosphatase), polarised light microscopy,
scanning clectron microscopy, histological staining (von Kossa and Alizarin Red S

methods) and immunofluorescence (ostcocalein and type I collagen) were used.

MATERIALS AND METHODS

Human Cell Tsolation Protocol

The following isolation method was adapted from protocols discussed by Gallagher, et al,
(1996). Cells were isolated from bone obtained from the iliac crest of a 27 year old male.
Bone fragments were placed info a solution of Dulbecco’s Modified Eagle Medium
(DMEM, Sigma, UJK) supplemented with 5% antibiotics, and cut into 1-3 mm pieces with
sterile scissors after periostcum and soft tissue were removed. The fragments, suspended
in fresh DMEM/antibiotic solution, were voriexed successively with fresh solutions until
they appeared white and no blood remained.

‘These bone fragments were separated into two groups with approximately 1.23g of
bone per group, Group A was immediately suspended in § ml of DMEM supplemented
with 10% new-born calf serum, 2.5% glutamine/ penicillin/ sireptomycin/ amphotenicin B
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and 10 nM dexamethasone (Sigma, UK) and plated into 10 cm petri dishes. Group B was
exposed to 2 mg/ml collagenase (Type VI, Sigma, UK) for 1 hour at 37°C. The
supernatant was discarded and the fragments were suspended in 8 ml of media and placed
into 10 em petri dishes. 50 pm/mi of T.-ascorbic acid (Sigma, UK) was added fresh every
2-3 days of culture after 10 initial days of undisturbed culture. Alter 14 days, cells were
fed as needed, usually every 2-4 days. On Day 20, fragments were resuspended manually

into 10 cm petri dishes for further culture,

Rat Calvarial Cell 1solation Protocol

Isolation of calvaria from neonate (between 2-7 days old) Sprague Dawley rat pups was
performed using a modified version of a protoco! found in Hung, et al, (1995). The
endosteun and periosteum were scraped from the frontal, parietal and occipital bones
which were chopped into 1-2 mum fragments and vortexed in a DMEM/ 10 % antibiotics
solution until fragments appeared white. Five 20 minute digestions at 37°C using
collagenase 2 mg/ml (Type VIII or Type LA, Sigma, UK) followed. The [irst population
released after 20 minutes was discarded. After cach digestion, the supernatant was
collected, media added, the solution centrifuged and cells collected in a pellet. Cells were
plated into 75 cm? culture flasks in DMEM supplemented with 10% calf serum and 5%
glutamine/ penicillin/ streptomycin/ amphotenicin B. Mcdia was changed on Day 1 after
plating and every 48-72 hours afterwards, and al each media changing fresh 50 ug/ml
ascorbic acid was added. Either primary cclls or eclls no greater than passage IIf were used

for reported experiments,
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Adult Rat Bone marrow Cell Isolation Protocel

Heterogeneous cell populations were isolated from adult 125-150 g Sprague Dawley rats
using a modificd version of a protocol found in Herbertson and Aubin (1995). Briefly, the
femurs were dissected out and placed into a solution of 10% glutamine/ penicillin/
streptomycin/ amphotenicin in Hepes saline. The proximal and distal ends were removed
and the interior flushed out with the Ilepes solution. This cell suspension was collecied
and centrifuged at 2000 rpm, and 4°C for 2 minutes. The cells from both femurs were
resuspended in a T-75 tissue culture flask intc DMEM supplemented with 10% calf
serum and 5% glulamine/ penicillin/ streptomycin/ amphotenicin B, 50 ug/ml L-ascorbic
acid (Sigma, UK) and 10 mM of B-glycerophosphate (Sigma, UK). The ascorbic acid and
B-glycerophosphate were added fresh to the media at each changing (every 48-72 hours).

Cells from passages I-III were used for all experiments discussed.

Immunofluorescence

The detection of osteocalcin and type 1 collagen of confluent rat osteoblast layers was
conducted using immunofluorescent techniques. Structures and tubes were rinsed in
phosphate buffered saline (I’BS), and fixed in buffered formalin for 15 minutes (structures)
to 1 hour (tubes). Cells were rinsed in PBS and allowed to remain in PBS at 4°C overnight.
Cells were incubated in a 0.5% PBS solution of bovire albumin (Sigma, UK) for 20
minutes, followed by an incubation with anti-human osteocalein antibody (Biogenesis)
1:25 for 1 hour, washed 2-3x with the 0.5% bovine albumin solution and incubated 1-2
hours with FITC anti-rabbit or FITC anti-mouse secondary antibody 1:50 (Sapu, Law

Hospital Carluk-Lanarkshire, Scotland) 1:50.
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Confocal Laser Scanning Microscopy

Cells were cxamined for the presence of osteocalcin and type I collagen using the Odyssey
Real Time Laser Scanning Microscope Model No. VSM-LSM (Noran Instruments, Inc.,
Milton Keynes, UK) equipped with an argon-ion laser, and the MetaMorph Imaging
System (Universal Imaging Corporation). Cells were examined under a 488 nm excitation
wavelength, a 0.5 pm aperture, a 15 m slit and a 40x objective. Proper controls for
second antibody and immunofluorescence were tested with each new antibody

combination.

Scanning Klectron Microscopy

Cells layers were washed 3-6x in warm PBS and fixed in 1% glutaraldchyde / PBS for 1
hour at 37°C. Cells were rinsed in PBS and fixed with a 1% osmium tetroxide solution in
PBS for 15 minutes. Osmic acid was rinsed off with deionized water 10x. Then cells were
dehydrated in the following solutions: 50% ethanol/deionized water for 10 minutes, and 2
times 100% cthanol for 10 minutes. The cells were placed in hexamethyldisilazane
(HMDS, Sigma, UK) for 5 minutes followed by a final rinse in HMDS. The remaining
HMDS was poured off and the samples were allowed to dry overnight and then coated
with a 200 A layer of gold/palladium using a sputter coater (SC500, Emscope). Samples

were viewed with a scanning electron microscope (S-800, Hitachi).

Spectrophotometric allkaline phosphatase assay

Confluent cultures of primary human bone cells and rat calvarial osteoblasts were tested

for alkaline phosphatase activity. Cultures of mouse 3T3 fibroblast cells served as an
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initial control. The principle behind the alkaline phosphatase assay is to determine the

amount of p-nitrophenol produced during the reaction:

altaline nhaphatase

p — nitrophenyl phosphate+ H,Q

> p — nitrophenol + phosphate
(colorless) (yellow)

The ratc of increase in absorbance at 405-410 nm is dirvectly proportional to the alkaline
phosphate activily in the sample.

Cell layers were lysed just after confluency was reached using a 0.1% Triton X-100
solution of 0.1 M 2-amino-2-methyl-1-propanol. 200 ul of cell extract was added to 800
um of a 7 mM solution of p-nitrophenyl phosphate (Sigma, UK) and 500 pm of 0.1 M 2-
amino-2-methyl-1-propanol. "The reaction was carried out for group I (human cells) at
37°C for 15 minutes and for group 11 (human cells) lor 30 minutes al 37°C. The reaction
was quenched on icc and 1 ml of 0.2 N NaOH was added to halt the rcaction. The
production of p-nitrophenol was measured at 410 nm using a UV-visible recording
spectrophotometer (Shimadzu, UV-160). Standard curves were obtained using p-
nitrophenol solutions (Sigma, UK). All values were normalised with respect to the amount

of protein present in each sample as determined by measuring the absorbance of cell

exiracts at 280 nm.

Histological Staining

von Kossa method
The objective of the von Kossa method is to identify calcium phosphate mineralisation in

osteoblast culture. This method depends on a salt substitution reaction between sikver
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nitrate and calcium phosphate. The silver phosphate is reduced to black metallic silver by
the action of light (Culling, et al, 1985; Lillic, et al, 1976; Kiernan, 1981).

Briefly, after cell laycr confluency, "mineralising media" including 50 pg/ml ascorbic acid
and 10 mM B-glycerol phosphate was added. When mineralised nodules appeared, the
cells were prepared for von Kossa staining. The cell layer was rinsed 2x in Hepes saline or
PBS, fixed in 95% ethanol at 4°C for 5 minutes and rinsed in distilled water 3x. A 5%
solution of silver nitrate was addcd to the cell layer, and the reaction was carried out in
sunlight and/or bench top light for approximately 1 hour. ‘T'he layer was washed well with

distilled water and counter stained with neutral red ((.5%) for 60 seconds.

Alizarin Red S

The objective of the Alizarin Red S method is also the detection of calcium deposits. The
following protocol was adapted from methods by Drury & Wallington (1967) and Kiernan
(1981). After fixation, cell layers were rinsed in distilled water. A 2% alizarin red S
(Sigma, UK) solution (pH 4.2) was added for 1-5 minutes and the reaction monitored
under a microscope until completion. The layers were differentiated in a 0.05%
hydrochloric acid/5% ethanol solution for 15 seconds. The layer was rinsed in 100%

ethanol two times and rinsed in histoclear twice for 5 minutes.

RESULTS

Phenotype confirmation

Ccll phenotype was confirmed by typical osteoblast morphology, the high activity of

alkaline phosphatase, positive staining for osteocalcin, and the ability of these cells to form
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mineralised nodules in culture as ascertained by von Kossa and Alizarin Red S staining, and
polarised light microscopy (see sections below).

General morphology:

Isolated rat and human osteoblasts displaycd osteoblastic morphology in culture. Typical
characteristics included a polygonal shape (Figure 2), and the tendency to form

multilayered tissue (Figure 3). Furthermore, osteoblasts formed nodules several days

after rcaching confluency in culture (Figure 4).
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b.

Figure 2: a. Phase contrast picture of human osteoblasts migrating from a fragment of
bone. b. Human osteoblasts on tissue culture polystyrene early in culture. Morphological
characteristics of osteoblasts include a polygonal shape and the tendency to form
multilayered cultures. [Original magnification, 20x]
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Figure 3: Phase contrast picture of a multilayered culture of rat osteoblasts plated on
tissue culture polystyrene. [Original magnification, 10x]

Figure 4: Phase contrast picture of an unmineralised nodule found the day after reseeding
human osteoblasts into a tissue culture flask. [Original magnification, 10x]

Alkaline phosphatase assay:

Alkaline phosphatase activity was confirmed for both human and rat cells using a

spectrophotometric assay and mouse 3T3 fibroblasts as negative controls. The following
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results compare human versus 3T3 mouse fibroblast alkaline phosphatase activity. A

standard curve was obtained using p-nitrophenol solutions (Figure 5).
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Figure 5: Standard curve of the absorbance of p-nitrophenol solutions.

The linear region of the absorbance curve lor protein measured at 280 nm was determined

based on the following curve (Figure 6).
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Figure 6: Protein absorbance at 280 nm at various dilutions of human bone cell sample I.
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Thus, 0.05 ml of sample was used for cach protein measurement.
‘The spectrophotometric measurements of individual cell layer extracts represented in
the following tables as HB x or 3T3 x clearly showed a higher alkaline phosphatase activity

for human bone ccll culturcs compared to mouse 3T3 fibroblast cultures (Tables 4-5,

Figure 7).

Sample {p-nitrophenol] Sample [p-nitrophenol]
HB1 (umol/mg protein) HB X (nmol/mg protein)
HB a 0.51 HBe 1.32
HB b 0.45 HB f 0.78
HB ¢ 0.46 HBg 0.92
B d 0.69 HB h 1.66
Average 0.53 Average 1.17

SD 0.11 SD 0.40

Table 4: Concentration (nmol/mg protein) of p-nitrophenol produced by human bone cells
exposed to the p-nitrophenyl phosphate for either 15 minutes (Sample HB 1) or 30
minutes (Sample HB II). The sample designations, HB a-d or HB e-h, represent cell layers
from individual petti dishes.

Sample |p-nitrophenol] Sample [p-nitrophenol}
3131 (nmol/mg protein) 3T3 11 {(nmol/mg protein)
3T3 a 0.07 3T3d 0.04
3T3b 0.09 3T3 e 0.03
3T3 ¢ 0.09 3T3 0.06
Average 0.08 Average 0.04

SD 0.01 SD 0.01

Table 5: Concentration (nmol/mg protein) of p-nitrophenol produced by mouse 3T3
cells exposed to the p-nitrophenyl phosphate substrate for either 15 minutes (Sample 3T3
I) or 30 minutes (Sample 3T3 II). The sample designations, 3T3 a-c or 3T3 d-{ represent
cell layers from individual petri dishes,
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Alkaline Phosphatase Results
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Figure 7: Group I was incubated with p-nitrophenyl phosphate for 15 minutes while
Group Il had a 30 minute incubation time. Clearly, there was more alkaline phosphatase
activity in human bone cell layers compared to mouse 3T3 cells. The bar above each block
represents one standard deviation within that group.

As expected, when the incubation time of the human bone cell sample and the p-
nitrophenyl phosphate substrate was doubled, the production of p-nitrophenol also
doubled. The average production of p-nitrophenol for both groups of human bone cells
was greater than the mouse 313 cells, and the production of p-nitrophencl by the HB II's

was significantly (P < 0.001) greater than either 3T3 I or 3T3 II. There was no statistical

ditlerence between the I and I groups of the mouse 3T3s.

von Kossa staining:
Confluent cultures of hwman and rat osteoblasts on fused silica stained positively for the

presence of calcinm salts using von Kossa histological staining (Figure 8).
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Figure 8: von Kossa staining of human osteoblasts plated on fused silica after seven days
in culture. [Original magnification: 20x]

Alizarin Red S staining:
Confluent cultures of rat osteoblasts stained positively for calcium deposits using the

Alizarin Red S staining method (not shown).

Immunofluorescence:

Cells on fused silica surfaces and inside quartz tubes were stained for osteocalcin and type
[ collagen. Autofluorescent and secondary antibody controls for reported results were
negative. Type I collagen staining was considered too weak to prove conclusive. Layers
of rat osteoblasts and matrix stained heavily for osteocalcin however (Figure 9). Refer to

tube results section (Chapter 5) for more osteocalcin staining.
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Figure 9: Osteocalcin staining of cells plated on fused silica [Original magnification: 40x]

DISCUSSION

Cell Isolation Protocol & Media

In vitro studies of osteoblasts over the last ten-odd years have concluded that specific
supplements must be added to the media in order to promote mineralisation in culture.
Even the standard use of serum is important. Schmidt and Kulbe (1993) reported loss of
osteoblastic phenotype when cell were cultured with foetal calf serum. Thus, calf serum
was used to supplement media throughout this work. Another culture supplement, the
glucocorticoid dexamethasone, has been reported to increase bone nodule formation
(discussed below) by bone marrow stromal cells (Herbertson and Aubin, 1995). The use
of this additive remains controversial, however. Majeska, et al, (1981) report
glucocorticoids inhibit the biosynthesis of alkaline phosphatase. All human bone cells in
this work were cultured in the presence of 10 nM dexamethasone. Because of the
unknown effect of this supplement, its use was discontinued for all rat bone marrow and

calvarial cell cultures discussed.
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Two other culture supplements, ascorbic acid and B-glycerophosphate are widely
accepted as necessary additives to promotc in vifro mineralisation (Owen, et al, 1990;
Aronow, et al, 1990; Bellows, ct al, 1986). L-ascorbic acid (Vitamin C) is a necessary
supplement to the media, because it is required during the synthesis of collagen.
Specifically, it acts as a cofactor during the hydroxylation of lysine and proline residucs
(Gallagher, et al, 1996; Chehroudi, et al, 1992). L-ascorbic acid has also been reported to
increase proliferation, a, (I)-procollagen mRNA, and noncollagenous protein (osteocalcin
and bone sialoprotein synthesis) production in human osteoblasts (Gallagher, et al, 1996).
For these reasons, ascorbic acid was added fresh to the media throughout cell culture.

It should be noted that the addition of B-glycerophosphate in order to promotc jn viiroe
mineralisation does not necessarily mimic the in vivo mincralisation situation. This
phosphate is not available physiologically, and it has not been unequivocally demonsirated
that it acts similarly to phosphates during iz vive mineralisation (Gallagher, et al, 1996).
Experimental work (Owen, ct al, 1990) has delermined the concentrations of 50 pg/ml
ascorbic acid and 10 mM B8-glycerophosphate as the most effective in promoting

mineralisation. Thus, these concentrations were used throughout this work.

Human Cells:

The decision to use primary haman bone cells is not a ncw one (Begley, et al, 1993,
Schmidt and Kulbe, 1993) There are several reasons why this is a difficult system to work
with, however. First of all, the isolation and culture of these cells is nol rivial. Bone
fragments from a patient are placed into media and cells migrate out weeks later, making
the culture of these cells time consuming. In addition, there is a limited amount of genetic

variability when using cclls derived from only one patient. Also, other factors like age and
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sex effect the cell pool isolated. Scrum levels of osteocalcin are higher in men than women
and decrease as the patient ages (Schmidt and Kulbe, 1993). Despite these difficulties,
however, the use of human cells is more appealing in terms of species specificity and

clinical relevance.

Rat Calvarial Cells:
The rat calvarial model, both foetal and neonatal, is a well established, widely used method
for the isolation of osteoblasts enzymatically released with collagenase and/or trypsin
(McCabg, ct al, 1994; Bizios, 1994; Harris, ef al, 1994; Bellows, et al, 1986). In fact, it has
been uscd successfully for several decades (Stein, et al, 1996). When using this isolation
method, it is important to consider the osteogenic potential of the various populations of
cells released and the cffects of passaging thosc cells. Bellows, et al, (1986) report that cell
populations rcleased after ten minutes of collagenase digestion were unable to form
mineralised bone nodules duc to the high proportion of fibreblasts. Secondly, groups
report loss of phenolype afler more than three passages (Valentini, personal
communication) in culture., Thus, in order to maximise the osteogenic potential of cells
used in this work, cells released [from the first twenty minutes of the enzymatic isolation
were discarded and cell populations were only uscd for experiments until passage II1.
There is published evidence that cells released from rat calvaria accuratcly mimic their in
vivo properties. Cells obtained from osteopetrotic rats retained in vivo pathological
characteristics of precocious and intensified mineralisation when studied iz vitro (Stein, et
al, 1996). Thus, the rat calvarial model is a reasonable, relatively straight forward isolation

method for the initial assessment of various topographical surfaces.
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Adult Rat Bone Muorrow cells:

In an cffort to more accurately imitate in vivo reality, researchers have begun to use adult
rat bone marrow as a source of undifferentiated and partially differentiated osteogenic cells
(Davics, 1996; Herbertson & Aubin, 1995; Benayahu, et al, 1995; Bruder, et al, 1994).
Although this cell source is heterogeneous, including mesenchymal stem cells, fibroblasts,
endothelial cells and adipocytes, the mesenchymal stem cells present can be driven down
several lineages, namely the osteoblast, chondroblast or adipocyte paths (Benayahu, et al,
1995).

Herbertson and Aubin (1995) report that by altering culture conditions, ane is able to
promote the differentiation of a specific cell type from those cells that adhere to the tissue
culture flask after isolation from the marrow. Specifically, 1/300th (Aubin, et al, 1990) of
the cells from rat bone marrow stroma cultured in conditions favouring bone formation
were found to be osteoprogenitor cells. When ascorbic acid and B-glycerophosphate were
included in the media, these authors reported the ability of these cells to form mineralised
nodules. Furthermore, Davies (1996) has demonstrated that the interface formed by these
cells on biomaterials is identical to the interface found on retrieved implants and in cement
lines.

In an effort to encourage these cells down the osteoblast line, ascorbic acid and B-
glycerophosphate were added to the media from day 1 of culture and to each media change
during experiments discussed in this work. Tt is believed that this isclation method more
accurately reflects the in vivo situation of wound repair and response to implant

placement.
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Phenotype confirmation

By tailoring ccll isolation methods reported in the literature and only using primary cells or
at most passage 111 cells, a cell population of both human and rat ostcoblasts was isolated
in a reprocduciblc manncr. Analysis of cells using standard techniques like an alkaline
phosphatase spectrophotometric assay, histological staining including von Kossa and
Alizarin Red S mcthods, immunofluorcscent staining for osteocalein and scanning clectron
microscopy, polarised light microscopy, and atomic force microscopy to deteet
extracellular matrix production produced revecaled osteoblastic characteristics similar to

those reported in the literature.

Alkaline phospharase assay:
The relative levels of alkaline phosphatase produced by human or rat osteoblasts
compared to mouse fibroblasts were different as expected. Mouse 3T3 cells did not
produce significant levels of alkaline phosphatase, and human and rat cells produced more
levels of the enzyme overall.

The high standard deviations seen in groups I and II of the human osteoblasts may be
due to slightly different stages of confluency reached by each dish. As osteoblasts become
more multilayered their levels of alkaline phosphatase reach a peak and then tend to drop
off as mineralisation occurs (Robey, 1989). Thus, alkaline phosphatase production is
directly related 1o tissue maturity and culture time conditions. In conclusion, cells isolated
from a 27 year old male human and rat calvaria displayed significantly higher levels of

alkaline phosphatase than mouse tibroblast controls as predicted.
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Cudture mineralisation characteristics.

It is well documented that cellular condensation precedes bone formation both iz vitro and
in vive (Gray, et al, 1996). The name given to these dense, three dimensional regions of
cells, mineral and matrix is nodule. Numerous groups have reported that this phenomenon
can only be produced in in vitro cell culture conditions if the media is supplemented with
ascorbic acid and B-glycerophosphate (Bellows, et al, 1986; Aronow, et al, 1990; Harris, et
al, 1994; Owen, et al, 1990; Ecarot-Charrier, et al, 1988; Pockinwise, ct al, 1992). For
example, Bellows, et al, (1986) observed 75 pm thick, three-dimensional nodules three
days after the confluency of osteoblasts derived from foetal calvaria grown in media
supplemented with ascorbic acid, and B-glyccrophosphate. Aronow, ct al, (1990) and
Harris, et al, (1994) reported similar findings. Mineraliscd bone nodules in cell culture can
form as early as 24 hours in after the addition of B-glycerophosphate to confluent cell
layers (Ecarot-Charrier, et al, 1988). These nodules resemble woven bone, and stain
heavily for alkaline phosphatase, type I collagen and mineral (von Kessa tcchnique).

Other analytical techniques have been employed to study nodules formed in vitro.
Pockinwise, et al, (1992) demonstratcd ccllular orientation fowards the nodule apex and a
rough crystallinc surface appearance due to deposited mineral and matrix using scanning
clectron microscopy (SEM). Ultrastructural analysis has revealed that mineralised nodules
constructed by foetal or neonatal rat cell populations closely resemble sections of rat
calvaria (Owen, et al, 1990) in terms of an ordered deposition of apatite crystals in a matrix
of orthogonally organised collagen bundles (Pueleo, et al, 1991).

Thus, various groups have reported that cells isolated from rats and micc form bone

nodules under specific in vitro culturc conditions. These nodules have been examined
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histochemically wusing von Kossa and alkaline phosphatase staining methods,
ultrastructurally via TEM analysis, and morphologically with phase contrast techniques
and SEM analysis. Most of these techniques in addition to 2 new ones: polarised light
microscopy and atomic force microscopy, were used to assess osteoblast mineralisation in

vitro in this work.

Histological staining:

The von Kossa staining method is a widely nsed protocol to detect in vitro mineralisation
by osicoblasts (Dee, et al, 1996; Stein, et al, 1990). In addition to using this method to
detect mineralised regions in culture, researchers have used it to determine overall
mineralised tissue organisation {Gomi and Davies, 1993) It should be noted, however, that
the von Kossa mcthod simply displaces the calcium in any caleium salt, meaning it is not
strictly specific for calcium phosphate or hydroxyapatite.

In an effort to confirm von Kossa results, the Alizarin Red S slaining method was
employed. This stain forms an orange-red chelale complex with calcium, and only stains
large deposits of calcium well (Bancroft, et al, 1994). A comparison of cultures stained
using each of these staining protocols revealed that similar regions stained with Alizarin
Red S were much more diffuse in natuwre. Thus, the author feels the Alizarin Red S staining

method is cven more non-specific than the von Xossa staining method,

CONCLUSION

Populations of viable osteoblasts were derived from human and rat sources using
repeatable cell isolation methods. Analytical techniques revealed the ability of cell

populations to produce alkaline phosphatase and mineralised nodules in culture, Thus, it
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was concluded that the majority of cells used to study ccll response and mineralisation to

topographical surfaces were indeed osteoblasts.
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Chupter 3: Haman Bone Cells

INTRODUCTION

A pratocol for the isolation of human bone cells was developed and carried out.  Cell
phenotype was assessed by morphological characteristics, alkaline phosphatase activity,
and mineralisation (von Kossa staining). This chapier [ocuses on the reaction of these cells
to grooved topography in terms of sensitivity to nanometric size features and the effect
these surfaces have, if any, on mineralisation. The results reported below are preliminary
in nature. Unfortunately, a lack of cells from one sourcc prevented the author from

conducting further experiments.

MATERIALS AND METHODS

*Note

Please refer to Chapter 2 for thc cell isolation method and analytical techniques not

reported below but used in this chapter,

Topographic Surfaces

Fuscd silica surfaces patterned using photolithographic techniques were used for the
experiments discussed in this section. One mm fused silica samples (Multilab, Newcastle,
UK) were cleaned prior to patterhing with a 3:1 solution of sulphuric acid:hydrogen
peroxide for 5-10 minutes at 60°C, rinsed in R.O. water and blown dry. A layer of
photoresist (AZ 1400-31) was spun on in 30 seconds at 4000 rpm, and the entire sample
placed in the oven for 30 minutes at 90°C. A chrome mask with the necessary pattern
allowed irradiation with UV light of specific portions of the pholoresist. These areas were

developed and removed in a 1:1 solution of Shipley developer: R.O. water. Samples were
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then dry etched in a Reactive Ion Etching Unit. Acctone was used to rcmove residual
resist and the entirc sample was ciched for onc morc minute to chsure cven surface
chemistry. Before repeat experiments, structures were cleaned again using a 3:1 solution of
sulphuric acid:hydrogen peroxide for 15 minules and rinsed in deionized water. Structures
were stored in 100% ethanol, and before use ffame sterilised and placed into individual

petri dishes or wells.

Experiments

All structures were comprised ol fused silica and had varying dimensions (Table 6). Some
structures had regions of 2, 5, 10, 20 wm grooves scparatcd by conirol flal surfaces
(Figure 10), Structures df003, dfd06, and df009 were seeded with first passage human
cells at a conceniration of approximately 2.6 x 10° cells/structure. Structures df004, df00s,
dfoo7, dfoos, did10, ACO18 were seeded with second passage human cells at a
conceniration of approximately 7.5 x 10° cells/structure, Structures df001, df02 were
seeded with second passage cells at a concentration of 1.5 x 10" cells/structure. The cell
response to these surfaces was monitored over several weeks. B-glycerophosphate was
added fresh to the media at each changing after cell layer confluency. Mineralised nodule

formation was assessed with the von Kossa method,
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Structure Depth (nm) Groove Widths (Lum)
ACU18 5000 5&10

d1001 600 12.5

df0o02 1100 12.5

di003 10 2,5,10 & 20
dfoo4 60 2,5,10 & 20
dfoos 80 2,5,10 & 20
di006 100 2,5,10 &20
di0o7 280 2,5,10&20
df008 670 2,5,10 & 20
df0069 1230 2,5,10 & 20
df010 2000 2,5,10 & 20

Table 6: Groove dimensions of fused silica structures used for experiments with human
N4

T

(i ] s [10m)] [26mm]

Figure 10: Structure design for d{003-df010.

RESULTS

Several experiments were conducted to ascertain the responsc of human osteoblasts to
various grooved surfaces. In general, when grooved features were equal to or greater than
100 nanometers, osteoblasts aligned parallel to the groove long axis. This alignment

usually occurred within the first day of seeding. However, during the course of one
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experiment, cells did not align until day 11 on the 2 pm and 5 um wide grooves of structure
dfo5 (depth = 80 nm).

Another observation included the tendency of sheets of osteoblasts to detach from the
structure after a certain period of time in culture. Usually nodules lined the leading edge of
the sheet and the sheet generally lifted off from the 20 jm end of the structure first.

Nodules appeared on flat surfaces and grooves as euarly as the day after the addition of
B-glycerophosphate to the culture. In one experiment, five days after adding B-
glycerophosphate to the media, six mineralised nodules were found on structure df001
(width = 12.5 pm, depth = 0.6 pim) while three were found on df002 (width — 12.5 um,

depth = 1.1 pm).

DISCUSSION/CONCLUSIONS

Two intriguing results emerged from preliminary studies of the human osteoblast response
to grooved surfaces. The first result was the time-dependent response in terms of cell
alignment linked to features smaller than the average width of a bone cell, 10 pm, i.e. 2 um
and 5 pum and as shallow as 80 nanometers over a period of eleven days. There is evidence
for time dependent migration of osteoblasts to carboxyl terminated regions from methyl
terminated ones on self assemblcd monolayers of gold thiol groups (Colin Scotchford,
personal communication). Thus, these cells have the capacity to react prelerentially over
time to biomaterial surfaces in culture.

The second intercsting, result included the retained alignment of cell sheets. Other cells,
ie. MDCX cells, form attachments with each other and do not remain aligned after
confluency is reached (Clark, et al, 1990). This retention of alignment follows published

results by Gomi and Davies (1993), Qu, et al, (1996) and Chehroudi, et al, (1997) who
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report overall tissue organisation along the direction parallel to grooves or surface scratches
in both in vitro and in vivo cases. The ability of aligned bone cells to produce oriented
{issue is the first step towards the tissue engineering of bone.

The tendency of cell sheets to peel off after significant time in culture implies that the
focal attachments of osteoblasts for each are stronger and more appealing than those of the
inflexible fused silica surface. This result suggests that the modulus of elasticity of the
substrate is crucial, i.e., bone cells might prefer a more [lexible surface closcr to the material
properiies of bone. Another interpretation of these results is that this is a simple matter
of cell adhesion. If the surface was chemically modified (o be more “adhcsive,” i.c. a more
hydrophilic surface, maybe cell attachment could be sustained.

Did the topography presented to the human bone cells influence mineralisation? Twice
as many nodules formed when the structure depth was 0.6 pm as on 1.1 pm depth (width
= 12.5 um), suggesting there may be an optimum topography for mincralisation. More

work is necessary to confirm this result.

68




Chapter 4: Rat Osteoblast Response to Grooved Surfaces

INTRODUCTION. ttvnsietrrverreisiosiveiivestiortoiserrtotarsrsnssss ceririietiieiseiiiiieieeienss 70
MATERIALS AND METHODS. .. ccvcaiiiiiiiaiiiiiniiievaneenaeeaes . srrarrasraran 70
GROOVED SUBSTRATIS . 1uvierieieiissesesaissiiiimetersssaestsssssiesinibaisstersssiermsies i sesasemsnstesseneneeies Ve 70
QUANTITATIVE CELL RESPONSE TO TOPOGRAPHY ..\iuvtiiiitiiiiiiiiiiiiiiios et essvennss s strisssnisssn s snanes vons 72
EXTRACELLULAR MATRIX PRODUCTION ...ttt ittt ciit et s b s eid s iiaa e a s ba e na e s 72
RESULTS .covvcvincannnnn betasabranesmmmsatiamanieasusasetenntennnat Geanmanns B
QUANTITATIVE RESPONSE TO TOPOGRAPHY ....otvuiiuiiiiiniiiiiiiinsesriresnne i snraasscisaiiancesssssnssssanns 74
EXTRACELLULAR MATRIX PRODUCTION L11tiiiiviiriniiatsis sttt ssnae e s s assraanbiass s aesesssansatbiae s 83
DISCUSSION........ M Meeiiiteitmteemraaeram sttt atonts fieseassivicatntonincnneins .92
QUANTITATIVE RESPONSE TO TOPOGRAPHY ......oiiiiiiaiiiiiinitiiiiinet b iisss bt e eaeeee e aee e s s g e e aemnnanes 92
BXTRACELLULAR MATRIX PRODUCTION t1uuuueiiiiniruisssiinntannnsussisreresnnnsrsres anaansensns s rresnnsssesnasssarrennss a3

CON CLUSION S 1ttt tttiieertetiiamtsaairttttraiissttiieesreosriosttosserstotcestosnonstsssoasnnons 929



Chapter 4: Rat Osteoblast Response 1o Grooved Surfaces

INTRODUCTION

The focus of this chapter is to provide fresh information regarding the osteobiast response
to grooved surfaces by applying new analytical technigoes bike polarised light microscopy
and atomic force microscopy in order to gain more knowledge regarding extracellular matrix
production by ostcoblasts in vitre. In addition, this work investigates how scasitive rat

ostecblasts are to nanometric size features.

MATERIALS AND METHODS

*Note

Please refer to Chapter 2 for the cell isolation method and analytical techniques not

reported below but used in this chapter.

Grooved Substrates

Fused silica sutfaces patterned using photolithographic techniques (see below) and solvent
castings of these surfaces with polyurethane (see below) were used for the experiments
discussed in this work.

Photolithographic technigues:

Please refer to Chapter 3 for photolithography fabrication process details. “Mini-
structures” 7 mim x 7 mm were designed for extracellular matrix production analysis
experiments such that half of the structure contained equivalent grooves and ridges and the
other half was flat (Figure 11). All structures were cut from the same slide of fused silica
and had depths ranging from 130 nm to 6.0 pm, and groove widths of 5, 20, or 100 pm

(Table 7).
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grooved
-t rcgion
e
—tr— ﬂzft
region

Figure 11: Schematic depicting fused silica “mini-structures” used in mineralisation
experiments (top view).

Sample Name Pattern Size Etch depth
Al 5 um line/space 130 nm
A2 “ 700 nm
A3 “ 1.5 pm
Ad “ 3.6 pm
A3 “ 5.6 um
A6 * 6.0 pm
B1 20 [tm line/spacc 130 nm
B2 «“ 700 nm
B3 “ LS um
B4 “ 3,6 um
BS * 5.6 um
B6 «“ 6.0 um
C1 100 pm line/space 130 nm
C2 ¢ 1.5 um
C3 “ 3.6 pm
C4 “ 6.0 pm

Table 7: Grooved dimensions for “mini-structures.”

Solvent Casting:
Polyurethane replicas of structures were cast by pouring dissolved polyursthane monomer

and solvent over fused silica structures in a glass petri dish., The glass dish containing the
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polyurethane solvent solution was baked at 80 “C for 24-48 hours. Upon removal and
cooling, the dish was left to soak in a Decon solution for 24-48 hours. Structures were
removed with a scalpel, rinsed in deionized water, followed by rinsing several times in 70
% ethanol and allowed to air dry in sterile petri dishes. Cloning rings were flame sterilised
and placed on top of structures to prevent them [rom [floating during cell seeding and

culture.

Quantitative Cell Response to Topography

Primary rat calvaria osteoblasts were seeded mulliple times onto structures of fused silica
at a concentration of 2.5 x 10” cells/ml. Cells aligned over a 48 hour period, were stained
with Brilliant Coomasie blue and analysed using an image analysis program (NIH Image
Analysis 1.61). An average of 53 cells were analysed per groove depth/width. Parameters
measured included cell area, cell perimeter, the deviation in degrees of the ccll major axis
from the long axis of the groove, and the length of the ccll’s major and minor axis. Dala
was analysed statistically using the nonparametric Mann-Whitney test (Instat 2.0,

GraphPad Software).

Extracellular Matrix Production

Threce analytical techniques were used to assess extracellular matrix production on grooved
surfaces: scanning electron microscopy (SEM), polarised light microscopy (PLM), and
atomic force microscopy (AFM).

SEM Analysis:

Rat calvarial osteoblasts and bone martow cells were seeded onto structures al a density of

1.0-2.4 x 10° cells/ml for mineralisation experiments on fused silica. B-glycerophosphate
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(10 mM) was added once rat calvarial culturcs became confluent. (Bone marrow cells were
cultured continuously in the presence of B-glyccrophosphate and ascorbic acid. Rat
calvarial cells were cultured continuously in the presence of ascorbic acid.} Rat calvarial
cells (Day 11) and bone marrow cells (Day 3) were fixed for SEM analysis (See Chapter 2
for method.).

Rat calvarial osteoblasts were also seeded onto polyurethane replicas of structures
df006-10 (see Chapter 3) at a concentration of 10 x 10° celly/ml. The entire experiment
with newly cast polyurethane structures was repeated three separate times in order to

confirm results.

PLM Analysis:

Extracellular matrix production was also assessed with polarised light microscopy. After
fixation in buffered formalin, various samples were suspended in PBS on glass slides and
examined under polarised light. In addition to the microscope analyser and the polariser,
samples were viewed under a red I plate compensator. Samples were rotated through 360°

and addition and subtraction colour changes noted.

AIM Analysis:

Passage 2 rat osteoblasts were plated at a concentration of 2,5 x 10° onto small coverslip
structures (Figure 12, Table 8). B-glycerophosphate (10 mM) was added to media the
day after plating. After fixation (Day 7) in buffered formalin the underlying surface (the
confluent cell layer had been removed manually) was examined vsing contact mode atomic

force microscopy.
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Sample Name Pattern Size LEtch depth
C 2 & 5 um line/space 800 nm
D 10 & 20 um line/space 800 nm
F 2 & 5 um line/space 3.3 um
G 10 & 20 pm line/space 3.3 mm

Table 8: Grooved dimensions for thin (150 pim) structures.

Zor 10 pm
L. it region

:

o1 Sor20pum
region

Figure 12: Schematic depicting fused silica thin (150 wm) structures used in
mineralisation experiments (top view).

RESULTS

Quantitative response to topography

Rat asteoblasts were sensitive to grooved surfaces as demonsirated by their alignment to
the groove long axis (Table 9, Figures 13 & 14). They were guided by features as
shallow as 80 nm. As grooves increased in depth by 200 nm, cell alignment increased
significantly (P<0.0002) and cells were more sensitive to 2 um and 5 um features versus
10 pm and 20 wm ones (Figures 15 & 16). As the grooves became deeper, depth became

the controlling factor and groove width ceased to have a significant effect in terms of
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alignment, although the mean angle for cell alignment was always lower on the 2 and 5 um

wide grooves versus the 10 and 20 pum ones.

Figure 13: Computerised image of primary rat calvarial osteoblasts stained with
Coomasie blue and plated onto a structure with a groove depth of 1.23 um and groove
widths of 2, 5, 10, & 20 um. Note cell elongation in a direction parallel to the long axis of
the grooves (long axis for all groove widths is horizontal with respect to the page).
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Groove Ccll Anglc 95% Confidence
Structure width (um)/ number mean Limit
depth (nm) cxamined {degrees) Minimum | Maximam

Flat Control 124.00 40.58 45.11 54,09
2/ 80 62.00 15.48 11.49 20.23

dfoos 5780 39.00 17.55 13.47 21,64
10/ 80 49.00 36.62 29.56 43.69

20/ 80 43.00 37.21 29.57 44.85

2/280 24.00 3.76 2.03 5.49

dfoo7 57280 30.00 8.76 3,79 13.74
10 /280 36.00 11.38 6.27 16.48

20 /280 60.00 14.77 10.13 19.40

27670 42.00 5.70 3.22 8.18

dfoos 57670 37.00 6.75 3,83 9.68
10/ 670 56.00 7.81 5.05 10.57

207670 46.00 11.97 7.29 16.66

2171230 49.00 3.98 1.33 6.62

df009 571230 87.00 4.84 2.97 6.72
10 /1230 67.00 7.55 4.36 10.75
20/ 1230 56.00 7.94 3.94 11.941

dfod 12.5 /600 59.00 5.99 4.20 7.78
df092 12.5/7 1100 36.00 5.42 3.51 7.34

Table 9: Deviation in degrees from groove long axis. A measurement of 0° would be a
petfectly aligned cell.
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Deviation in degrees from groove Iong axis

Figure 14: Deviation in degrees of primary rat osteoblasts from the groove long axis of

various structures.
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Figurc 15: These graphs depict the number of rat calvaria osteoblasts that aligned within
a range of degrees (i.e. bars @ 9° denote cells aligned 0-9° to the groove long axis) on
grooved areas that are 80 nm deep and 2, 5, 10, or 20 um wide. Note that more cells are
aligned on 2 and 5 pm wide grooves, and that as the grooves become wider there is an
increase in alignment variability.
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Figure 16: Osteoblast alignment on a structure with grooves 200 nm deeper than the
structure results showed in grooved features. ‘Ihe alignment variability increased
proportionally to groove width, but compared to Figure 15, the overall variability
decreased significantly.

With the exception of cells on 80 nm deep/20 um wide grooves, the cell length increased
between 10 and 30 pwm on grooved sutfaces (Table 10, Figure 17). The minor axis of the
cclls decreased by roughly 10 pm or 50 % on all 2 pum wide grooves. As the grooves
became deeper, the minor axis tended to decrease for all groove widths (Table 10, Figure
18). Influcnces on cell area did not become significant until grooves were deeper than 600
nm. Cell area was significantly (P <0.01) decreased on structures df001, di002, and df009
(Table 11). Upon comparison to controls, differences in the major and minor axes of cells

plated on grooved surfaces became apparent as well. All differences were significant (P <

0.05, most P < 0.0001) on any structurc with a depth greater than or equal to 280 nm.
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Groove Cell Stuandard Cell Standard
Structinre width (pan)/ Major deviation Minor deviation
depth (nm) Axis (Jum) Axis (um)
Flat Control 59.93 23.22 21.82 9.14
2/80 80.91 4231 12,62 6.83
dfo05 5780 72.61 29.45 13.48 6.30
10/ 80 71.81 26.49 20.88 9.53
20/80 62.50 27.07 21.50 8.17
27280 75.15 32.75 11.66 4.60
afoo7 57280 82.98 34.28 15.12 7.18
107280 76.59 40.28 15.70 3.40
20/280 77.15 29.04 16.19 7.87
2/670 90.84 35.12 11.93 5.12
df008 57670 85.52 32.10 14.04 7.78
10/ 670 80.04 37.56 14.83 7.63
207670 78.05 33.41 17.74 10.58
21670 85,08 35.44 10.54 4.24
df09Y 57670 85.82 32.48 11.51 4.83
10/ 670 76.92 30.74 11.77 5.35
20/ 670 80.82 1727 12.99 6.61
dfoel 12.5 1/ 600 88.95 35.17 11.65 5.58
df0oe2 12.5 /1100 83.43 3945 12.22 4.39

Table 10: Cell major and minor axis lengths.
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Groove Ccll Area Standard Cell Standard
Structure width (Lm)/ (um® deviation Perimeter deviation
" depth (nm) (um)

Flat Controt 1068.76 57443 223.09 107.86
2780 712.87 379.79 267.02 143,79
df0as 5780 706.89 323.61 241.61 05.34
10/ 80 1150.23 658.24 277.95 127.90
20/ 80 1024.59 565.86 245.9G 98.70
27280 617.44 243.36 243.76 12128
dfoe7 57280 919.27 467.39 297.56 144.06
10/ 280 887.23 501.68 255.78 123.37
20/280 926.00 467.47 278.90 120.03
2/ 670 806.35 381.49 291.54 118.10
dAfoos 5/670 866.52 422,11 297.56 i28.91
10/ 670 851.66 493.45 269.75 i44.15
20/ 670 977.32 641.24 272.79 116.53
2/ 670 669.94 333,72 248.98 117.02
dfoo9 57670 761.88 433.40 266.34 121.11
107670 670.09 378.46 250.57 113.70
20/ 670 830.01 401.43 302.00 136.73
Aaron: 12.5 /600 755.86 362,21 270.68 135.78
d£002 12.57 1100 760,71 394,57 286.76 114,05

Table 11: Cell area and perimeter on various grooved fealures.
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Figure 17: Osteoblast cell length on a range of groove widths and depths.  Cell length
tended to increase on most grooves.
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Figure 18: Ostcoblast cell width generally decreased compared 1o the control,
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Stracture Groove Groove Cell Area Major Axis  Minor Axis Angle
name (nm) Width
{(m)

dfoos 80 2 P<0.0001 P=0.0014 P<0.0001 P<0.0001

30 5 P<0.0002 P=0.0147 P<0.0001 P<0.0001

80 10 NS P=0.0074 NS P=0.0029

80 20 NS NS NS P=0.0063

d{0g7 280 2 P<0.0001 P=0.0273 P<0.0001 P<0.0001

280 5 NS P=0.0007 P<0.0001 P<0.0001]

280 10 NS P=0.0409 P<0.0001 P<0.0001

280 20 NS P<0.0001 P<0.0001 P<0.0001

df0o8 670 2 P=0.0167 P<0.0001 P<0.0001 P<0.0001

670 5 NS P<0.0001 P<0.0001 P<0.0001

670 10 P'=0.0062 P=0.0003 P<0.0001 P<0.0001

670 20 NS P<0.0001 P=0.0002 P<0.0001

df009 1230 2 P<0.0001 P<0).0001 P<0,0001 P<0.0001

1230 5 P=0.0001 P<0.0001 P<0.0001 P<0.0001

1230 10 P<0.0001 P<0.0001 P<0.0001 P<0.0001

1230 20 P=0.0101 P<0.0001 P<0.0001 P<0.0001

df001 600 12.5 P=0.0004 P<0.0001 P<0.0001 P<0.0001

df002 1100 12.5 P=0.0025 P<0.0001 P<0.0001 P<0.0001

Table 12: Statistical results for quantitative response of osteoblasts to grooved surfaces of
varying dimensions.

LExtracellular matrix production

Grooved surfaces - polyurcthane:

By Day 1, cclls plated onto polyurcthane structures had formed contacts with each other
and the substrate. Cells formed numcrous “islands” about 100-120 um in diameter
(Figure 19). The underlying cell-free surface was cxamined using SEM. Small mineralised
globules ranging in size from 0.5 um to 2.0 um covered the polyurethane grooved swface

(Figure 20) and were especially prevalent on the 2 pm grooved region (Figure 21).
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Figure 19: Phase contrast picture of live cells on a polyurethane surface (grooves 10 um
wide and 2 pum deep).

Figure 20: SEM photograph of a polyurethane surface (grooves 10 pum wide and 100 nm
deep) after aggregates of cells were washed off during the fixing process. Numerous,
mineral-like globules ranged in size from 0.5 - 2.0 pm.
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Figure 21: SEM photograph of a polyurethane surface (grooves 2 pm wide and 1.23 pum
deep) after aggregates of cells were washed off during the fixing process. Mineral-like
globules ranged in size from 0.5 - 3.0 pm.

Grooved surfaces -fused silica:

In preliminary SEM studies, cells on grooves appeared to secrete more extracellular
material. Both calvarial and bone marrow derived cells secreted mineral-like material
(Figures 22-26). Orientation of extracellular material was influenced by groove width.
Bone marrow cells plated on line spacings of 20 um (Figures 23-24) produced material
including collagen and calcium phosphate randomly oriented along groove and ridges. The
same cells plated onto 5 pm wide grooves, however, aligned to the groove long axis and
produced collagen also oriented along the groove axis (Figures 25-26). Cells examined on

flat surfaces did not produce oriented extracellular material.
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Figure 22: Rat calvarial osteoblasts after 11 days in culture aligned along a 5 um wide, 6.0
pum deep grooved area. Cells are secreting mineral-like extracellular matrix. Inset close-up
is at x12.5K magnification.

Figure 23: Bone marrow cells and some extracellular matrix found in a groove and across
ridges of a 20um wide, 5.6 pum deep patterned mini-structure. Note no overall order of
extracellular matrix or cells. Inset close-up is x6.0K magnification.
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Figure 24: Bone marrow cells and mineral-like deposits on a 20 um wide, 5.6 um deep
structure of fused silica.
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Figure 25: Bone marrow cells on grooved surface (5.0 um wide, 5.6 um deep) after 3
days in culture. Cells aligned and formed a nodule which was manually disrupted in order
to view the grooved interface. There was evidence of extracellular matrix production that
looked like calcium phosphate and collagen (see close up at x2.5K).
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Figure 26: Along the periphery of the nodule (Figure 25), cells were highly aligned to the
grooves (5.0 um wide, 5.6 pm deep). Collagen-like fibrils (see inset for close-up at
x11.0K) were found along cells and grooves. The overall direction of the fibrils was
parallel to the grooves.

Atomic Force Microscopy & Polarised Microscopy Analysis:
Cells plated onto structures C, D, F, and G were examined for the presence of birefringent

material using polarised light. Small strands of birefringent material was found along the 2
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pm and 5 pm line spacing regions on structure F (depth = 3.3 pum) (Figure 27).
Birefringence was confirmed by rotation of the specimen through 360°. At 90° intervals
the specimen alternated successively between a yellow colour complete extinction. This
birefringent materials was not found on structures C, D, or G. AFM analysis of this
structure revealed a crystalline material attached to the grooved surface (Figures 28-30).
The ceramic nature of this material was confirmed after heating the specimen to
approximately 900°C and re-examination under polarised light. The birefringent strands

remained intact.

Figure 27: Grooved surface (5 um wide, 3.3 pm deep) exposed to polarised light after cell
sheet removal. Birefringent material along grooves appeared yellow at 90° intervals.
[Original magnification = 20x]
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212
J.0

Figure 28: AFM overview scan of area along a groove or ridge on a 2 um wide, 3.3 pum

deep grooved region (Field area = 7.5 um x 7.5 pum).

Figure 29: Close up scan of area explored in Figure 28 (Field area = 40 nm x 40 nm).
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Figure 30: Fine view scan of the same region (Field area = 10 nm x 10 nm).

DISCUSSION

Quantitative response to topography

Various groups (Bellows, et al, 1986; Ricci, et al, 1994, Hunter, et al, 1995; Boyan, et al,
1995) have speculated on the interplay between cell shape, the biomaterial surface, and cell
function. Most agree osteoblast shape helps determine cell phenotype and differentiation
and ultimately their ability to build bone matrix and mineral.

Review of the literature revealed little information regarding quantitative analysis of
osteoblast shape changes in response to grooved topography with the exception of a paper
by Qu, et al, (1996). These authors only examined the effects of two surfaces with V-
shaped grooves: 30 um pitch/ 3 um depth or 6-8 um pitch / 3 pum depth. A wider array of

grooved surfaces was analysed in this work ranging from depths of just 80 nm to 1.23 um
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and line spacings varying [rom 2 to 20 um. These surfaces helped elucidate the effect of
varying groove dimensions on ccll alignment, arca, length and width.

Although it was not surprising to discover rat primary calvarial cells reacted to grooved
topography, details hitherto unknown regarding the sensitivity (defined here as significant
changes in cell morphology compared to flat contro! cells) of that response were revealed
in this work. When the groove is less wide than the average width of a bone cell (10 pm)
cell sensitivity to very thin grooves (depth = 80 nm) is enhanced considerably compared to
their response to 10 and 20 wm wide grooves. These results suggest that when designing
an implant that will come in contact with bone cells, it may be advantageous to include
features on that surface that the cclls are most sensitive to in order to control cell function.
What does this control of sensitivity mean in terms of the ability of these surfaces to

influence extracellular matrix production?

Extracellular matrix production

Several groups have studied the influence of grooved substrata on ostcoblast extracellular
matrix (ECM) production (See Introduction, Chapier 1) both in vitro and in vive. All
groups. {Brunette, et al, 1991; Chehroudi, et al, 1992; Gray, et al, 1996; Qu, et al, 1996;
Chehroudi, et al, 1997), reported the enhancement of mineralisation and ECM production
of osteoblast cells seeded onto grooved topographical surfaces. Other than attempts to use
digital radiography (Qu, et al. 1996; Chehroudi, et al, 1997) to assess “bone-like foci”
orientation, and the suggestion by Chchroudi, ct al (1992) that collagen was “probably
oriented along the long axis of the grooves,” no one hag explicitly commented on the ability

of grooved topography to influence ECM orientation.
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This work presents evidence gained through SEM, PLM und AFM analysis that
tantalisingly suggests that speeific grooved surfaces do indeed influence ECM production.
Fascinating evidence published by Martin, et al {(1995) showed that osteoblasts cultured
on “regular” rough surfaces produced morc matrix than cells on randomly rough surfaces.
Even more intetesting is the dimensions of these “regular” surfaces were craters
approximately 1 um by 10 um. These dimensions arc similar in size to grooved
dimensions reported in the next few scctions that influence ECM production and

mineralisation.

SEM Analysis:

What effect does allering the overall bulk material of the grooved surface have on ECM
production? In this study, the flexibility of the surface changed dramatically, as did the
surface chemistry with the production of polyurethane replicas of fused silica structures.
Would osteoblasts favour the more biocompatible polyurethane surface?

The answers to these questions is not immediately clear from the results. SEM analysis
of polyurethane grooved surfaces revealed the presence ol small (0.5 - 3.0 pm) mineral-like
globules similar to those reported in Chehroudi, et al (1992), who also found globular
accretions on grooved and flat substrata either > 10 pm or 0.5 - 3.0 um in diameter.
['urthermore, Davies (1996) showed that the initial layer along a bone/hiomaterial interface
is comprised of small, globular accrctions,

Thus, there is evidence in the literature lo support the production of mineralised
globules by osteoblasts on grooved surfaces in virro. However, the time frame (a few
days) in which these accretions wecrc made is much faster than those reported by

Chehroudi, et al, (1992) whose cells took up to 30 days to lay down a mineralised matrix.
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Did the polyurethane surface influence mineralisation? These numerous accretions were
not found on fused silica surfaces afier similar time in culture, thus, perhaps the grooved
polyurethane surface positively influenced mineralisation.

Why did these celis form “islands™ on the polyurethane surfaces and not on the fused
sifica ones? The most likely answer to this question is the slightly higher density these
cells were plated out at onto structures. An environment was created where cells could
spread out and adhere to each other just before or as they were coming in contact with the
substrale. Because it 1s more natural for osteoblasts to adhere to other osteoblasts
compared (o un artificial biomaterial surface like polyurethane, it is hardly unsurprising
that these cells acted in this manner. Another possible reason for “island” formation is
that the inherent flexibility of these thin polyurethane replica surfaces caused the cells to
behave differently. More experiments are necessary to confirm these hypotheses.

SEM analysis of rat calvarial derived osteoblasts and adult rat bone marrow cells
unveiled the ability of some fused silica grooved surfaces of specific dimensions to
influence ECM production. A few studies have hinted that collagen might be aligned to the
grooves but no one has shown it explicitly. The fibrils pictured in Figure 26 are similar in
size to fibrils scattered throughout SIEM photographs published by Davies and Mastuda
(1988) and Davics (1996).

The fact that bone marrow cells formed nodules and produced ECM material on a
grooved surface three days afier plating is amazing, Normally, much longer times are
needed in culture before mineralisation occurs in vitro. There are reported instances,
however (Ecarot-Charrier, et al, 1988) whete bone nodules have formed within 24 hours of

the addition of 8-glycerophosphate (B~GP) to confluent cell layers. The bone marrow celis
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used in this work were cultured continuously in fresh ascorbic acid and B-GP. Taking into
consideration the etfect of ascorbic acid on osteoblasts in terms of an acceleration of
differentiation, the availability of 8-GP and the reasonably high density these cells were
plated out at, it is not surprising that nodule formation and ECM production and alignment
occurred so quickly.

‘the fact that these fibrils were only found on one struciure suggests there is an
optimum topography that influences ECM production. IL is also fascinating to note that
the dimensions of the structure that influenced cclls to produce oriented collagen had a
diameter (5 pm) that these cells were quite responsive Lo in the quantitative topography
study. 'this ability to control ECM orientation in vifro could lead Lo tissue engineering of

organised bone and enhanced osseointegration of various implants.

Principle Behind PLM & the Detection Of Birefringence:
The property of birefringence has been used in biological optical microscopy to detect
such structures as collagen, striated muscle fibres and chloroplasts, Furthermore, this
material property can be used to determine the crystallinity of a sample with the use of a
polarising microscape. Approximately 95% of all crystals are bireftingent (Slayter, 1970).
An important indicator of bone cell phenotype is their ability to produce extracellular
matrix including a crystalline calcium phosphate, hydroxyapatite (Ca;o(PO,)e(OH),)
(Webster, 1988). Cells on grooved structures and tubes (Chapter 5 for tube results) were
examined under polarised light for the production of hydroxyapatite.

Birefringence is a property of materials that posses patterned regions of wvarying
refractive indices, 1.e., an anisotropic material. It can also be defined as a property

otiginaling [rom (he inherent asymmetry of the polarisability of chemical bonds. For
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example, the ability to distupt a carbon-carbon bond depends directly on the direction of
disruption, ie. it is easier to separate the bond between two carbons in a chain. This
direction is defined as being more “polarisable,” and it follows that it has a higher index of
refraction meaning light will travel more slowly in this dircction.

Due to the differences in refractive indices in a birefringent material, light resolves into
two mutually perpendicular vibration components the extraordinary ray (B ray) and the
ordinary ray (O tay). These two beams are distinct physically because they travel at
different velocities due to the difference in refractive indices. The velocity of the O ray
remains constant with direction, while the velocity of the R ray varies. The birefringence
of a material can be quantified as the difference between the refractive index for the
ordinary ray and the refractive index [or the extraordinary ray. It is important to note that
upon viewing a birefringent malerial in a specific orientation, i.e. along its optical axis, the
material itself appears isotropic.

The polarising microscope operates on the principle that by orientating light in a
specific direction or plane through a sample, one can then detect the effect the light has on
the sample in terms of absorption, reflection, etc. The polariser is responsible for filtering
out all light oriented at right anglcs to one specilic plane of light. The analyser is orientated
in the polarising microscope such that whea there is no specimen between the polariser
and the analyser no light is transmitted, i.e. the polariser and analyser are “mutually
oriented in a position of extinction,” Thus, when a birefringent specimen is placed in the
microscope it shifts the light from the polariser such that the light is transmitted by the

analyser.
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The variation in overall colour seen in a birefringent sample results from the retardation
of light through the sample which is directly related to the phase difference between the O
and F rays and the thickness ol the sample. When the sample is rotated through 360°,
there are four positions of extinction and four positions of maximum brightness offset
within each group by 90°.

Because biological samples do not relard light much more than 100mp a red I plate is
often used to detect interference colours. In this case, alternate addition and subtraction
colours are observed at 90° rotation intervals depending on the retardation by the specimen
and its orientation in relation to the plate. For example, if the slow direction of the
specimen. is perpendicular to the red I plate, a yellow colour is observed, whereas if the
slow direction is parallel to the plate a blue colour can be seen.

All coverslip grooved samples were examined under polarised light and a red I plate.
Analysis of the 2 and 5 um wide regions on structure I revealed the presence of small,
yellow strands of material. 1t is assumed that this birefringent material is indeed a form of
hydroxyapatite of calcium phosphate because it survived 900°C tecmperatures. Strands
alternated as either all yellow or completely extinet upon 360 ° rotation which suggests all
malerial was oriented in a similar manner and that grooved surfaces, once again, have the
ability to influence ECM production and mineralisation. That fact that this material was
only found on the 2 and 5 pm grooves implics oncc again, that these groove widths are

more influential than for example, 10 or 20 m wide ones.

AFM Analysis:
There are only a {ew reports in the literatire regarding the detcction and identification of

biological crystalline material using atomic force microscopy (Blair, ct al, 1995; Schaad, et
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al, 1993). Schaad, et al, (1993) conclude that AFM is a “relevant tool” for the study of
biological hydroxyapatite. Blair, et al, (1995) successfully uscd AFM as a tool for
preliminary  identification of microcrystals in patient synovial fluid, including
hydroxyapatite.

In this work, we report nanometric resolution of what we belicve to be a
hydroxyapatite surface. Bres, et al, (1990) reported that hydroxyapatite has a
dipyramidial hexagonal prismatic morphology with the follow spacings: a, = a, = a3 =
0.9432 nm and ¢ = 0.6881. The spacing between the 3 <100> planes = 0.82 nm (Lees,
1979). Also, in bone, the actual apatite crystals are 20 - 40 nm long and 1.5 - 3 nm wide.
According to our AFM images, the crystalline material scanned has a spacing ranging from
0.3 nm to 6 nm, well within the range of parameters of hydroxyapatite. Furthermore,
Voegel and Frank (1979) found some hydroxyapatite crystallites to be curved in an arc
with a radius of 150-350 nm. The curved lines seen in Figure 29 could be part of a larger

arced structure.

CONCLUSIONS

The osteoblast response to grooved surfaces was elucidated further in this work., Rat
osteoblasts were sensitive to features as tiny as 80 nm, and reacted more strongly in terms
of ECM production and mineralisation to features with widths around 2 or 5 pm and
similar depths. Preliminary studies using anafytical techniques like SEM, PLM and AFM

showed that grooves influenced ECM material alignment.
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Chapier 5: Osteoblast Behaviour in Quartz Tubes

INTRODUCTION

Background

The specific pore sizes that iofluence the migration of bone cells and enhance
osseointegration of dental and orthopaedic implants continues to be debated. Because of
fabrication conditions, a range of pores sizes is usually used, making it difficult to attribute
implant results to a specific pore size or geometry. The well defined geometry and
controlled culture conditions of small glass capillaries, however, circumvent these
probiems. The quaitz tube is an ideal system to study thce behaviour of osteoblasts for
several reasons.

First of all, cells canbe continuously monitored using basic phase conirast microscopy
and vidco time lapse rccording techniques. One has the unique opportunity to directly
observe the cell’s response to the curved, tubular environment, its interaction with other
cclls, and the formation of extracellular matrix. Secondly, the geometry is rigidly defined
making it possible to differentiate diffcrences in terms of extracellular matrix production
and cell bebaviowr produced by varying the diameters and/or lengths of tubes. Thus, the
study of ostcoblasts in small diameter glass tubes provides more specific fundamental
information regarding cell response to curved surfaces and microenvironments.

Interest in the area of porous surface coatings begun with the advent of the cementless
hip replacement in the early 1970s with researchers looking for surface geometries to
encourage bone ingrowlh and ideally osseointegration (Hungerford & Jones, 1988).
Investigators belicve there is an optimum pore size between 250 and 600 pum that provides

cnough space for preostcoblasts/ostcoprogenitors to proliferate and form a dense mass of
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cells, differentiate, and make bone (Gray, et al, 1996). Boyan, et al, (1996) hypothesise
that the curvature of these pores may provide the optimum tension and compression for
the cell’s mechanoreceptors. There have been repoits in the literature, however, of bone
growing into pores as small in diameter as 40 pm (Brunette, 1988). In fact, one study
determined that bone ingrowth stabilised the implant mechanically at earlier time points if
the pore diameters ranging from either 45 - 150 pm or 150 - 300 um.

In ailother study evaluating the effect of pore size, Eggli, et al, (1987) looked at bone
formation over six months into hydroxyapatite (HA) and tricalcium phosphate (TCP)
porous coated cylinders implanted into the metaphysis of the distal femur and proximal
tibia of rabbits. Two ranges of pore sizes, either 50 - 100 wm or 200 - 400 um were
studied for each type of ceramic cylinder. After four weeks, the amount of bone ingrowth
into the TCP 50 - 100 pm cylinder was 40%, whereas ingrowth into the small pore range
HA cylinder was 24%. However, ingrowth into the 200 - 400 um pore size implants was
19% and 17% for the HA and 'I'CP cylinders respectively. Thus, there was significantly
more bone ingrowth into the smaller pore range implants for both 'TCP and HA. The
authors lee] the larger amount of bone ingrowth into the 50-100 pm pore size TCP
implants was enhanced by the presence of 20 um wide interconnections, which ercated a
favourable microenvironment for vascular and cellular invasion. However, the theory that
bone ingrowth was enhanced by these interconnections is contradicted by the findings of
Dennis, et al (1992). These authors found ceramics with pores 200-400 pum in diameter
retained more cells and had more bone ingrowth than a coral-like continuous pore structure
with an average diameter of 200 um. Thus, there are conflicting reports in the literature

regarding the best pore size for bone ingrowth and the etfect of interconnectivity between
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pores. Furthermore, none of these studies huas the capability to visualise osteoblast
behaviour and mineralisation continuously.

Finally, the last impetus for the study of bone formation in glass tubes in vifro stems
from a report in the lterature of ectopic bone formation in wide diameter tubes in vivo.
Almost four decades ago, Seyle, et al, (1960) implanted pyrex glass tubes, 2 ¢cm long and 3
cm wide subcutaneously into Sprague Dawley rats. Previous cxperiments established
these cylinder dimensions (o be the most favourable for bone formaticn in this situation.
The von Kossa and van Gieson histological staining methods were used 1o ascertain the
presence of calcium salts and collagen fibres respectively. I'hese authors found that bone-
like structures developed in the eylinders, complete with a marrow-like cavity and junction

cartilage plates.

Experiments

Initially, two fundamental questions were addressed with the following experiments:

» How does cell behaviour differ in tubcs compared to flat surfaces?

» Does (he (ubular environment effect extracellular matrix production in the absence of

ascorbic acid and B-glyccrophosphate, normal "mineralising supplements."?

Analytical techniques included time lapse video cinemicrography which enabled us to
directly view in a continuous fashion the cell response to the three dimensional, tubular
environment. Immnunofluorescent and polarised light techniques cnabled us to assess
extracellular production. Findings included the tendency of cells in tubes greater than 150
L to form dynamic contacts with each other and the walls of the tube, and to form dark,

nodule-like structures similar to those found in normal confiuent cell culture,
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Whether or not the addition of B3-glyccrophosphate (3-GP) and ascorbic acid enhanced
and/or influenced the extracellular matrix production and/or cell behaviour of osteoblasts

was also Investigated.

MATERTALS AND METHODS

*Note

Please refer to Chapters 2 and 4 for the cell isolation method and analytical techniques not

mentioned but used in this chapter.

Experiments

Unsupplemented cultures

Rat calvarial osteoblasts were suspended in DMEM with 10% CS and 5% antibiolics and
seeded at high density (approximately 3 x 10° cells/ml) by capiliary action into 2 types of
quattz tubes (Table 13). Cells in tubes and flat surfaces were videotlaped after seeding and

later analysed with immunofluorescent and polarised light microscopy techniques.

Tubcs Inner L.ength
Diameter
Group A 150 - 300 pm 2 -5mm
Group B 700 pm 0.5-2.3cm

I'able 13: ‘{'ube dimensions.

Supplemented cultures:
A 12 day experiment was conducted using 700 um wide tubes of varying lengths. (-GP

(10 mM) and ascorbic acid (50 Lig/ml) were added to the media of half of the tubes on Day
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7 and at every media change thereafter. Upon fixation in buffered formalin, tubes were

examined under polarised light and the size and number of nodules were evaluated.

Video Time Lapse Phase Contrast Micrography

Osteoblasts were videotaped just after seeding for periods up to 12 days 37°C. Videos
were recorded at 20X phase contrast objective magnification using a Cohu CCD camera or
a Panasonic Neuvicon video camera under the lowest light level which would produce a
good image. Images were stored on a Panasonic Model AG-6730 time-lapse video-recorder

at one frame per minute.

RESULTS

Morphological Behaviour and Video Time Lapse Thase Contrast Micrography
Observativns

The behaviour of rat osteoblasts in tubular structures differed markediy from their
behaviour on flat surfaces during similar time periods. Within a few hours of plating, cells
stretched out and made contact with each other. The aitachments formed spanned across
the tube and along its length (Figure 35). Cells formed clumps or cords of cells which
behaved as a dynamic system, detaching and reattaching along the tube wall constantly as a
unit. Individual cells joined and delached from cords periodically.

Video time lapse phase contrast micrography revealed a higher level of activity of these
cells compared to other ccll types like endothelia, epitenon, and macrophages. (Figures
31-34). The period of activity of osteoblasts in tubes versus flat surfaces differed as well
{data not shown). Cclls on flat surfaces eventually spread out and formed a confluent,

nondynamic mass of cells after 24 hours. In tubes, nodule-like structures formed after the
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first 24 hours of seeding that resembled those found in confluent cell cultures on flat

surfaces (Figures 31, 36, & 37).

Figure 31: Time lapse cinemicrography of osteoblasts seeded into a 300 um diameter
tube. [Original magnification = 20x]. Frames shown are approximately 30 minutes apart.
Frame 1 represents the time just after seeding. Note, cells do not spread out individually.
By 1 hour after seeding (frame 3) cells had begun to reach out to each other and formed
dynamic sheets/clusters of cells. Note the dynamic detachment from the tube of one side
of the bottom clump of cells from frame 7 to frame 8. By frame 9 the bottom cluster had
detached from the top cluster of cells as well.
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Figure 32: Time lapse video frames of osteoblasts after four days in culture in a 300 pm
diameter quartz tube. Frames 1-12 are 1 hour apart with the exception of frames 1-2 (42
minutes apart). Note tendency of cells to form aggregate/nodule-like structures (frame 1)

that move as a unit through out the tube and interact with other similar structures (frame
12). [Original magnification = 20x]
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Figure 33: Continuation of frames in Figure 32. Frame 13 is 1 hour after frame 12 in
time. Note dynamic movement of cells and cell clusters from frame 13 to frame 24. The
two clusters actually merge by frame 14 and begin to move as a unit after frame 16.
[Original magnification = 20x]
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Figure 34: Time lapse cinemicrography of osteoblasts seeded into a 700 um diameter tube
after 72 hours in culture. [Original magnification = 20x]. Frames shown are approximately
1 hour apart. Note formation of cell clusters/ nodule-like structures similar to those found
in 300 um diameter tubes (Figures 31-33).

Viable cells filled the length of the tube, and the diffusion of nutrients was adequate for
all of the tubes tested with the exception of long (2+ cm) 300 um diameter tubes tested.
The reaction of the cells to the tubular environment was governed by the diameter and
length of the tube. In the smaller diameter tubes, i.e. 150 um or less, cells formed cords
that attached to each other and ran along the entire length of the tube, sometimes as long as
5 mm. Nodule-like structures were more likely to be formed in 250-280 um diameter tubes
in addition to cords spanning the tube diameter.

In the case of 700 um wide tubes, the amount of nodule formation appeared to be

directly correlated with the length of the tube. The longer the tube and the longer the
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culture time, the more nodule-like formation seen. Also, some of the 700 um tubes
contained flared ends (diameter = 1.5 cm). In these regions with a larger radius of
curvature, cells formed small cell aggregates or flattened against the surface of the wall.
Cells have remained viable in these tubes for as long as 30 days and in some cases, filled

the tube with more cells and extracellular matrix (Figure 38).

Figure 35: Phase contrast picture of cells in tube fixed after 18 days. Tube diameter = 270
pum. [Original magnification = 20x].

110



Chapter 5: Osteoblast Behaviour in Quartz Tubes

Figure 36: Nodule formation - phase contrast picture of live cells on Day 7 in a 700 um
diameter tube (tube length = 2.3 cm) [Original magnification = 10x].

Figure 37: Nodule formation - phase contrast picture of live cells spanning the tube
diameter (700pm) on Day 7 (tube length = 1.7 cm) [Original magnification = 10x].
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Figure 38: Tube (diameter = 220 um) full of cells and extracellular material at Day 18.
[Original magnification = 40x].

Osteocalcin staining

Cells and extracellular matrix in tubes stained positively for osteocalcin and were viewed
by confocal laser scanning microscopy. Second antibody and autofluorescent controls
were negative. Small globules along some cords of cells and particles lining the tube inner

wall stained heavily for osteocalcin (Figure 39 & 40).

Figure 39: Cord of cells in a tube with an inner diameter of 280 um fixed after 18 days in
culture. Confocal laser scanning image [Original magnification: 40x]. Note the globules that
formed along the cord and the highly stained particles along the inner wall of the tube (see
bottom of picture).
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Figure 40: Composite picture of osteocalcin staining of a cell cord (delineated by three
white arrows) spanning across a 700 um diameter tube. Cells were fixed at 12 days of
culture after 5 days of exposure to supplemented media. Confocal laser scanning image
[Original magnification: 40x].

Polarised light and quantitative analysis of unsupplemented cultures

The extracellular matrix production was enhanced by the tubular environment.
Examination under polarised light revealed that some nodule-like groups of cells contained
birefringent particles and regions (Figures 41 & 42). In 700 um diameter tubes, cells
formed nodules containing birefringent particles with an average area of 2.6 x 10° um?®

(Table 14 & 15).
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Figure 41: Photograph of nodule found in tube after 16 days of unsupplemented culture
under polarised light [Original magnification = 20x]. Note yellow birefringent material in
centre of nodule.
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Figure 42: Photograph of the same nodule in Figure 41 under polarised light and after 90°

of rotation [Original magnification = 20x]. Note blue birefringent material in centre of
nodule.

Tube Nodule Length SD Width SD
Length Number (1m) (tm)
(cm)
0.7 0 - - - -
0.7 7 121.63 62.01 69.30 25.56
2.0* 7 76.73 16.91 76.73 16.91
2.0% 7 100.98 32.38 87.12 12.91

Table 14: Nodule size and number in tubes with cells cultured in the absence of B-
glycerophosphate and ascorbic acid. Note “*” denotes tube with flared end approximately
1.5 mm wide. All nodules presented were found in 700 pm wide end.

Tube length (cm) Birefringent areas/ No. of nodules examined

3 4.5/6

Table 15: Polarised light analysis of tubes cultured in the absence of B-glycerophosphate
and ascorbic acid.
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Polarised light and quantitative analysis of supplemented cultures

The effect of tube length (diameter = constant) on nodule formation in terms of size and
number is clear upon comparison of tubes (no flared end) in Table 16. Tubes twice as
long had eight times as many nodules and an average nodule area almost three times greater.
Furthermore, an overall comparison of nodule area (nonparametric) between supplemented
and unsupplemented cultures reveals five times greater nodule area in supplemented
cultures (P < 0.0023). In terms of birefringent areas per nodules examined, there is not a
significant difference in number between supplemented and unsupplemented cultures
among tubes of similar dimensions (Table 15, Table 17). In terms of birefringent area per
nodule, however, some cells exposed to culture supplements had larger regions of

birefringence (Figure 44).

Figure 43: Nodule found in 700 pm diameter tube (length = 1.4 cm) after 12 days of
culture and exposure to polarised light (ascorbic acid and B-glycerophosphate added at Day
5) [Original magnification = 20x]
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Figure 44: Photograph of large nodule found after 12 days of culture (ascorbic acid and 8-
glycerophosphate added at Day 5). After exposure to polarised light, most of nodule
contained regions of birefringent material. Tube diameter = 700 pum, length = 1.5 cm.
[Original magnification = 10x]

Tube
Length Nodule Length SD Width SD
(cm) Number (um) (1um)
0.6 1 158.4 - 74.25 -
1.2 3 280.5 57.16 135.3 82.43
1.2 5 198 166.84 85.14 23.84
2.5* 12 124.58 58.87 95.7 31.68

Table 16: Nodule size and number in tubes with cells cultured in the presence of B-
glycerophosphate and ascorbic acid. Note “*” denotes tube with flared end approximately
1 mm wide. All nodules presented were found in 700 um wide end.
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Tube length (cm) Birefringent areas/ No. of nodules examined
1.5 1/3
1.4 3/3
1.4 4/7

Table 17: Polarised light analysis of tubes exposed to B-glycerophosphate and ascorbic
acid.

DISCUSSION

There are three mechanisms suggested in the literature by which surface topography may
influence the osteoblast response to surfaces (Brunetle, et al, 1992; Chehroudi, et al,
1997). It is hypothesised that control over cell polarily and shape could favour
ostcogenesis in vivo,  Secondly, a *bone-inductive microenvironment” created by
topography might promote bone formation. Tinally, certain swface topography may
favour the attachment of a particularly osteogenic cell population.

The behavioural differences of osteoblasts in tubes versus flat surfaces can be partially
explained by the cellular condensation/microenvironment mechanism proposed in several
papers by Chehroudi and Brunette (Brunette, et al, 1991; Chehroudi, et al, 1992; Qu, et al,
1996; Chehroudi, et al, 1997). These authors performed several studies to look at the
influence of pitted surfaces on bone formation. Brunette, et al, (1991) studied pits with
outer surface dimensions of 100 pm x 100 um with walls tapering to an angle of 557 to the
surface and an overall depth of 120 wm. Although they were unable to draw definite
conclusions, preliminary work suggested that smaller, mineralised nodules appeared more
frequently inside the pits. Chehroudi, et al, (1992), examined lacger pits with an outer

square with 270 um sides. The results of in vive experiments with implants placed in the
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parietal region of rats revealed mineralization on some pilled surfaces after 8 weeks
whereas no mineralization was observed next o smooth surfaces. In vifro experiments
revealed the presence of some large > 10 wm) globules on pitted surfaces. Only small (0.5
- 3 pm) globules were found on smooth culture surfaces. The authors concluded that the
environment created by the topography of their implants positively influenced bone
formation both iz vive and in vitro.

Qu, et al, (1996), looked at pits with dimensions of 175 pm x 175 pm tapered at 125° to
100 ptm in depth. The authors suggest that the restricted environment created by the pits
may enhance bone formation by establishing a localised region of cytokines and
exlracellular matrix factors, Chehroudi, et al, (1997) suggest that the geometry of their
pits, ranging from 3 to 120 um deep and tapered at an angle of 125 * (0 the surface, created
an environment of increased cell density with little diffusion of regulatory molccules and
limited proliferation. The constraint on growth felt by cells in high density environments
has been linked to differentiation of various cell types (Boyan, ct al, 1996). Thus, there is
evidence in the literature for the osteoinductive potential of a localised environment sinilar
to the one created inside tubcs.

Further support for a bone inductive microenvironment created by topography like pits
and cylinders in these experiments lies in the immunofluorescent results of osteocalcin.
Osteocalcin is a late differentiation marker, appears concomitantly with mineralization, and
has a role in mineral deposition and crystal growth (Robey, 1989; Gundberg, et al, 1984;
Aubin, et al, 1995). When cells in tubes were examined for osteocalcin using confocal
scanning laser microscopy, small globules lining the cords and tiny patticles lining the tube

interior stained heavily, and suggests that there is extracellular matrix production by these
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cells in the tubes. TJurthermore, given the fact that osteocalein binds strongly to
hydroxyapatite (Marks and Popoff, 1988), it seems to implies that the cells are producing

small particlcs of hydroxyapatite.

CONCLUSIONS

‘The microenvironment created by small quartz tubes in vitro, intluenced cell behaviour and
extracellular mattix production. Cells exhibited an overall higher rale of activity and
dynamic behaviour in all tube sizes examined. Tube diameter influenced whether cords or
nodules were more likely o form and a combination of tube length and diameter
determined the number of nodules that formed. Cells were able to form nodule-like
structures with some regions of birefringence without media supplements, and displayed
positively enhanced ECM production in supplemented cultures. This work examines for
the first time osteoblast behaviour in a three dimensional space and the direct effects of

varying that space.
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SUMMARY

Numerous analytical approaches were used to evaluate the behaviow and functional
changes of osteoblasts in response to well-defined regular rough (grooved) surfaces and
extended concave surfaces (tubes). TFor example, for the first time in this kind of
application, techniques like polarised light and atomic force microscopy were used to
asscss ostcoblast extracellular matrix production.  I'urthermore, scanning electron
microscopy allowed the close assessment of collagen orientation and matrix production,
and time lapse video cinemicrography offered the unique opporlunity to view firsthand the
dynamic response and matrix formation by osteoblasts in a three dimensional environment.
Thus, an array of techniques provided a new, more in depth look at osteoblast behaviour
and function.

Although more knowledge was gained through this work, improvements could be made
in a few areas and new experiments designed to learn more about the initial findings
presented here in this work. For example, the grooved fused silica surface could be sputter
coated with a thin (50 nm) layer of titanium to assess osteoblasts on a more adhesive and
implant-like surface. Furthermore, the quartz tube could be used to screen other factors
and modifications like fibronectin coatings, collagen matrices, growth factors or cytokines

like BMPs, on osteoblasts in a confined, three dimensional environment.
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In conclusion, this work demonstrated the ability of small, regular features and/or
spaces to influence osteoblast behavior, morphology, and ECM production. The
knowledge gained here could shed light on the parameters important in creating organised

tissue leading to a new generation of more successful implants and repair constructs in

dentistry and orthopaedics.
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