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SUMMARY

Biomaterials are widely used in medical practice to help maintain, improve or
restore diseased tissues or organs. The successful integration of biomaterials with host
tissue depends on substratum surface properties, as well as host tissue quality and its
regulatory environment. The overall goal of this dissertation is to incorporate these three
factors to achieve better biomaterial-host tissue interactions. Important surface
properties include surface topography, surface energy, chemical composition and
surface charge. We designed a new titanium (Ti) substratum with modified surface
chemical composition by preventing the contamination when in contact with the
atmosphere. The new Ti surface has lower carbon contamination and promotes
osteoblast differentiation phenotype. @ The osteogenic effect is synergistic with
micrometer and sub-micrometer scale surface structures. To further investigate the
effects of bone quality on peri-implant bone formation, we developed a novel mouse
femoral medullary bone formation model. This new model will facilitate research
evaluating the effects of biomaterial surface treatments in host animals with deficient
bone development, including genetically engineered mice. Finally, we studied sexual
dimorphism in the response of osteoblasts to systemic regulatory hormones 1a,25-
dihydroxyvitamin D3 and 17B-estradiol. The results showed intrinsic differences in male
and female osteoblasts with respect to their differentiation and their responses to
hormones, suggesting that host chromosomal sex should be considered in biomaterial
research.  Taken together, this research provides fundamental information on
biomaterial surface properties and the regulation of host tissue response, which are

important in guiding biomaterial design and evaluation.



CHAPTER 1. INTRODUCTION

Bone Structure and Osteoblast Isolation

Bone is one of the hardest tissues in human body. The rigid structure provides
mechanical support to frame the body, transfers force for locomotion and protects
internal organs. More importantly, the organic and inorganic components together serve
physiological functions to regulate homeostasis by maintaining constant calcium levels
and producing blood cells through hematopoiesis. Generally, bone is classified into two
types: cortical bone (or compact bone), a layered solid structure; and trabecular bone (or
cancellous bone), a bony lattice that has a spongy appearance. These two types of
bone differ in the spatial arrangement of cells, in the density of mineralized matrix and in
the distribution of blood vessels and marrow [2]. Microscopic analysis of compact bone
shows a hierarchical arrangement (Fig. 1-1). The basic structures of cortical bone are
osteons, which are composed of Haversian canals with surrounding concentric layers of
bone matrix (lamellae). These canals are interconnected with each other via

Volkmann’s canals that contain blood vessels, nerves and lymph vessels. Bone cells
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together with extracellular matrix containing collagen fibers and various growth factors,
constitute the organic components in bone tissue. Type | collagen is the main structural
protein in the bone extracellular matrix. The inorganic part of the matrix is crystalline
mineral salts and calcium, mostly present in the form of hydroxyapatite.

Bone is an active tissue constantly being remodeled throughout the life. The old
bone is removed by tissue-resorbing cells (osteoclasts) and replaced with new bone laid
by matrix-producing cells (osteoblasts). Osteoblasts are cuboidal in shape and located
at the bone surface to form a tight layer with their precursor cells. Osteoblast viability
and functionality highly depend on substratum anchorage and intercellular contacts. The
osteoblast lifespan ranges between 3 days in young rabbits to 8 weeks in humans [3].

The bone remodeling processes take place at discrete units throughout the bone
and last for about 90 days. This process allows the skeletal system to repair itself
without leaving a scar, to adjust its mass and morphology to outside mechanical and
chemical stimulation, and to mobilize mineral storage on metabolic demand. It is
initiated by osteoclasts eroding the mineralized surface and making resorption pits about
100 ym in diameter, followed by recruitment of osteoblasts to the outer edge of the
resorption cavity. The osteoblasts secret new bone matrix (osteoid) at a rate around 0.5
— 1.5 uym per day, which gradually fills in the resorption cavity [3]. Osteoblasts are
actively involved in mineralization of surrounding osteoid by secreting matrix vesicles
containing alkaline phosphatase, and ultimately become osteocytes when completely
embedded in hard bone matrix. Osteocytes remain in fluid-filled cavities within the
concentric lamellae, and connect to other similar cells and bone-lining cells (inactive
osteoblasts) through canaliculi, creating an extensive network of intercellular
communication [4].

As bone forming cells, osteoblasts or osteoblast-like cells are used as standards

for in vitro studies to evaluate bone responses to various biological, chemical or



electrophysical stimulations before any animal study is conducted. To acquire sufficient
cells, immortalized cell lines from rat (UMR-106, ROS 17/2.8, ROB-C26), mouse
(MC3T3-E1, C3H10T1/2) and human (Sa0S-2, MG63, HOS) are widely used [5, 6].
These cells are derived from stroma, bone or other mesenchymal/mesodermal tissues,
and retain many markers of the osteoblast phenotype [7]. For example, the well
characterized MG63 cell line is originally derived from a male human osteosarcoma and
represents a less differentiated stage of osteoblastic maturation. MG63 cells exhibit
increased alkaline phosphatase activity and osteocalcin levels in response to 1a,25
dihydroxyvitamin D3 [1a,25-(OH),D3] [8]. However, they do not mineralize the osteoid
they synthesize. Thus, MG63 cells are used to assess early differentiation events but
not terminal differentiation with respect to matrix calcification.

Although it is convenient to grow osteogenic sarcoma cell lines, the transformed
cells differ from normal bone cells in their functional activity, cell membrane receptors
and responses to biological regulators. To overcome this limitation, primary osteoblasts
from normal mouse, rat or human are isolated from fresh bone samples by using explant
or enzymatic methods. Generally, the bone fragments are first cut into small pieces to
increase the contact area with media or enzyme, and then washed extensively for the
removal of bone marrow cells, fibroblasts, blood cells and other contaminations. For the
explant method, the bone pieces are directly cultured in media to allow osteoblasts to
grow out from the bone explant. For the enzymatic method, bone pieces are treated
with sequential trypsin/collagenase to remove the bone matrix and release the
osteoblasts. The properties of isolated osteoblasts depend on the sample species, ages,
anatomical sites and the choice of methods [9]. Enzymatically isolated fetal calvarial
osteoblasts exhibit higher proliferative capacity and osteogenic potential [10]. For the
heavily mineralized bones of adult animals, explant methods with collagenase

pretreatment may result in the best osteoblast quantity and quality. To keep osteoblastic



characteristics in tissue culture conditions, primary cultures are usually treated with
osteogenic media containing B-glycerophosphate or glucocorticoids that stimulate the

osteoblastic phenotype.

Osteoblast Development and Differentiation

Osteoclasts are descendants of hematopoietic stem cells, while the osteoblasts
are derived from multipotent mesenchymal stem cells capable of differentiating into
fibroblast, osteoblast, chondrocyte and adipocyte lineages [7]. In bone, osteoprogenitor
cells from the surrounding connective tissue are recruited to the inner periosteum layer,
retaining proliferative capacity but expressing osteoblast specific proteins [11].
Osteoblast development is controlled by two genes, Cbfa1 and Indian hedgehog (Ihh)
through direct or indirect pathways [7]. The morphological and histological criteria of

osteoprogenitors and osteoblasts are reviewed by Aubin and others (Fig. 1-2) [7, 12].
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Figure 1-2. Osteoprogenitor differentiation (Adapted from [7]).

The approaches to identify osteoblast characteristics are through determining
specific enzyme activities or cellular products of osteoblasts, which are used as bone
formation markers. Alkaline phosphatases are expressed in bone, liver, kidney, intestine
and germ cells. The bone specific alkaline phosphatase anchors on the extracellular
surface of plasma membranes or matrix vesicles, and is involved with mineralization [13].
Mutations in conserved regions of the protein result in hypophosphatasia, defective
mineralization of bones and disorders of osteogenesis [14]. The enzyme cleaves

phosphate groups, thereby increasing local inorganic phosphate concentration, resulting



in calcium and phosphate deposition. Matrix vesicles, enriched in alkaline phosphatase,
are the centers for crystals to grow [15]. In vitro, proliferating osteoblasts produce low
levels of alkaline phosphatase. At confluence, the enzyme activity peaks at the initiation
stage of mineralization, and then diminishes (Fig. 1-2) [2, 7]. The main clinical methods
to detect bone-specific alkaline phosphatase include immunoassay, selective heat
inactivation and electrophoretic techniques. In osteoblast culture systems, which are not
contaminated by other types of cells, measurement of total alkaline phosphatase activity
represents early differentiation of osteoblasts.

Type | collagen is often used as bone formation marker because it constitutes
90% of the protein matrix in bone. Collagen is synthesized by osteoblasts in the
precursor form of pre-procollagen. The precursor molecules are characterized by the
intact C-terminal propeptide (PICP) and N-terminal propeptide of procollagen | (PINP),
both of which are considered quantitative indicators of newly formed type | collagen.

Osteocalcin (or bone y-carboxyglutamic acid protein, BGP) is a small protein
primarily synthesized by mature osteoblasts and is one of most abundant non-
collagenous proteins in the bone (20%) [16]. Osteocalcin is considered as the most
bone-specific protein [17], although odontoblasts and hypertrophic chondrocytes also
produce it. This 49-residue protein is characterized by the presence of three
carboxyglutamic residues, a calcium binding amino acid that results from carboxylation
of glutamate residues [18]. This reaction is catalyzed by vitamin K-dependent enzymes.
The carboxyglutamic residues reside in Ca?*-dependent a-helix and facilitates adsorption
of hydroxyapatite. = Osteocalcin deficient mice developed higher bone mass and
improved bone quality without impairing bone resorption, indicating that osteocalcin may
act via a negative feedback mechanism [19]. In vitro studies demonstrate that
osteocalcin is a marker of late osteoblast differentiation (Fig. 2) [2, 7, 20]. Osteocalcin

synthesis increases along with mineralization and remains high during progressive



osteoblastic differentiation while alkaline phosphatase activity decreases. Most of the
newly synthesized osteocalcin is immediately bound to the extracellular matrix, with only
a fraction being released into the culture media. Immunoassays are designed to
measure free osteocalcin in the media, the level of which is assumed to be proportional
to total synthesized osteocalcin.

Other non-collagenous proteins in bone matrix, such as osteonectin (20%), bone
sialoproteins (12%), proteoglycans (10%), osteopontin and bone morphogenetic proteins

(BMPs) [16], are also used to evaluate bone cell differentiation.

Regulation of Osteoblast Differentiation

Bone growth is regulated by co-ordinate expression of various growth factors,
cytokines and transcription factors. The major bone regulating factors include
1a,25(0OH),D3, parathyroid hormone (PTH), glucocorticoid, BMP, transforming growth
factor-B1 (TGF-B1), osteoprotegerin (OPG) and others. The mechanism of osteoblast
differentiation is a complicated network; and the effects of these regulators depend on
the relative maturation stage of osteogenic cells. For example, glucocorticoid simulates
osteoblast differentiation in vitro while inducing osteoporosis in vivo [21, 22]. It is also
reported that dexamethasone, one of the most efficient glucocorticoids, stimulates
maturation of osteoprogenitor cells into osteoblasts, while inhibiting expression of
collagen type | and osteocalcin in mature osteoblastic cells [7]. These complex effects
are explained by the facts that glucocorticoid enhances progenitor cell differentiation,
inhibits several molecules synthesized by the mature osteoblast and increases
osteoblast apoptosis.

TGF-B belongs to a superfamily of growth factors, including BMPs, that regulates
cell proliferation, differentiation and matrix protein production. There are five isoforms of

TGF-B (B1 - B5), among which TGF-1 is the most abundant form. TGF-B1 is stored in



the matrix through non-covalent binding with TGF-B binding protein. It has biphasic
effects on osteoblast development in vitro, recruiting osteoprogenitor cells to proliferate
providing a pool of early osteoblasts, while stimulating matrix production by more mature
cells [23]. TGF-B1 increases the steady-state rate of osteoblastic differentiation from
osteoprogenitor cell to terminally differentiated osteocyte and regulates bone remodeling,
structure and biomechanical properties [24, 25].

Osteoblast proliferation and differentiation are not only regulated by soluble
factors, but are also affected by various molecules that are deposited in the matrix
during development. These matrix molecules interact with osteoblasts through cellular
receptors and initiate signaling cascades that lead to cytoskeleton reorganization and
gene expression. These signaling pathways are synergistic with cell responses to other
growth factors. For example, it is found that collagen matrix synthesis is required for the
expression of osteoblast differentiation markers, such as osteocalcin [26]. The
interaction of type | collagen with its receptor integrin a1p1 and a2Bp1 regulates
osteoblast response to BMP at the upstream of early differentiation marker gene
expression [27]. Other matrix components, such as fibronectin or its cell-binding
domains, also play a complex regulatory role in osteoblast differentiation and bone

morphogenesis [28].

Orthopaedic Biomaterials

The five major categories of biomaterials are metals, ceramics, polymers, natural
materials and composites of these materials. The worldwide market for all biomaterials
exceeded $20 billion in 2000, including $9 billion for the U.S. market [29]. Among them,
metals, metallic alloys and metal composites are the most extensively used materials in
orthopaedic implants because of their tensile strength, stiffness, fracture toughness, and

fatigue resistance. The commonly used materials include Ti, stainless steels and cobalt



alloys.

Commercially pure Ti (cpTi) is widely used in orthopaedic and dental fields and
leads to predictable and satisfactory clinical outcomes. Over 300,000 hip/knee joint
implants and 100,000-300,000 dental implants are applied annually in the U.S. to restore
diseased tissue function [30]. A large amount of scientific research and technical
development has been devoted to Ti, which further intensifies the role of Ti as a model
substratum for studying biomaterial properties. Ti provides desired mechanical strength,
as well as corrosion resistance and biocompatibility because of its spontaneously formed
surface oxide layer.

The atomic structure of pure Ti under 882°C is a hexagonal close packed lattice
(a-titanium), and is transformed to a cubic face centered structure (B-titanium) at higher
temperatures. o+ alloys only exist in the presence of other additives as in Ti-6Al-4V
alloy, which exhibits higher tensile strength. Because higher tensile strength is usually in
company with lower ductility and impacts the fithess into the shape of bone surface, an
optimized tensile strength is desired rather than an extremely high strength. Due to the
crystal structure, cpTi has lower elastic modulus and higher flexibility than other metallic
biomaterials, preventing bone resorption seen with other stiffer metals due to stress

shielding phenomena [31].

Host Tissue-Biomaterial Interaction

Biocompatibility is defined as the ability of a material to support an appropriate
host response in a specific application [32], and is evaluated by a series of standards
including toxicity, carcinogenicity and local effects after implantation [33]. Biomaterials
that have low toxicity and initiate formation of a relatively acellular foreign body capsule
are generally accepted as biocompatible. The first stage of reaction to biomaterial

insertion is adsorption of organic and inorganic molecules. After implantation, the



biomaterial surfaces are immediately covered by the components from hematoma, which
initiate a coagulation cascade. The type and amount of adsorbed proteins keep
dynamically changing when the surface is in contact with biological solutions. In vitro
studies show that selective albumin, fibronectin, vitronectin, and other serum protein
adsorption depends on surface properties, such as surface chemical composition,
topography and surface energy [34-36]. It is often hypothesized that the protein type,
amount and orientation adsorbed on Ti surfaces determine cell adhesion and responses;
however, the relationship between in vitro cell adhesion and in vivo tissue response is
still uncertain. For example, surfaces coated with the adhesion peptide Arg-Gly-Asp
(RGD) significantly increase cell attachment, adhesion and spreading [37]; however,
reports of the effects of RGD on osteoblast differentiation and in vivo bone formation are
not consistent [38-41].

Bone healing following surgical implantation begins with an inflammatory process.
The first cells that actually come in contact with the implant are neutrophils and
macrophages. These cells approach the implant surface to remove bone debris
produced by the surgical operation. Bone may be formed extending from the implant by
two sources. The first is the migration of osteoblast progenitors toward the implant from
the endosteal surface of the surrounding bone bed; alternatively differentiated progenitor
cells may migrate from vasculature and marrow. In addition, osteoblasts at the surface
of the healing bone deposit osteoid as they approach implant surface. The speed of
bone formation extending away from the implant is approximately 30% faster than from
the surrounding bone bed to the implant, which may be related to the osteogenic
microenvironment created by the osteoblast on structured implant surfaces [30, 42].
Although most of the osteoblasts will not contact the implants directly, there is abundant
evidence indicating that surface morphology does play an important role through

autocrine, paracrine and endocrine signaling pathways. Mature peri-implant bone is
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established at four to six weeks. This process is enhanced by various growth factors
and cytokines, or disrupted by interfacial micro-motion.

Ti substrata exhibit a classical foreign body reaction in soft tissue characterized
by a thin, acellular and collagenous capsule. When implanted in bone, pure titanium
exhibits good healing without an obvious foreign body capsule or chronic inflammation.
Similar bone formation processes were also observed around corrosion resistant metals
such as zirconia and gold [43]. One hypothesis to explain the unique bone response to
these materials is that the collagen capsule around Ti serves as a nucleation template

for mineralization in the ionically rich environment in the bone [33].

Biomaterial Surface

Biomaterial surface properties are critical in cell-substratum interactions and
biocompatibility, through the regulation of water, ions, lipids and proteins adsorption that
further determine cell and tissue responses. The organization and reactivity of atoms
that make up the outermost surface of biomaterials are different from those of the bulk.
Therefore, the characterization and modification of surface are very important to improve
biocompatibility and reactivity of biomaterials.

The binding sites of the atoms at the outmost Ti surface are not filled, resulting in
more active properties compared to the atoms in the bulk. When in contact with
atmosphere, Ti surfaces spontaneously form an oxidation layer, consisting mainly of
TiO,. The passive oxidation layer ranges from 20 to 200 nm, depending on procedures,
aging time and sterilization methods. This reactivity also leads to other surface chemical
reactions such as atmospheric contamination [44]. The common contamination
molecules include hydrocarbons, carbon dioxide, silicones, thiols and iodine. Under the
clinical conditions that all biomedical devices are applied, surface contamination is

inevitable. However, it is important to make surfaces with consistent properties, to which
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the cell and tissue responses are reproducible and predictable.

Ti maintains a lower corrosion rate in biological media and protein solutions
compared to stainless steel or Ti alloy [45]. Ti atoms react with oxygen in the
environment immediately to form an oxide layer. Therefore, even under the consistent
fretting conditions as in micro-motion movement between the implant and host tissue,
the implant is still protected by the spontaneously formed oxide layer [31]. The relatively
high dielectric constant of the Ti oxide layer results in stronger van der Waals bonds on
Ti compared to other metal oxide layers, and contributes to its biocompatibility. [31].
Although stable, the Ti oxide layer still undergoes electrochemical changes in biological
environments, represented by thickening of the oxide layer, releasing of trace metals

and deposition of Ca, P and S from physiological solutions [30].

Surface Modification

Because of the significant impact of biomaterial surfaces on biological responses,
a wide variety of methods have been applied to modify implant surface properties to
achieve the desired tissue-implant integration. The three major approaches in changing
surface properties are physicochemical, biochemical and morphological methods [30].

Surface energy, surface charge and surface chemical composition are important
in regulating osteoblast differentiation and in vivo bone formation. Glow discharge
treatment and water storage of calcium phosphate coated implants accelerate
integration with bone [46], indicating appropriate sterilization and storage are required to
maintain intrinsically high surface energy implant [47].

Various chemical modifications of Ti surfaces have been investigated to achieve
better bone formation, including bioactive ceramic coatings, silane treatments,
protein/peptide coatings and others [33]. The immobilized proteins, enzymes or

peptides on surfaces induce specific cell and tissue response to control tissue implant
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interactions. The most widely used molecules on biomimic surfaces are cell attachment
ligands and peptides, including RGD [41], GFOGER [48], fibronectin motifs [49],
vitronectin and others or combinations . Other approaches include releasing growth
factors (TGF-B1) and enzymes (alkaline phosphatase) [30].

It is generally accepted that micrometer scale roughness enhances
osseointegration. More studies indicate that sub-micrometer scale textures regulate
osteoblast differentiation when combined with micrometer scale roughness [50]. There
are more investigations around nano scale structures, although a firm conclusion has not
yet been made [51]. Besides the roughness parameter, other surface structure features
are important. For instance, a microgrooved structure is important to provide contact
guidance for the osteoblast to form specific patterns. The in vitro and in vivo effects of

surface microtopography will be discussed in the next section in detail.

In Vitro Osteoblast Response to Ti Surface Morphology

Osteoblast responses to biomaterials, including attachment, proliferation,
extracellular matrix synthesis and differentiation, are sensitive to surface
microtopography [52]. On microrough structured Ti surfaces, osteoblasts exhibit a more
differentiated phenotype. With the advantage of rapid growth, the human osteosarcoma
cell line MG63 has been widely used to study the effects of surface roughness.
Attachment is reduced on rough surfaces compared to tissue culture plastic or smooth Ti
surfaces. When MGG63 cells are cultured on smooth Ti surfaces, they display a flattened
morphology, while on rougher surfaces with average center line height (R,) of 4-7um,
they display a more cuboidal morphology characterized by prominent cytoplasmic
extensions [53]. MG63 cells exhibit decreased cell number and [*H]-thymidine
incorporation when grown on rough Ti surfaces, indicating reduced proliferation rate. In

contrast, those cells show increased markers of osteoblastic differentiation. The cells
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exhibit increased alkaline phosphatase activity and osteocalcin, as well as bone
regulatory factors including osteoprotegerin (OPG), prostaglandin E, (PGE;) and TGF-
B1 when they were grown on rough Ti surfaces [53, 54]. Moreover, osteoblast
differentiation marker expression and local factor production are modulated by the
vitamin D metabolite 1a,25(0OH),D; in a synergistic manner with surface
microtopography [55].

To overcome the consideration that MG63 cells are a transformed cell line and
may not respond to surface microstructure in the same way as normal osteoblasts, fetal
rat calvarial cells (FRC) and normal human osteoblasts (NHOst) were also examined on
same Ti substrata and showed a similar response to the surface morphology as MG63
cells did, indicating that MG63 represents general osteoblast properties in response to
surface structure. The NHOst cells demonstrated a more mature phenotype on rougher
surfaces with increased levels of osteocalcin, PGE;, and TGF-31. However, in contrast
to MG63 cells, alkaline phosphatase activity decreased with increasing surface
roughness [56]. The difference in alkaline phosphatase activity between MG63 cells and
NHOst cells in these two studies may reflect the fact that alkaline phosphatase is an
early marker of osteoblast differentiation. Activity of this enzyme increases before
mineralization and then decreases. The relatively immature MG63 cells may have been
at a different state of osteoblastic maturation than the NHOst cells, such that at the time
of assay MG63 cell activity was on its way up whereas NHOst cell activity had already
peaked and was in its way down [56]. This hypothesis is supported by studies using
other cell culture models [57].

Previous reports showed that mature osteoblast-like cells and osteocyte-like cells
also respond to surface microtopography [58]. As the surface becomes rougher, all the
cells exhibit more differentiated phenotype with decreased cell proliferation, and

increased osteocalcin, PGE; and TGF-B1. FRC cells, which are also in the early stage
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of osteoblastic linage like MG63 cellss, exhibit increased alkaline phosphatase activity;
OCT-1 cells, a more differentiated osteoblast-like cell line, respond with decreased
alkaline phosphatase activity; and the terminally differentiated MLO-Y4 cells exhibit no
change in alkaline phosphatase activity. The effect of surface roughness was also
examined using rat costochondral cartilage cells [57]. Resting zone cells, which are less
mature in terms of endochondral differentiation than growth zone cells, respond to
surface roughness like the MG63 cells. However, growth zone chondrocytes exhibited a
different response with respect to alkaline phosphatase and collagenase-digestible
protein production. These observations indicate that response of cells to surface
roughness is dependent on cell maturation state.

The response of osteoblast-like cells to circulating hormones is also affected by
surface roughness. Treatment of to MG63 and FRC cells with 1a,25(0OH),D; caused a
synergistic increase in alkaline phosphatase specific activity, osteocalcin levels and local
factor levels on rougher Ti surfaces [58]. In contrast, 10,25(0OH),D; did not affect
proliferation and alkaline phosphatase activity in more mature cells (OCT-1 and MLO-Y4
cells), but it increased osteocalcin levels. The results indicate that the surface roughness
promotes osteogenic differentiation of less mature cells and enhances their
responsiveness to 1a,25(0OH).Ds;. Osteoblast response to implant surface morphology is
also modulated by estradiol [56]. On smooth surfaces, estradiol affected only alkaline
phosphatase in female NHOst cells, but on rough surfaces, estradiol increased levels of
osteocalcin, TGF-31 and PGE..

The local factors released by osteoblast are important in regulating both bone
formation and bone resorption. PGE, modulates normal osteoblast differentiation in a
concentration dependent manner. At low concentrations, PGE, stimulates alkaline
phosphatase activity and osteocalcin production; however, PGE, inhibits osteoblast

function and stimulates osteoclastic activity at high concentrations [59]. The increased
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level of PGE, on microrough surfaces appears to be required for osteoblast
differentiation, because inhibition of prostaglandin expression inhibits osteoblast
phenotypic expression on rough surfaces [60]. Most of TGF-B1 is stored with the
extracellular matrix in latent form through association with TGF-B1-binding protein-1. In
bone remodeling, osteoclasts resorb bone mineral by decreasing local pH, resulting in
activation of latent TGF-B1 [61]. The increase in local concentration of active TGF-1
causes an inhibition of bone resorption and contributes to bone formation by enhancing
production of extracellular matrix, especially type | collagen [62]. OPG is a decoy
receptor that binds to RANK ligand, resulting in inhibition of osteoclast maturation [63].
The increased expression of OPG by osteoblasts on microrough surfaces indicates that
surface roughness is also important in regulating osteoclast activity [54].

Surface roughness also modulates the cell response to other local or systemic
factors including BMP, estradiol and shear force. Ong et al. reported that when
osteoblast progenitor 2T9 cells were plated on polished and 600 grit Ti surfaces, BMP-2
prolonged alkaline phosphatase specific activity and caused more rapid osteocalcin
production on 600 grit Ti surfaces [64]. Estradiol synergistically increases PGE, and
TGF-B1 in osteoblast cultures on rough surfaces [56]. Shear force did not affect cell
proliferation and differentiation on smooth surfaces but caused reversal of the increase
in osteoblast differentiation seen in cultures on rough surfaces [65].

To understand the effects of specific surface structure features, electrochemical
micromachining (EMM) was used to produce Ti surfaces with controlled size and
placement of micrometer scale cavities [66]. The 100 um diameter cavities produced by
EMM are comparable to the sizes of osteoclast resorption pits, which is critical in bone
development and bone remodeling. The results showed that 100 uym cavities favored
osteoblast attachment and growth and PGE, production. When MGG63 cells were

cultured on bone wafers with osteoclast resorption pits, they exhibit increased
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differentiation. This effect is due to specific resorption cavities instead of
demineralization, because general demineralization induced by tetracycline had much
less effect on osteoblast-like cells [67]. The addition of the sub-micrometer scale etch

enhanced differentiation and TGF-B1 production [50].

Mechanisms Mediating Osteoblast Response to Surface Topology

The osteoblasts must first attach to the surface before they produce and
mineralize their extracellular matrix. The number of osteoblasts that actually adhere to
the Ti surface appears to be less than that on a tissue culture plastic surface [68]. The
cell morphologies on Ti surfaces depend on surface roughness. The cells cultured on
rough Ti surfaces appear to attach to the surface through multiple cytoplasmic
extensions and show a cubical morphology typical of differentiated osteoblasts. The
results indicate that the cytoskeleton in the cells cultured on rough surface is rearranged
and may have important consequences downstream.

Integrins are important membrane receptors that mediate cell attachment and
adhesion to the extracellular matrix and regulate the arrangement of the cytoskeleton,
followed by cell function. Integrins are heterodimers that are composed of a and
subunits. The major integrins expressed by osteoblasts are a2B1, a5B1 and avf3,
whose main binding ligands are type | collagen, fibronectin and vitronectin, respectively.
Other integrin subunits, including a1, a3, a4, a6 and B5, are also found in osteoblasts,
but the results are not consistent [38]. The differences depend on cell source,
development stages, culture system and detection antibodies. The activation of integrin
initiates a cascade signaling pathway, resulting in changes of cytoskeleton arrangement,
cell morphology, migration, proliferation, and differentiation. Focal adhesion kinase
(FAK), protein kinase C (PKC), and phosphalipase C (PLC) are the main enzymes that

mediate the integrin signaling pathway [69]. Recent studies indicate that the expression
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of integrin is regulated by surface roughness, and integrins are actively involved in
surface dependent cell behavior. For example, surface roughness induced BMP
production by macrophages is mediated through integrin 81 [70]. Integrin a2 and 1
expression is higher on microrough Ti than smooth surfaces; however, a5, av and 3
levels are not affected by rough Ti surfaces [71].

Prostaglandins may also mediate the initial response of MG63 cells to Ti
surfaces [72]. Indomethacin, a general cyclooxygenase (Cox) inhibitor that blocks
prostaglandin production, inhibits the response of non-confluent MG63 cells to surface
roughness, and the effect vanishes when cells reach confluence. In further studies, both
constitutive Cox-1 and inducible Cox-2 were found to be involved in mediating the cell
response to surfaces [73]. The results indicate that both forms of the enzymes are

involved and cell response to prostaglandins is complex.

In Vivo Bone Formation in Response to Surface Structure

The osteoblast response to implants in vivo is more complicated than the in vitro
response. Previous studies showed that when Ti was implanted into marrow ablated rat
tibia, matrix vesicle production was increased [74]. Interestingly, similar effects were
also observed in the contralateral limb, suggesting there is a material specific effect both
locally and systematically [75]. The cells may interact either directly with the surface,
releasing bioactive factors that act both locally and systemically, or indirectly with the
surface by responding to factors released by cells at the bone-implant interface.

Over 400 hundred original animal studies have be performed to investigate the
effects of implant surface roughness on bone response and implant fixation [76]. Due to
differences in surface preparations, animal models and surgical techniques, the results
of bone-to-implant contact in response to substrata structure were inconsistent. Meta-

analyses with stricter inclusion criteria compare the studies with similar experimental
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design and provide accurate data analyses. Shalabi et al. has systemically reviewed 16
studies that provided surface roughness parameters, histomorphological quantification
and biomechanical tests with healing period of at least 3 months [76]. The results are
summarized in Table |. Six of 16 studies reported significantly increased bone-to-
implant percentage around implants with rougher surfaces. Among the other 10 studies
that failed to show statistical differences, nine of them showed a positive relation and
one had negative results. Push-out and removal torque tests are the two techniques
used to evaluate biomechanical strength of osseointegration. Totally, six papers
reported significantly higher mechanical force around implant with rougher surfaces.

The other studies reported no statistical difference.

Table 1-1 In vivo analyses of relation between surface roughness and bone formation.
Data summarized from Shalabi et al.’s paper [75].

Positive relation Positive relation Negative result
with without without
statistical difference statistical difference statistical difference

Bone-to-implant

6 9 1
contact
Push-out force 3 2
Removal torque 3 2 4

There is no consensus yet on the optimized surface roughness for bone implant.
Albrektsson and Wennerbergy suggested that moderately rough surfaces with center
line average height (S, or R,) of 1-2 ym promote stronger bone responses than either
smoother or rougher surfaces [77]. Others reported a positive effect of surface
roughness on bone formation up to roughness of 8.5 um [76]. The differences are not

only caused by measurement techniques, but also related to general integral design of
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implant macrostructure.

Evaluation of clinical data showed that both smooth and rough surfaces achieved
predictable high success rates in dental applications. In subgroups of patients with
specific indications, implants with rough surfaces had significantly higher success rates
than smooth surfaces [78]. The traditional practice of dental implant placement requires
4 to 6-month pre-loading period to allow uneventful wound healing. The rationale of this
approach is to prevent micro-movement caused by functional force, to allow the wound
healing process to occurr without disturbance, and to promote osseointegration around
the implants. A prospective, randomized multi-center clinical study compared 247 dual
acid-etched and 185 machined surfaced dental implants and found that the pre-loading
integration success rate of dual acid etched implants (95.0%) was statistically higher
than machined-surfaced implants (86.7%) [79]. With the application of rough surfaced

dental implants, the pre-clinical loading period decreases to less than 3 months.

Objective

The overall goal of this thesis is to understand how surface microtopography and
surface chemical composition or surface energy interact to elicit a synergistic osteogenic
response, and to explore whether there is the sexual dimorphism in the response of
primary osteoblasts to bone regulating hormones. To address this problem, we first a
developed modified Ti surface with increased hydrophilicity by preventing contact with
atmosphere via production in nitrogen environment and storage in physiological
solutions. MGG63 cells respond to the modified surface with decreased cell number and
enhanced differentiation. The increased osteoblast differentiation is synergistic with
respect to surface microtopography and surface hydrophilicity. The effects of surface
hydrophilicity also require the presence of both surface micrometer scale and sub-

micrometer scale structures. We also developed a novel mouse femur medullary bone
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formation model. New bone formation was observed around the inserted Ti implant. To
explore the intrinsic differences in male and female osteoblasts and their responses to
systemic hormones, effects of 173-estradiol and 1,25(0OH),D; were examined on primary
rat osteoblasts. Results showed that male osteoblasts have higher alkaline
phosphatase and osteocalcin, and male osteoblasts respond to 1,25(OH),Ds in a surface
dependent way. Female osteoblast differentiation is regulated by 17p-estradiol and this
effect is mediated through a membrane associated signaling pathway. This study is
significant because it will provide fundamental information on biomaterial surface
properties in regulating host tissue response. The results will be important in guiding
biomaterial design and evaluation. The results will also add to our knowledge of the
mechanisms that modulate cell responses to their substrata that will improve the use of

biomaterials in sites where host bone is compromised.
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CHAPTER 2. HIGH SURFACE ENERGY ENHANCES CELL RESPONSE TO

TITANIUM SUBSTRATUM MICROSTRUCTURE

Introduction

Titanium (Ti) is widely used clinically as an implant material, and the properties of
the Ti surface are important variables in implant design. Upon implantation, the implant
surface is conditioned by proteins, ions, sugars, and lipids present in the blood and
tissue fluids. Important surface properties affecting this process include topography,
chemistry, surface charge and hydrophilicity. Studies comparing the effects of surface
properties on peri-implant bone formation show that they can modulate tissue response.
For example, titanium implants with greater roughness enhance bone-to-implant contact
[1-3] and increase removal torque forces [4-6].

To understand the specific contributions of surface design features, investigators
have used a variety of cell culture models. These studies have shown that surface-
dependent adsorption can modulate cell response. Differences in surface topography,
including roughness and texture, affect adsorption of fibronectin and albumin in vitro [7-
9], influencing cell attachment and adhesion [10-12]. Proliferation and differentiation of
osteoblastic cells have been shown to be sensitive to surface microarchitecture [13].
When osteoblast-like osteosarcoma MG63 cells or normal human osteoblasts (NHOst
cells) are grown on titanium surfaces with different microtopographies, cell number is
reduced and differentiation, represented by osteocalcin production, is increased on
microrough surfaces [14, 15]. On rough Ti surfaces, osteoblasts also generate an
osteogenic microenvironment to regulate bone remodeling through autocrine and
paracrine pathways [16]. MG63 cells on rough surfaces secrete more prostaglandin E;
(PGE;) and transforming growth factor-B1 (TGF-B1) to promote osteoblastic activity [17],

and produce osteoprotegerin to decrease osteoclast formation and activity [18]. The
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effects of 17B-estradiol and 1a,25(0OH),D3; on differentiation and local factor levels are
increased in a synergistic manner on microrough surfaces [15, 19].

In the studies above, numerous additive and subtractive surface modification
techniques have been applied to alter the surface topography of Ti implants. We used Ti
surfaces with a complex microtopography as the model substrata for the present study.
These surfaces were prepared by sand blasting and acid etching (SLA) of chemically
polished (PT) Ti disks [14]. In vitro studies indicate that the osteogenic effect of the SLA
surface is due to its micrometer-scale and sub-micrometer scale structure [20], which is
similar to osteoclast resorption pits on bone wafers [21].

Because surface analysis indicated SLA and PT were comparable, the effects of
SLA on enhanced bone response were attributed to surface texture rather than to their
specific surface composition [22]. However, surface energy can also be affected by
roughness [23, 24]. Higher surface energy has been hypothesized to be desirable for
bone implants because increased wettability enhances interaction between the implant
surface and the biologic environment [25]. Cell spreading increases on substratum with
higher surface energy in both the presence and absence of serum proteins [26]. The
cell layer appears to be increased around hydrophilic Ti implants, attributed to the tightly
adhered conditioning film [27]. Surface hydrophilicity is another factor that determines
biocompatibility of biomaterials and is largely dependent on surface energy [28, 29].
When implants with increased hydrophilicity are implanted in bone, the rate and extent of
bone formation are increased [30]. This suggests that surface energy modulates bone
cell maturation and differentiation.

Theoretically, pure Ti surfaces exhibit high surface energy due to the oxide layer
that grows spontaneously at the room temperature [31, 32]. The oxide surface is
hydrophilic, binding structural water and forming -OH and -O? groups in its outermost

layer. Oxide surfaces are known to spontaneously nucleate calcium phosphate layers
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(apatite) when in contact with physiologically-related fluid solutions [33-35]. A surface
film made of a complex of phosphate, titanium and calcium and containing hydroxyl
groups and hydrates, is formed when the specimen is immersed in an electrolytic
solution. Both the amount of hydroxyl groups and negative charge of Ti surfaces are
important for hydroxyapatite formation, and may enhance osseointegration.

However, surfaces with high energy also adsorb inorganic anions or organic
hydrocarbon contaminants from the atmosphere within seconds to one minute, resulting
in altered surface chemical composition and decreased hydrophilicity [36-38]. Moreover,
cleaning processes such as alcohol treatment [39, 40] and autoclave sterilization [41, 42]
will further increase hydrophobicity. As a result, existing Ti surfaces tend to have low
surface energy and are very hydrophobic [43-45]. The enhanced hydrophobicity of
microrough Ti surfaces compared to smooth Ti surfaces might be induced by roughness
and topographical surface characteristics [24].

Studies using self assembled monolayers have modified surface chemistry to
regulate osteoblast differentiation by changing surface charge [46]. These experiments,
while interesting, have not addressed surface microarchitecture, nor have they assessed
whether the hydrophilic properties of uncontaminated TiO, would be similar. To
overcome this deficiency, we took advantage of a novel methodology for producing Ti
substrata with identical microstructure to the SLA substrata, but with increased surface
energy. Continuous submersion of modified SLA (modSLA, also referred as SLActive®)
surfaces in isotonic solution appears to protect the modSLA surface from contamination
with hydrocarbons and carbonates naturally occurring in the atmosphere, thus producing
a chemically clean and reactive surface. The resulting hydroxylated/hydrated modSLA
surface was shown to have an initial advancing water contact angle of 0°, indicating its
immediate wettability and extreme hydrophilic character. This result is consistent with

the general understanding that the perfectly clean Ti surface with unsaturated chemical
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bonds represents a higher energy state and thus exhibits more hydrophilic properties
than contaminated surfaces [38]. Our results, described below, indicate that osteoblast-
like cells grown on modSLA surfaces exhibit a more differentiated phenotype and
produce higher levels of local factors. Moreover, these surface effects were synergistic

with the effects of the osteotropic hormone, 1a,25-dihydroxyvitamin D3 [1a,25(0OH),Ds].

Materials and Methods

Preparation and Characterization of Ti Disks

Ti disks were prepared from 1 mm thick sheets of grade 2 unalloyed Ti (ASTM
F67 “Unalloyed titanium for surgical implant applications”) and supplied by Institut
Straumann AG (Walderburg, Switzerland). The disks were punched to be 15 mm in
diameter so as to fit into the well of a 24-well tissue culture plate. Disks were degreased
by washing in acetone, processing through 2% ammonium fluoride / 2% hydrofluoric
acid / 10% nitric acid solution at 55°C for 30 s to produce pretreatment Ti disks (PT). To
produce SLA surfaces, PT disks were further coarse grit-blasted with 0.25-0.50 mm
corundum grit at 5 bar until the surface became a uniform gray, followed by acid etching
as described previously [14]. After preparation, PT and SLA disks were rinsed in
deionized water and dried under nitrogen. Prior to cell culture, the disks were sterilized
by steam autoclaving at 121°C for 15 min. ModSLA surfaces were produced with same
sandblasting and acid-etching procedure as SLA surfaces. The modSLA surfaces were
rinsed under nitrogen protection to prevent exposure to air, and then stored in a sealed
glass tube containing isotonic NaCl solution. These sealed disks were sterilized by
gamma irradiation at 25 kGy over night.

Surface topography was qualitatively examined using scanning electron
microscopy (SEM) and quantitatively measured by confocal three dimensional (3D)

white light microscopy (ySurf, NanoFocus AG, Oberhausen, Germany) to calculate
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three-dimensional roughness parameters (S,, Sq, S; and Si). Water contact angles of
each surface type were tensiometrically determined by dynamic contact angle analysis
(DCA) (Tensiometer Sigma 70, KSV Instruments Ltd., Helsinki, Finland) after being dried
under nitrogen. DCA has been previously described in detail [24, 47]. The chemical
composition of the surfaces was examined by X-ray photoelectron spectroscopy (XPS,
VG/SSI 2803 S-Probe, Kratos Analytical Ltd., Hofheim, Germany).

Cell Culture

MG63 osteoblast-like osteosarcoma cells were obtained from the American Type
Culture Collection (Rockville, MD). The cells were cultured in Dulbecco’s modified Eagle
medium (DMEM) containing 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin at 37°C in an atmosphere of 5% CO, and 100% humidity. Cells
were plated at the same density of 10,000 cells/cm? tissue culture plastic for all surfaces.
Media were exchanged at 24 hours and then every 48 hours until the cells reached
confluence on plastic. At confluence, the media were replaced with experimental media
containing vehicle or 1a,25(0H),D; at 10° and 10 M.

Analysis of Cell Response

Cell morphology on the test surfaces was examined by scanning electron
microscopy (Hitachi S800 FEG, Pleasanton, CA). 7 days after plating, cells were fixed
with 1% osmium tetroxide, dehydrated in a sequential series using tert-butyl alcohol, and
then coated with gold. Cell number was determined in all cultures 24 hours after cells on
tissue culture plastic reached confluence. Cells were released from the surfaces by two
sequential incubations in 0.25% trypsin for 10 min at 37°C, in order to assure that any
remaining cells were removed from rough Ti surfaces, and counted using an automatic
cell counter (Z1 cell and particle counter, Beckman Coulter, Fullerton, CA). To measure
alkaline phosphatase specific activity [orthophosphoric monoester phosphohydrolase,

alkaline; E.C. 3.1.3.1], cell layers were collected by scraping off confluent cells and
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extracellular matrix using micropipette tips; and cellular samples were centrifuged from
cell counting vials. Enzyme activity was assayed by measuring the release of p-
nitrophenol from p-nitrophenylphosphate at pH 10.2 and results were normalized to
protein [48]. Osteocalcin levels in the conditioned media were measured using a
commercially available radioimmunoassay kit (Human Osteocalcin RIA Kit, Biomedical
Technologies, Stoughton, MA) as described previously [19]. PGE, was assessed using
a commercially available competitive binding radioimmunoassay kit (NEKO20A
Prostaglandin E, RIA kit, Perkin Elmer, Wellesley, MA) [17]. Active TGF-f1 was
measured prior to acidification of the conditioned media, using an enzyme-linked
immunoassay (ELISA) kit specific for human TGF-1 (G7591 TGF-B1 Enax
Immunoassay System, Promega Corp., Mandison, WI) (17). Total TGF-f1 was
measured after acidifying the media and latent TGF-f1 was defined as total TGF-p1
minus active TGF-f31.

Statistical Analysis

The data presented here are from one of two separate experiments. Both
experiments yielded comparable observations. For any given experiment, each data
point represents the mean * standard error of six individual cultures. Data were first
analyzed by analysis of variance; when statistical differences were detected, the
Student’s t-test for multiple comparisons using Bonferroni’s modification was used. P-

values < 0.05 were considered to be significant.

Results

Surface Characterization

DCA measurements indicated that PT and SLA have hydrophobic surfaces, with

average advancing water contact angles of 96°+4° and 138°+4° respectively. In contrast,
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modSLA surface indicated a water contact angle of 0°, which represented an extremely
hydrophilic surface.

The complex microstructure of the SLA surface results from the large grit
sandblasting process, which produces cavities with an average diameter of 20 to 40 um,
and the acid etch, which produces micropits approximately 0.5-3 ym in diameter [49].
Scanning electron microscopy of the SLA and modSLA surfaces indicated no
morphological differences between the two surfaces as a result of storage method
(Figure 2-1A,B). Quantitative measurements of surface roughness performed using
confocal 3D white light microscopy showed no differences for any of the calculated 3D
roughness parameters (S,, Sq, St and Si) (Table 2-1) between SLA and modSLA
surfaces. On PT surfaces, all 3D parameters were less than 50% of those on SLA and
modSLA surfaces, indicating that PT was much smoother than microstructured Ti
surfaces. The results are proved by SEM image of PT surface (Figure 2-1E).

X-ray photoelectron spectroscopy (XPS) indicated signals of Ti, C and O and
traces of N on all SLA, modSLA and PT surfaces. The oxide layer consisted mostly of
TiO, and suboxides TiO and Ti,O5 at the metal/oxide interface of all surfaces. ModSLA
surface had higher O and Ti surface concentrations (60.1% and 23%, respectively) in
comparison with SLA (50.2% and 14.3%, respectively), and less C (14.9%) than SLA
(34.2%), indicating less adsorption of CO, and other organic molecules from the
atmosphere (Table 2-2). Processing under N, protection and storage in sealed
containers, thereby insulating modSLA surfaces from the ambient environment explains
many of these differences. Taken together, these data showed that novel production
protocol increased Ti surface energy without altering surface topography.

Cell Response

When MG63 cells were grown on tissue culture plastic or PT surfaces, they

formed a continuous monolayer and individual cells were flat in appearance. On SLA or
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Figure 2-1. Morphology of MG63 osteoblast-like cells cultured on SLA and modSLA
surfaces. (A) SLA surface. (B) modSLA surface. (C) MG63 cells on SLA. (D) MG63
cells on modSLA. (E) PT surface.
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Table 2-1. Characterization of surface roughness. Surface roughness was measured
by confocal 3-D white light microscope and parameters were calculated with the use of a
Gaussian filter with a cut-off wavelength of 31um. S,, arithmetic mean deviation of the
surface; S4, root-mean-square deviation of the surface; S;, maximum peak-to-valley
height of the surface; Si, amplitude distribution skew. Values are means + SEM of 10
independent cultures. *p<0.05, v. SLA and modSLA;

Pa'f:;gg:e(ssm) SLA ModSLA PT
S, 12004 12+0.03 06%01°
S, 1.5+0.05 1.5+0.03 0.7 £0.1*
S 79+05 78+0.3 3.9+0.6"
Sk 4523 4622 1.8+0.5

Table 2-2. Characterization of surface chemical composition. Surface chemical
composition was measured by X-ray photoelectron spectroscopy. Values are means +
SEM of 10 independent cultures. *p<0.05, v. SLA and modSLA; 'p<0.05, v. SLA;
*p<0.05 v. mod SLA.

Corggigis;:\y(o/o) SLA modSLA PT
) 50226 60.1£0.77 4762120
Ti 143+ 1.4 23.0+1.11 17.9+1.0*
N 13+03 0.7 £0.21 12+04
C 342420 14.9+0.9" 29.2 + 1.5*
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Figure 2-2. Effect of surface microstructure and surface energy on differentiation of
MG63 osteoblast-like cells regulated by 1a,25(0OH),D;. MG63 cells were cultured on
tissue culture plastic (plastic), chemically polished Ti (PT), grit blasted and acid etched Ti
(SLA), and modified SLA (modSLA) surfaces. 1a,25(0OH),D; (10® and 10 M) or vehicle
(Control) were added at confluence and cells were incubated for an additional 24 hours.
(A) Cell number was determined 24-hours after cells reached confluence on plastic
surfaces. (B) Osteocalcin levels were measured in conditioned media of confluent
cultures. (C) Alkaline phosphatase specific activity was measured in cell layer lysates.
(D) Alkaline phosphatase specific activity was measured only in isolated cells. Values
are means + SEM of six independent cultures. Data are from one of two separate
experiments, both with comparable results. Data were analyzed by ANOVA and
significant differences between groups determined using the Bonferroni’s modification of
Student’s t-test. *p<0.05, Ti surfaces v. plastic; #p<0.05, 1a,25(0OH),D; treatment v.
control; p<0.05, 10®M 1a,25(0OH),D5 v. 10° M 1a,25(0H),D5; $p<0.05, modSLA v. SLA
surface.
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Figure 2-3. Effect of surface microstructure and surface energy on local factor levels of
MG63 osteoblast-like cells regulated by 1a,25(0OH),D;. MG63 cells were cultured on
tissue culture plastic (plastic), chemically polished Ti (PT), grit blasted and acid etched Ti
(SLA), and modified SLA (modSLA) surfaces. 1a,25(0OH),D; (10® and 10 M) or vehicle
(Control) were added at confluence and cells were incubated for an additional 24 hours.
(A) PGE; contents of the conditioned media were determined by RIA. Active TGF-31 (B)
and latent TGF-B1 (C) in the conditioned media were measured using an ELISA Kkit.
Values are means + SEM of six independent cultures. Data are from one of two
separate experiments, both with comparable results. Data were analyzed by ANOVA
and significant differences between groups determined using the Bonferroni’s
modification of Student’s t-test. *p<0.05, Ti surfaces v. plastic; #p<0.05, 1a,25(0H),D3
treatment v. control; ep<0.05, 10® M 1a,25(0H),Ds v. 10° M 1a,25(0OH),D3; $p<0.05,
modSLA v. SLA surface.
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modSLA surfaces, they exhibited cuboidal and elongated morphology and cells
appeared grow preferentially into the cavities on the surfaces created by sandblasting,
forming attachments in the micropits (Fig 2-1C,D). No significant morphological
difference was observed between cells grown on SLA or modSLA.

Cell numbers on SLA and modSLA were lower than those on tissue culture
plastic or the smooth PT surface and the number of cells on modSLA was 30% less than
on SLA (Fig 2-2A). 1a,25(0OH),D; decreased cell number on smooth surfaces in a dose-
dependent manner, significant at 10° M. The inhibitory effect of 1a,25(0OH),D; was only
evident at 10® M in cultures grown on SLA and no effect was seen on modSLA.

Increased alkaline phosphatase activity is an early marker of osteoblast
differentiation that peaks just before matrix mineralization begins. Activity in cell layer
lysates was increased on rough Ti surfaces compared to plastic and PT surfaces, as
noted previously [14]. When cells were cultured on modSLA, alkaline phosphatase
increased more then 100% over that in cultures grown on SLA (Fig 2-2C). 1a,25(0OH),D;
increased enzyme activity in a dose-dependent manner on all surfaces, and on modSLA,
the effect of the hormone was synergistic with the effect of the surface. Enzyme activity
in lysates of isolated cells was higher on SLA and modSLA compared to plastic and PT
surfaces, indicating that it was sensitive to surface microtopography, but no difference in
activity was observed as a function of SLA surface energy (Fig 2-2D). Moreover,
1a,25(0OH),D; increased activity on all surfaces to a comparable extent.

Surface energy and 1a,25(0OH),D; treatment also synergistically increased
osteocalcin, a late osteoblast differentiation marker (Fig 2-2B). Osteocalcin levels in the
conditioned media of control cultures grown on modSLA surfaces were 40% higher than
on SLA surfaces. When treated with 10% M 1a,25(0OH),D3, osteocalcin increased 170%

on modSLA compared to 100% increase on SLA.
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Local factor production was affected as well. In cultures on modSLA, PGE;
levels in the conditioned media were increased more than 10-fold over those seen in
cultures grown on SLA (Fig 2-3A). Treatment with 1a,25(OH),D; further increased PGE,
levels in a synergistic manner.

When MG63 cells were cultured on SLA, we observed an increase in TGF-31 in
the conditioned media as well as in the matrix [50], but we did not discriminate between
active and latent growth factor. The present study showed that the amount of active
TGF-B1 is specifically increased in the media of cells grown on SLA (Fig 2-3B).
Moreover, on modSLA surfaces, active TGF-B1 levels increased 2.5 times compared to
those on SLA disks and treatment with 1a,25(0OH),D; increased active TGF-31 level in a
synergistic manner with surface energy.

Levels of latent TGF-p1 were also affected by the surface energy of the
substratum (Fig. 2-3C). The amount of latent growth factor in the conditioned media of
MG63 cells grown on modSLA was three times greater than the amount in media from
cells grown on SLA. Latent TGF-B1 was regulated by 1a,25(0OH).D; in a dose-
dependent manner but the effect of the hormone was less robust than on active growth

factor.

Discussion

The results of this study showed that prevention of rough Ti surfaces from
contact with air reduced hydrocarbon contamination and increased hydrophilicity
extensively on rough Ti surfaces without changing surface topography. Osteoblast-cells
cultured on these cleaner and hydrophilic surfaces produced more differentiation
markers represented by increased cell layer alkaline phosphatase specific activity and
osteocalcin; and created an osteogenic microenvironment by increasing local factors

such as PGE,, and active and latent TGF-31 levels.
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A perfectly clean Ti surface is considered to be composed of only Ti and oxygen,
which form a 2-5 nm oxide monolayer on outmost surface, and to be free of any other
foreign chemicals. However, these pure surfaces are not available in medical device
production or even in the laboratory, because it only takes a few seconds to one minute
in atmosphere before the surface is contaminated by a monolayer of hydrocarbons and
inorganic impurities [38]. Therefore, protection of Ti surfaces from contact with air is
necessary to produce cleaner and well defined surfaces.

In this study, after sandblasting and acid-etching to fabricate rough Ti surfaces,
modSLA was rinsed under N, protection to be insulated from the surrounding
environment, which contains CO, and hydrocarbons. This process explains the
differences in the chemical composition of SLA and modSLA. A higher carbon
contamination was observed on SLA surfaces (34.2%) compared to modSLA surfaces
(14.9%), indicating a higher adsorption of CO, and other organic molecules from the air.
The carbon concentration measured on the SLA surface is consistent with results
reported by Massaro [51] on well-cleaned surfaces that were exposed to air for some
time. The higher oxygen content of the modSLA surface can be attributed to higher Ti
content, which binds oxygen to form the oxide layer (TiO, and Ti,O3), as well as to the
increased hydroxylated/hydrated groups bound to the surface. There was a slight
increase in carbon on SLA compared to PT, but overall chemical composition was
similar, indicating that contamination but not surface topography is the dominant variable
in determining surface chemistry.

Surface topographies were determined both by qualitative SEM imaging and
quantitative 3D measurement. Both SLA and modSLA surfaces exhibit wavy macropits
of 20-40 uym diameter produced by sandblasting and micropits less than 3 ym produced
by acid-etching. Contact profilometry showed that the 2-dimensional (2D) parameter R,

(arithmetic average of center line height ) on SLA was approximately 4 ym, and 0.60 ym
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on PT [19]. The R, is 3 times higher than corresponding 3D parameter S, (1.2 ym) on
SLA, due to differences in the measurement methods and different resolution as well as
scan length and area. The profilometer scanned the whole disk so that the waviness of
SLA produced by sandblasting was superimposed on microroughness. In contrast, S,
was calculated from a small area (0.798mm x 0.770mm) and a Gaussian filter with a cut-
off wavelength of 31 ym was used to reduce the effect of waviness. Without the
interference of waviness, R, and S, were the same on the smooth PT surface.
Therefore, 3D roughness parameters are more accurate in representing the
microtopography sensed by cells.

Sterilizing procedures can also modify surface chemical composition. Steam
autoclaving and gamma irradiation decrease surface energy because environmental
hydrocarbons react with surface chemical groups activated by these sterilization
methods. Plasma cleaning removes contaminants and increases surface energy
significantly [38, 42]. However, plasma cleaned surfaces are very active and will react
with even trace amounts of environmental impurities. As a result, the purity of gas used
for the plasma and interval time between cleaning and storage may bring uncertainties
to surface properties. In this study, modSLA surfaces were sterilized by gamma
irradiation after storage in a sealed solution in order to prevent further variances
generated by sterilization, but SLA surfaces were sterilized by steam autoclaving due to
experimental limitations. The difference in sterilizing procedures may also contribute to
differences in surface composition thus leading to differences in surface energy between
SLA and modSLA.

As reported earlier, cell number decreased on rough Ti surfaces [14] and
1a,25(0OH),D; inhibited cell proliferation further on smooth surfaces [19]. Compared to
SLA, surface hydrophilicity of modSLA decreased cell number by 30%. Cell humber

reflects cell attachment, adhesion, spreading and proliferation. Cell adhesion is
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modulated by a number of variables. On metals, adhesion increases linearly with
surface hydrophilicity [52], but polymer enhancement of cell adhesion has been related
to hydrophobicity [53]. In these experiments, surfaces were made using different
materials and production techniques, and therefore the effect of surface energy could
not be separated from surface microarchitecture and chemical composition. Our results
showed that with same topography and material, cell number was reversely related to
surface energy.

Cell layer alkaline phosphatase activity, which includes enzyme in the cell
membrane as well as in alkaline phosphatase enriched extracellular matrix vesicles, was
increased 3 times on modSLA compared to SLA. In contrast, cellular alkaline
phosphatase activity on modSLA is only 16% higher than that on SLA. These results
suggest that enhancement of alkaline phosphatase activity on hydrophilic Ti surfaces is
due to production of matrix vesicles, indicating an enhancement of osteoblastic
differentiation.  Matrix vesicles are extracellular organelles enriched in alkaline
phosphatase specific activity and are associated with initial calcification in vivo [54].
Therefore, surface hydrophilicity may promote bone mineralization, potentially
contributing to more rapid osseointegration in early bone loading [55]. Osteocalcin is the
most abundant non-collagenous matrix protein in bone and is associated with bone
mineral [56]. Increased osteocalcin together with increased cell layer alkaline
phosphatase activity indicates a more differentiated phenotype of osteoblasts cultured
on Ti surfaces with higher surface energy.

This study demonstrates for the first time that local factor production is sensitive
to surface energy. Prostaglandin produced via cyclooxygenase-1 (Cox-1) and Cox-2,
mediates effects of surface topography on MG63 cells [57]. The marked increase in
PGE; production when cells are grown on substrata with higher surface energy suggests

that PGE, may play a specific role in the process. A possible mechanism is that
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increased surface energy alters serum proteins adsorbed on Ti surface, activates certain
cell membrane receptors and enhances differentiation.

TGF-B1 is a growth factor that enhances the production of extracellular matrix. It
is produced by osteoblasts in latent form and stored in the extracellular matrix as part of
a macromolecular complex [17]. We did not measure TGF-31 in the cell layer, but our
previous observations showing increased levels of TGF-B1 in the matrix of MG63 cells
grown on SLA [17] suggests the possibility that latent TGF-$1 was differentially stored in
the matrix rather than released into the media. 1a,25(OH),D; has been shown to
regulate expression of latent TGF-B1 binding protein (LTBP1) and the coordinated
deposition of the growth factor, its latency associated peptide, and LTBP1 in the
extracellular matrix [58, 59]. An alternative explanation is that 1a,25(OH),D; regulated
the activation of latent TGF-B1 as has been seen in growth plate chondrocyte cultures
[59]. The increases in active and latent TGF-f1 on modSLA not only promote matrix
production immediately, but also regulate later bone remodeling [16]. This suggests that
higher surface energy may result in local production of factors that promote an
osteogenic microenvironment.

10,25(0OH),D; has been shown to increase osteoblast differentiation and local
factor production synergistically with surface roughness [19] and the effects of surface
roughness and 1a,25(0OH),D; vary with the maturation state of the cells within the
osteoblast lineage [60]. The present study shows that growth on a
hydroxylated/hydrated TiO, substratum with increased surface energy further changes
the response of osteoblasts to surface microarchitecture and to regulatory factors like
1a,25(0OH),D;. The results suggest that the hydrophilic surface elicited a more
differentiated cellular phenotype that is more sensitive to 1a,25(0OH),Ds,

In conclusion, the novel process to protect Ti surface from the surrounding

environment during production diminishes hydrocarbon contamination and enhances
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surface energy. Osteoblast-cells cultured on these chemically purer and hydrophilic

surfaces produced more differentiation markers represented by increased cell layer

alkaline phosphatase specific activity and osteocalcin; and created an osteogenic

microenvironment by increasing local factors such as PGE,, and active and latent TGF-

B1 levels.

10.
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CHAPTER 3. REQUIREMENT FOR BOTH MICROMETER AND SUBMICROMETER
SCALE STRUCTURE FOR SYNERGISTIC RESPONSES OF OSTEOBLASTS TO

SUBSTRATUM SURFACE ENERGY AND TOPOGRAPHY

Introduction

The surface properties of biomaterials determine the outcome of interactions
between biomedical devices and the surrounding host tissue. The important surface
properties involved in the process are chemical composition, topography, and energy.
We and others have used titanium (Ti) as a model substratum for studying cell and
tissue responses to biomaterials because of its clinical relevance, good biocompatibility
and adaptability to diverse surface modifications [1-4]. Studies examining the
contribution of surface micro-roughness show that differences in surface topography,
including roughness, affect fibronectin and albumin adsorption in vitro [5], and growth of
fibroblasts and osteoblast-like cells in culture [6]. Sandblasted Ti supports stronger
osteoblast adhesion [7, 8], related at least in part to altered integrin expression, higher
focal contact density and reorganized cytoskeleton of cells on the rough surface [9].
Cells cultured on microrough Ti surfaces also exhibit decreased proliferation and
increased differentiation [8, 10]. Moreover, rough Ti surfaces increase osteoblast
response to hormones and growth factors, including 1,25-dihydroxyvitamin Ds
[1a,25(0OH),D3], 17B-estradiol and bone morphogenetic protein [11-13]. On rough Ti
surfaces, osteoblasts also generate an osteogenic microenvironment to regulate bone
remodeling, represented by releasing local factors to promote osteoblast differentiation
and inhibit osteoclast activation [1]. These results are consistent with animal studies
showing that Ti implants with greater roughness enhance bone-to-implant contact [14]
and increase removal torque forces [15, 16]. Clinical studies demonstrate that the pre-

loading integration success rate of acid etched implants is significantly higher than seen
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with machined smooth implants [17].

Different surface modifications result in various surface roughness and
topographies. For example, sandblasting produces micrometer scale roughness, but
acid etching produces sub-micrometer scale roughness. The combination of these two
methods results in a complicated three dimensional topography, which is similar to
osteoclast resorption pits on bone wafers [18]. Studies using electron micro-machined
surfaces show that micrometer scale roughness contributes to cell attachment,
spreading and differentiation, and superposition of sub-micrometer scale enhances local
factor production [19]. Moreover, osteoblasts are sensitive to the specific structural
features of the superimposed roughness, exhibiting a more differentiated phenotype
when the surface is created via acid etching rather than by anodic oxidation [20].

Surface energy is another important factor that regulates cell response to
biomaterials. Pure Ti spontaneously grows an oxide layer with high surface energy. This
oxide surface is hydrophilic because of binding structural water and forming -OH and -
O?% groups in its outermost layer. When in contact with electrolyte solutions, a surface
film made of phosphate, titanium, calcium and hydroxyl groups spontaneously forms and
nucleates an apatitic calcium phosphate layer [21]. Surface energy modulates protein
adsorption, which further regulates cell adhesion, cell spreading and proliferation [22].
This can have consequences for the in vivo response to a material. Higher surface
energy and increased wettability have been shown to enhance interaction between an
implant surface and its biologic environment [23]. When implants with increased
hydrophilicity are implanted in bone, the rate and extent of bone formation are increased,
supporting the hypothesis that surface energy promotes bone cell maturation and
differentiation [24].

While a biomaterial with higher surface energy is bioactive because of its reactive

surface, a consequence is that it adsorbs inorganic anions or organic hydrocarbon
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contaminants from the atmosphere within seconds to one minute. This results in an
altered surface chemical composition and decreased hydrophilicity, potentially reducing
the biological response. To solve this problem, a new processing method has been
developed that retains the high surface energy of the uncontaminated TiO, surface by
isolating it from contact with atmosphere. This modified sandblasted and acid etched
TiO, (modSLA) is produced under the continuous protection of nitrogen, stored in
isotonic solution and sterilized by gamma irradiation. Studies show that modSLA
significantly increases human plasma fibronectin adsorption [25] and promotes
osteoblast differentiation and activity in comparison with sandblasted and acid etched
surfaces (SLA) produced under standard conditions [26]. In vivo studies show
significantly increased bone-to-implant contact and enhanced angiogenesis on modSLA
surfaces [27]. In addition, implants with modSLA surfaces provide high removal torque,
indicating a higher stability during early stage of osseointegration [28].

The SLA surface has a complex topography consisting of craters varying in
diameter from 30 to 100 um overlaid with micropits varying in diameter from 1-3 ym.
The micropits overlay results in an irregular distribution of sharply pointed projections
approximately 700 nm in height, but because of the craters, the overall roughness is
approximately 4 ym. Surface energy can be affected by roughness [29], but it is not
known how surface energy regulates cell responses to different surface roughnesses if
chemistry is held constant. To address this, we developed a model in which surface
energy was held constant, but we varied surface microstructure. To do this, we
prepared acid etched surfaces (A, modA) by the same protocols as are used to produce
the acid etch on the SLA and modSLA substrata. These surfaces lacked the
morphology generated by grit blasting, but had the same surface chemistry as the SLA
and modSLA surfaces. The results of this study show that synergy between surface

microtopography and surface energy requires both micrometer and sub-micrometer
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scale structural features.

Materials and Methods

Substrata

Ti disks were prepared from 1 mm thick sheets of grade 2 unalloyed Ti (ASTM
F67 “Unalloyed titanium for surgical implant applications”) and supplied to us by Institut
Straumann AG (Basel, Switzerland). The disks were punched to be 15 mm in diameter
so as to fit snugly into the well of a 24-well tissue culture plate. The methods used to
produce the pretreatment (PT), SLA and modSLA surfaces have been reported
previously [26]. PT is a smooth Ti surface with arithmetic average of center line heigh
(Ry) of 0.2 ym. Sub-micrometer rough A surfaces were produced by treating PT with
heated concentrated acid, resulting in an R, of 830 nm, based on surface profilometry.
PT surfaces were also sand blasted and acid etched to produce SLA surfaces with an R,
of 3.2 um. Prior to use, PT, A, and SLA surfaces were washed in ultrasonic cleaner and
sterilized in an oxygen plasma cleaner (PDC-32G, Harrick Plasma, Ithaca, NY). ModA
and modSLA surfaces were produced with same mechanical or chemical treatments as
A and SLA surfaces, respectively. However, the modA and modSLA surfaces were
rinsed under nitrogen protection to prevent exposure to air during procedure, and then
stored in a sealed glass tube containing isotonic NaCl solution. These sealed disks
were sterilized by gamma irradiation at 25 kGy over night and ready for use.

Previous study showed that this treatment did not alter surface topography and
roughness [26, 30]. Instead this modification process changes surface chemical
composition by decreasing carbon contamination by more than 50%, thereby retaining a
higher surface energy. Rupp et al. [30] have published a detailed analysis of the A,
modA, SLA, and modSLA surfaces. Advancing water contact angles were used as an

indicator for calculating surface free energy. Both A and SLA are very hydrophobic with
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water contact angles of 122° and 140°; in contrast, contact angles of modA and modSLA
are close to 0°, indicating very hydrophilic surfaces.

Cell Culture

To compare cell responses to different surfaces properties, human osteoblast-
like MG63 cells on tissue culture treated polystyrene (plastic) were compared to their
morphology on the Ti substrata. MGG63 cells were obtained from the American Type
Culture Collection (Rockville, MD). The cells were cultured in Dulbecco’s modified Eagle
medium (DMEM) containing 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin at 37°C in an atmosphere of 5% CO,; and 100% humidity. Cells
were plated at the same density of 10,000 cells/cm? tissue culture plastic for all surfaces.
Media were exchanged at 24 hours and then every 48 hours until the cells reached
confluence on plastic at day 6.

Cell Morphology

Cell morphology on the test surfaces was examined by LEO 1530 scanning
electron microscopy (LEO Electron Microscopy, Oberkochen, Germany) at different time
points (2, 4, 8 and 24 hours post-seeding and at 3 and 6 days). The cells were fixed
with 2.5% glutaraldehyde in cacodylate buffer, dehydrated in a sequential series of
ethanol followed by hexamethyl-disilazane, and then coated with gold.

Cell attachment on tissue culture polystyrene (TCPS) and Ti surfaces was
evaluated by immunofluorescence staining. Cells were rinsed twice with phosphate
buffered saline (PBS), and then fixed for 20 min in 4% paraformaldehyde followed by
two PBS rinses. Cells were permeabilized with 0.1% Triton-X100 for 5 min at room
temperature followed by two PBS rinses. Non-specific binding sites were blocked with
1% BSA in PBS (BSA/PBS) for 1 h. Cells were first incubated with mouse monoclonal
anti-human vinculin antibody (MAB1674, Chemicon, Temecula, CA) (1:100 v/v) for 1 h at

room temperature followed by a 1% BSA/PBS wash. The cells were then incubated with
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PBS containing rhodamine Red-X goat anti-mouse IgG (1:200 v/v), Alexa Fluor 488
Phalloidin (1:40 v/v) and Hoechst 33342 (1:10,000 v/v) (all from Molecular Probes,
Eugene, Oregon) for 30 min, followed by three rinses with 0.05% Tween20/PBS. The Ti
disks were mounted on a microscope slide under glass cover slips. The images were
taken using a Nikon Eclipse E400 (Nikon Inc., Tokyo, Japan).

Cell Response

Cell number was determined in all cultures 24 hours after cells on tissue culture
plastic reached confluence. Cells were released from the surfaces by two sequential
incubations in 0.25% trypsin for 10 min at 37°C, in order to assure that any remaining
cells were removed from rough TiO, surfaces. Released cells were counted using an
automatic cell counter (Z1 cell and particle counter, Beckman Coulter, Fullerton, CA).
Fewer than 1,000 cells were attached to the plastic surface underlying the Ti disks;
therefore, these cells were not separated from total cells released from the disks, nor
were they subtracted from the final cell numbers.

We used two determinants of osteoblast differentiation: alkaline phosphatase
specific activity [orthophosphoric monoester phosphohydrolase, alkaline; E.C. 3.1.3.1] of
cell lysates, and osteocalcin content of the conditioned media. Alkaline phosphatase is
an early marker of differentiation and reaches its highest levels as mineralization is
initiated. Osteocalcin is a late marker of differentiation and increases as mineral is
deposited. Cell lysates were collected by centrifuging the cells after counting. Enzyme
activity was assayed by measuring the release of p-nitrophenol from p-
nitrophenylphosphate at pH 10.2 and results were normalized to protein content of the
cell lysates [31]. The levels of osteocalcin in the conditioned media were measured
using a commercially available radioimmunoassay kit (Human Osteocalcin RIA Kit,
Biomedical Technologies, Stoughton, MA) and normalized to cell number, as described

previously [11].
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The conditioned media were also assayed for growth factors and cytokines.
Osteoprotegerin (OPG) was measured using enzyme-linked immunosorbent assay
(ELISA) kit (DY805 Osteoprotegerin DuoSet, R&D System, Minneapolis, MN). PGE;
was assessed using a commercially available competitive binding radioimmunoassay kit
(NEKO20A Prostaglandin E; RIA kit, Perkin Elmer, Wellesley, MA). Active TGF-31 was
measured prior to acidification of the conditioned media, using an ELISA kit specific for
human TGF-B1 (G7591 TGF-B1 Enax Immunoassay System, Promega Corp., Madison,
WI). Total TGF-B1 was measured after acidifying the media and latent TGF-$1 was
defined as total TGF-1 minus active TGF-1 [11].

Statistical Analysis

The data presented here are from one of two separate sets of experiments. Both
sets of experiments yielded comparable observations. For any given experiment, each
data point represents the mean * standard error of six individual cultures. Data were
first analyzed by analysis of variance; when statistical differences were detected,
Student’s t-test for multiple comparisons using Bonferroni’s modification was used. P-

values < 0.05 were considered to be significant.

Results

The cells exhibited different shapes on PT, A and SLA surfaces. Scanning
electron micrographs of the cells on the Ti substrata showed that at two hours after
seeding, MG63 cells had become attached with a spherical morphology less than 10uym
diameter (Fig. 3-1). Four hours after seeding, cells started to form extensions to explore
the surface and the peripheral area of the cells flattened. By eight hours, the cells had
become spread and had morphologies similar to those reaching confluence on plastic.

Kinetic immunofluorescence micrographs (Fig. 3-2) confirmed these observations

and provided information concerning the cytoskeleton of the cells during attachment and
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spreading. Cells changed shape as a function of time following attachment in a surface
dependent manner. Two hours after seeding, the cells had a round morphology on all
surfaces except PT. Most cells exhibited one or two red spots with strong intensity,
representing vinculin accumulations at the beginning of cell attachment. Actin was not
distributed evenly in the cells; instead most of the actin was assembled at one side of
the nucleus. At four hours after seeding, the cells on relatively smooth surfaces (TCPS,
PT and A) had begun to spread. Cells on the rough SLA surfaces were beginning to
form lamellipodia, but not to the same extent as seen on smooth surfaces. In contrast,
MGG63 cells on high energy surfaces (modA and modSLA) did not exhibit significant

shape changes at 4 h. At 8 hours
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Figure 3-1. Morphology of MG63 osteoblast-like cells cultured on Ti surfaces. MG63
cells were grown on PT, A, modA, SLA and modSLA surfaces for2h,4h,8h,1d,3d
and 6 d and their morphology imaged by scanning electron microscopy. Areas of lower
cell density were selected to facilitate observation of individual cell shapes. The images
of the cells shown in the selected micrographs are typical of cells throughout the culture.
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Figure 3-2. Immunofluorescent staining of MG63 cells cultured on tissue culture
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polystyrene (TCPS) and Ti surfaces. MG63 cells were seeded on TCPS, PT, A, modA,
SLA and modSLA surfaces for 2, 4, 8, and 24 hours. Cells were stained for vinculin
(red), actin (green) and nucleus (blue). The yellow color represents the co-localization of
vinculin and actin. Scale bar = 20um.
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Figure 3-3. Effect of surface microstructure and surface energy on cell number. MG63
cells were cultured on tissue culture polystyrene (plastic), PT, A, mod A, SLA and
modSLA surfaces. Cell number was determined 24-hours after cells reached confluence
on plastic surfaces. Values are means + SEM of six independent cultures. Data are
from one of two separate experiments, both with comparable results. Data were
analyzed by ANOVA and significant differences between groups determined using the
Bonferroni modification of Student’s t-test. *p<0.05, Ti surfaces v. plastic; #p<0.05, v.
PT; ep<0.05, v. SLA surface.
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Figure 3-4. Effect of surface microstructure and surface energy on cell differentiation.
MG63 cells were cultured on tissue culture polystyrene (plastic), PT, A, mod A, SLA and
modSLA surfaces. (A) Alkaline phosphatase specific activity was measured in isolated
cells. (B) Osteocalcin levels were measured in conditioned media of confluent cultures.
Values are means + SEM of six independent cultures.
separate experiments, both with comparable results.
and significant differences between groups determined using the Bonferroni modification
*p<0.05, Ti surfaces v. plastic; #p<0.05, v. A; ep<0.05, v. SLA
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Figure 3-5. Effect of surface microstructure and surface energy on local factor levels.
MG63 cells were cultured on tissue culture polystyrene (plastic), PT, A, mod A, SLA and
modSLA surfaces. (A) Osteoprotegerin levels of conditioned media were determined by
ELISA kit. (B) PGE; contents of the conditioned media were determined by RIA. Active
TGF-B1 and latent TGF-B1 (C) in the conditioned media were measured using an ELISA
kit. Values are means + SEM of six independent cultures. Data are from one of two
separate experiments, both with comparable results. Data were analyzed by ANOVA
and significant differences between groups determined using the Bonferroni modification
of Student's t-test. *p<0.05, Ti surfaces v. plastic; #p<0.05, v. A; ep<0.05, v. SLA
surface.
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after seeding, cells on PT, A and SLA continued to spread and exhibited a bi-polar or
spindle-like shape through the first 24 hours. The spreading of cells on high energy
surfaces (modA and modSLA) was slower than seen on hydrophobic surfaces. Because
of surface roughness, part of the image on the SLA and modSLA surfaces were out of
the plane of focus.

Scanning electron microscopy was also able to discern substratum-dependent
differences in the shape of individual cells in higher density cultures (Fig. 3-1), which
could not be resolved using immunofluorescence. Cells increased in number on all
surfaces between days 1 to 6. MG63 cells on PT surfaces in general were flat and had
two or three major extensions. On A and modA, the cells were elongated and formed
spindle-like shapes. On SLA and modSLA, the cells were polygonal in shape with many
thin filopodia attached to the surfaces.

After 6 days of in vitro culture, the MGG63 cells reached confluence on plastic
surfaces. Cell number on PT and A surfaces were the same as those on tissue culture
plastic, indicating that sub-micrometer roughness on flat Ti surface had no effect on cell
number (Fig. 3-3). Cell number on the SLA surface, which presents a combination of
micrometer and sub-micrometer structures, decreased by 44% compared to smooth PT.
By comparing modA and A surfaces, high surface energy decreased cell number by
25%. However, in the presence of a complicated three dimensional topography like SLA,
higher surface energy decreased cell number by almost 50%.

Cells cultured on all Ti surfaces exhibited decreased alkaline phosphatase
activity compared to those on plastic (Fig. 3-4A). Although the enzyme activity of cells
on SLA was 30% less than that on PT, there was no statistical difference among PT, A,
modA and SLA surfaces. With higher surface energy on modSLA, enzyme activity was

60% lower than on SLA.
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Osteocalcin levels in cultures grown on PT and A were the same as on plastic
(Fig. 3-4B). With high surface energy on sub-micrometer scale roughness, osteocalcin
levels in cultures grown on modA increased by 30% compared with cultures grown on A.
The micrometer roughness of SLA increased osteocalcin by 70% compared to A. There
was as strong synergistic effect between surface energy and roughness. The
combination of high surface energy and micrometer scale roughness enhanced
osteocalcin by more than 250%.

Local factors were also regulated by surface properties. OPG levels increased
on all Ti surfaces except smooth PT (Fig. 3-5A). OPG in the conditioned media of cells
grown on modA was slightly higher (20%) than on A, but the difference is not statistically
significant. Compared with cultures grown on A, OPG on SLA increased 50% with
statistic significance. The amount of OPG was almost doubled on modSLA surfaces,
showing a synergistic effect of surface high energy and micrometer structure on
osteoprotegerin production. PGE, was affected in a similar manner (Fig. 3-5B). The
degree of PGE; enhancement on modSLA (600%) was more than the combination of the
increase on modA (100%) and SLA (200%). Active TGF-B1 was unaffected by the
surface. However, latent TGF-31 was modulated in a surface-specific manner, with a
120% increase on SLA and a 330% increase on modSLA. Moreover, latent TGF-1
levels in conditioned media of cells cultured on modSLA was 65% greater than in the

media of cells grown on SLA.

Discussion

The results of this study show that high surface energy is an important variable
but by itself it is insufficient to cause marked increases in osteoblast responses to Ti
substrata with low surface roughness. In contrast, when substrata with complex

micrometer scale and sub-micrometer scale roughness are fabricated to retain the high
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surface energy of uncontaminated TiO,, the cells exhibit synergistic enhancement of
their response to the surface topography alone. This includes reduced cell number
together with increased differentiation and release of factors into the media that
stimulate osteogenesis and reduce osteoclastic activity.

Scanning electron microscopic analysis and immunofluorescence of cell
morphology identified significant differences in cell shape as a function of both surface
chemistry and surface topography, confirming our previous work and the work of others
[32, 33]. Immunofluorescence images of MG63 cells over the first 24 hours after
seeding demonstrated that osteoblasts on smooth and low energy surfaces spread
faster than those on rough and higher energy surfaces. Scanning electron micrographs
showed that differences in cell shape were retained even after cell density increased.
MG63 cells on PT surfaces, like those on plastic, in general were flat and had two or
three major extensions. On A and modA, the cells were elongated and formed spindle
like shape; on SLA and modSLA, the cells were polygonal in shape with many thin
filopodia to attach to the surfaces.

The observation that osteoblasts grown on smooth Ti surface had fewer
cytoplasmic extensions than cells grown on micrometer and sub-micrometer structured
surfaces, is consistent with previous findings [8, 34]. Although both A and SLA surfaces
had similar 1-2 ym pits produced by acid etching, the MG63 cells grown on SLA
extended many more filopodia to attach themselves to the substrata. This suggests that
the cells not only sense direct focal contacts with the substratum, but they also respond
to the broader waviness created by sand blasting. Others have reported comparable
effects of surface topography on epithelial cells [35], suggesting that this is a general
property of cell interactions with surface microarchitecture.

Our results confirmed our previous findings that sub-micrometer scale roughness,

while contributing to the overall response of the cells, is not a major determinant of cell
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behavior in the absence of the larger craters [20]. In the present study, with the
exception of OPG production, growth on A did not alter osteoblast number,
differentiation or local factor levels to any great extent in comparison with growth on the
PT surface. However, in combination with micrometer scale roughness, typified by SLA,
there were significant increases in local factor levels to produce an osteogenic
environment [20]. This phenomenon may be due to interference between surface
topography and surface energy. The potential effect of sub-micrometer scale roughness
is counteracted by lower surface energy. Other researchers have observed that
osteoblasts grown on nano-textured surfaces express higher osteopontin and bone
sialoprotein [36]. Full characterization of surface energy along with surface roughness is
necessary to understand cell/substratum interactions.

Our results show a strong synergistic effect between micrometer scale
roughness and surface energy. When MG63 cells were grown on A and modA substrata,
the increase in surface energy had no effect on alkaline phosphatase activity or latent
TGF-B1 levels, and only a small increase in osteocalcin or PGE,. In contrast, when the
surface presented a complicated micrometer scale roughness, increased surface energy
greatly decreased cell number and enhanced cell differentiation by more than 100%.
Both modA and modSLA were produced using the same acid etching procedure to
ensure the same surface chemistry. Therefore the differences observed in the cell
response were only dependent on micrometer scale roughness. We did not include
modified PT substrata to examine the effect of high surface energy on a relatively
smooth surface because PT surfaces were mechanically machined and chemically
degreased, resulting in a final modified PT surface chemistry that would be different from
modA or modSLA.

It is likely that the differential response of MG63 cells to surface roughness and

topography reflects differences in integrin mediated signaling. Cells respond to
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biomaterial surfaces through interaction between plasma membrane receptor integrins
and adsorbed extracellular matrix proteins including fibronectin [37]. Protein adsorption
is highly influenced by surface chemistry, hydrophilicity and topography; small proteins
tend to adsorb on hydrophobic surfaces, but large proteins are less affected by surface
wettability [38]. In addition, proteins adsorbed onto hydrophobic surfaces are more
sensitive to unfolding and denaturing processes due to electrostatic forces between the
surface and cells. Thus, fibronectin fragments adsorb faster on hydrophobic —CH3;
surfaces, but lack cell adhesion activity [39]. Protein adsorption also depends on the
scale of surface roughness. Nano scale surface texture seems have little to no effect on
protein adsorption and cell proliferation [40]. However, microrough surfaces adsorb
more fibronectin and the protein orientation is different from that on machined smooth Ti,
which further alters integrin adhesion. In addition, the profile of integrin expression in
osteoblasts is sensitive to surface roughness [9]. These findings indicate cell behavior is
not determined by a single surface feature, but is in response to combinations of
different surface properties as a whole.

Previous studies show that osteoblasts grown on microrough surfaces produce
an osteogenic environment to promote osteoblast differentiation by paracrine and
autocrine pathways [1]. Our results suggest that the increase in the rate and extent of
peri-implant bone formation seen with modSLA implants in vivo [27] reflects enhanced
osteogenesis as well. Osteocalcin levels were increased whereas alkaline phosphatase
specific activity was decreased, indicative of mature secretory osteoblasts [41]. PGE,,
which is necessary for osteoblastic differentiation [1], was also increased. Interestingly,
levels of OPG, a local factor produced by osteoblasts that reduces osteoblast-dependent
activation of osteoclasts [42], were higher as well. These results indicate that the

increase of OPG on modSLA surfaces plays an important role in controlling osteoclast
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differentiation in bone remodeling cycle, and contributes to early upregulation of bone to
implant contact [27].

TGF-B1 also reduces osteoclast activity [43] and increases osteoblast
differentiation [44]. We previously showed that cells grown on SLA deposit more TGF-
B1 in their extracellular matrix than do cells grown on smooth Ti [45], and cells grown on
modSLA release increased levels of latent TGF-B1 into their media than do cells grown
on SLA. In the present study, we also found higher levels of latent growth factor in the
conditioned media of cells grown on SLA and this was further increased when cells were
cultured on modSLA. This suggests that cells on the more reactive surface are
producing a larger reservoir of growth factors on high energy surfaces that can be used
downstream to control osteoclast formation and activity.

In summary, this study examined the independent effect of surface roughness
and surface energy by applying a modification technique to eliminate hydrophobic
surface contamination and retain a high surface energy. Osteoblast-like cells cultured
on higher energy surfaces exhibit a more differentiated phenotype and produce more
local factors to regulate osteoblast and osteoclast activity. The combination of
micrometer scale roughness and high surface energy synergistically promotes
osteoblast responses. The results suggest that surface energy is an important factor in
mediating cell-substratum interactions, and higher surface energy should be

incorporated in biomaterial design to improve the host tissue response.
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CHAPTER 4. EVALUATION OF OSSEOINTEGRATION BY IN VIVO MOUSE

INTRAMEDULLARY BONE FORMATION MODEL

Introduction

Integration of bone with an implant surface depends on both bone physiology
and surface design. The major surface properties that regulate bone response include
surface structure, chemical composition, surface charge and energy. Titanium (Ti) is a
widely used biomaterial in orthopaedic and dental application. Bone tissue directly
deposits along the Ti surface and forms a tight interface between substratum and bone,
referred to as osseointegration. Surface roughness is important in determining bone
responses to implant fixation. A systemic review of in vivo animal studies on the effects
of Ti implants with rough surfaces demonstrated a positive relationship between surface
roughness and osseointegration after 3-months of implantation, represented by higher
percentage of bone-to-implant contact and increased mechanical force [1]. Similar
results were reported in other animal models and experimental designs [2]. Most in vivo
peri-implant studies were performed in rat, rabbit, sheep, dog or other larger animals.
Albrektsson and Wennerbergy suggested that moderately rough surfaces with arithmetic
average of center line height (S, or R,) of 1-2 um promote stronger bone responses than
either smoother or rougher surfaces [3]. Others reported a positive effect of surface
roughness on bone formation up to roughness of 8.5 um [1]. The differences are not
only caused by measurement techniques, but also related to general integral design of
implant macrostructure. The osteogenic effects of rough surfaces were also confirmed
in clinical studies, which demonstrate that the pre-loading integration success rate of
acid etched implants is significantly higher than that with machined smooth implants [4].
The healing period of dental implants with microrough structure was reduced from 3

months to 6 weeks; and the success rate exceeded 90% at 3-year follow up [5-7].
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Surface chemical composition is another critical factor that regulates peri-implant
bone formation. The change of surface chemical composition is also associated with
surface hydrophilicity and surface energy. When in contact with the atmosphere, regular
Ti surfaces are contaminated with a layer of carbon dioxide or hydrocarbon molecules
adsorbed from the air. Previous study found that if the Ti substratum was prevented
from contact with air and stored in physiologic solutions, the carbon contamination
decreased by more than 50%, and the surface hydrophilicity increased [8]. This
modified surface promotes osteoblast differentiation and faster bone apposition along
the interface [9, 10]. This is consistent with Sendax and Baier’s earlier finding that radio-
frequency-glow-discharge treatment and water storage of calcium phosphate coated
implants benefit bone response to host tissue, suggesting the important role of higher
surface free energy in regulating bone-biomaterial interactions [11].

Besides biomaterial surface properties, bone quality also affects osseointegration.
Bone formation is regulated by various local or systemic conditions. For example,
inhibition of cyclooxygenase decreases bone growth in vivo and blocks osteoblast
responses to surface structure in vitro by interfering with prostaglandin production [12,
13]. Therefore, patients who are in need of orthopaedic/dental implantation while taking
cyclooxygenase inhibitor treatments for chronic pain may suffer from poor
osseointegration or even failure of the implantation. Lack of vitamin D also impairs bone
development and bone to implant growth [14].

Knock-out mice models have been widely used to explore the effects of these
specific conditions on bone development. However, there is no available intramedullary
mouse peri-implant bone formation model because of the small size of mouse bone and
the difficulty in surgery. The objective of this pilot study was to develop a novel peri-
implant bone formation mouse model, which has the potential to be applied in knock-out

mice in the future. To achieve this goal, we designed small Ti implants with different
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surface structures and chemical compositions, inserted the implants into the mouse
femur and observed the medullary bone formation at 9, 18 and 35 days. Results
showed that the success rate of the mouse intramedullary bone formation model is
highly dependent on surgical technique. Bone formation in the femur bone marrow
starts before 9 days, and remodels extensively at 18 days. Surface structure and
chemical composition regulate bone morphology. The results suggest that a formal
study using more samples for each group should be performed and bone formation

should be examined at an earlier time point.

Materials and Methods

Implants

Ti implants were prepared from grade 2 unalloyed Ti (ASTM F67 “Unalloyed
titanium for surgical implant applications”) and supplied by Institut Straumann AG (Basel,
Switzerland). The implant device was made of two components: the handling device
and the implant rod (Fig. 4-1b). The implant rod was 5 mm in length with 0.9 mm in
diameter. The implant surfaces were produced to present three different structures and
chemistry. The pretreatment (PT) Ti has a smooth Ti surface produced by machining
and chemical degreasing. The PT surface was further sand blasted and acid etched to
produce SLA surfaces with an R, around 3-4 um. To prevent contamination, modSLA
surfaces were manufactured under same grit-blasting and acid etching conditions as
SLA, but protected from contact with atmosphere by nitrogen gas. The modSLA
implants were stored in 0.9% NaCl to preserve isolation from air. All the devices were

sterilized by gamma irradiation at 25 kGy over night and ready for use.

In vivo mouse bone formation model and histology
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The Ti rod implants were inserted into mouse femur via a medial parapatellar
arthrotomy. Nine 6-week old male C57BL/6 mice were anesthetized with 5% isoflurane
inhalation and placed in a resupine position. For surgical convenience, the right leg was
selected for operation and fixed under light microscope. An 8 mm incision was made on
the distal side over the knee. The ligament and patella were moved to expose the
intercondylar notch of the distal femur. The position and orientation of the femur were
determined by pressing the leg to sense the bony structure. After the femoral cartilage
was exposed, the distal end of the femur was penetrated by a dental drill with 0.8 mm
diameter tip through the intercondylar notch to access the medullary cavity. The
direction of the drill tip was in alignment with the femur. 22G needle was used to confirm
the penetration of the femur condyle. The Ti rod was then inserted into the marrow
cavity and broken from the handling device. The periosteal tissue and the skin were
closed with sutures and wound clips, respectively. Three mice were implanted with each
type of Ti implant and were euthanized at day 9, 18 and 35 after the surgery. Both right
and left femurs were collected and stored in 10% formalin for histological analyses. The
non-surgical contralateral femur was analyzed as control. Tissue sections were ground
to a final thickness of 10 to 20 ym. Sections were stained with haematoxylin and eosin

for qualitative histology.

Results

To design Ti rod implant with appropriate size, we measured the intramedullary
dimension of the middle segment of 6-week male mouse femur by using microCT. The
scanning picture showed that the mouse femur has an elliptic morphology, with major
axis of 1.5 mm and minor axis of 1.0 mm (Fig. 4-1A). Considering the variance in mouse
size, we manufactured Ti rod implants with 0.9 mm diameter. The complete implant

device (Fig. 4-1B,C, Fig. 4-2A) is composed of a handling part to facilitate surgery
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operation (Fig. 4-2B) and the rod implant part. The rod is 5 mm in length, which is half of
the length of mouse femur (Fig. 4-2C).

The preliminary study showed that appropriate drilling at the femoral condyle
created a direct channel for insertion of Ti rod implant without destroying the cortical
bone in the femur (Fig. 4-3A,B).

Extensive trabecular bone formation appeared in the femur bone marrow canal at
9 days after implantation (Fig. 4-4). Compared to the bone marrow in the contralateral
tibia, there was greatly increased short, non-continuous new bone formed in the femur
medullary canal. A thin layer of separation was present around the Ti rod with the PT
surface, indicating most trabecular bone did not directly deposit on the PT implant
surface. In contrast, there is no gap between bone and SLA surface. The modSLA
implant was misplaced and broke the middle section of the femur.

At 18 days after implantation, the bone quantity around PT was much less
compared that at 9 days (Fig. 4-5). At one end of the PT implant that is close to the
femur condyle, bone laid directly to the implant surface. The other area of the PT
implant surface was separated from the bone with a thin gap as seen at 9 days. The
SLA implant was misplaced and only a small part of the implant left in contact with bone.
The whole implant was covered by fibrous tissue. The trabecular bone around the
modSLA implant was resorbed as around the PT surface. However, there was still
continuous bone connecting the cortical bone and the implant surface at several
positions.

Thirty-five days after implantation, a continuous layer of cortical bone formed
around the PT surface (Fig. 4-6). The SLA implant penetrated the middle section of the
femur. Little trabecular bone was left in the medullary canal. However, bone bridges
connecting the femur cortical bone and implant surface were left around SLA and

modSLA surfaces. The phenomenon was more obvious around modSLA implant.
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Figure 4-1. Design of Ti rod implant. A) measurement of intramural chamber size of
mouse femur by microCT; B) Ti rod implant model; C) mechanical drawing of implant
design.
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Figure 4-2. Components of Ti rod implants. A) the complete Ti rod implant morphology;
B) the handling device which had been broken from the Ti rod; C) mouse femur with
inserted rod implant. The implant was completely inserted into mouse femur without
break bone (arrow indicates the implant).

Figure 4-3. Bone structure after drilling process. The mouse femur condyle was
penetrated by dental drill in a pilot study. MicroCT scanning showed that modeled 3D
structure of femur (A) and longitudinal section (B).
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Figure 4-4. Histology of bone-to-implant at 9 days after implantation. The pictures from
the top to bottom rows are histology images at low, medium, high magnification and the
tibia at the contralateral side.
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Figure 4-5. Histology of bone-to-implant at 18 days after implantation. The pictures from
the top to bottom rows are histology images at low, medium, high magnification and the
tibia at the contralateral side.
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Figure 4-6. Histology of bone-to-implant at 35 days after implantation. The pictures from
the top to bottom rows are histology images at low, medium, high magnification and the
tibia at the contralateral side.
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Discussion

This is a novel mouse femur intramedullary bone formation model to examine the
effects of biomaterial surface properties on osseointegration. The success rate of this
pilot study was 66%, which has improved from the pilot study (33%). Among the three
failed implants, one of them completely missed the direction of the mouse femur and
penetrated the condyle joint; the other two were slightly awry from the femur and broke
the middle part of the bone. When we inserted the Ti rod, we had to conquer the
resistance to push the implant because the size of the implant is similar to the internal
diameter of the mouse femur. The resistance made it difficult to determine whether we
had inserted the Ti rod to the narrowest section of the femur or we had broken the bone.
One solution to increase the success rate is to produce smaller Ti rods for easier
implantation. For smooth implants it is easy to produce Ti rods as small as 0.5 mm
diameter. However, 0.9 mm is the current limit to manufacture the microstructured
implants. The other way to increase surgery success is through more practice and
dissections to better understand the anatomy of the mouse femur. It is especially
important if the model is applied into vitamin D receptor or cyclooxygenase knock-out
mice, because the bone size and quality in these knock-out mice are smaller and more
brittle; and the success rate is expected to be even lower. To prevent the unnecessary
pain of the mouse in which the implantation has failed, the animal should be examined
by X-ray immediately after the surgery, and be euthanized if the bone is broken.

Rat [15-22] or rabbit [23, 24] marrow ablation models have been used to study
effects of peri-implant bone formation. After the disruption of bone marrow, the
intramedullary tissue undergoes a series of healing responses including coagulation
initiation, primitive mesenchymal stem cell appearance, osteoblast proliferation,
trabecular bone formation and bone resorption [25]. The new bone marrow structure is

regenerated by about 28 days. The trabecular bone was formed by endosteal
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osteoblast and osteoprogenitor cells that reside in hematopoietic tissue. This process is
stimulated by the activation of endosteum and affected by many other factors. Ishizaka
et al. found that the trabecular bone formation was enhanced as early as one week if the
bone marrow was irrigated by saline before insertion of the implant. This is probably due
to the removal of bone particles [17]. The long term effect of saline irrigation on bone-to-
implant contact and implant mechanical integration is not consistent [17, 18]. In our
study, mouse bone marrow was destroyed by testing the direction of the femur canal
with a 22G needle before the placing the Ti rod. This is a similar process to the rat
marrow ablation, and we observed extensive trabecular bone formation as in rat model.
We did not irrigate the medullary canal in order not to complicate the surgical process.

In this study, we examined peri-implant bone formation at three time points to
determine the best time point for future experiments. In the rat ablation model, bone
formation was induced within 2 weeks and was followed by remodeling [15, 26]. Barber
et al. found that the total bone quantity in the medullary canal at 4 and 8 weeks after Ti
implantation was less compared to them at 2 weeks [15]. There was no difference
between bone-to-implant percentage. In this pilot study we examined bone formation
around 2 weeks (9 and 18 days) to determine the dynamic change of bone formation
and bone resorption. Our results showed that at 9 days after implantation there was
already extensive trabecular bone formation in mouse femur medullary canal, and by 18
days, the resorption removed most of the bone in the marrow chamber. Therefore, an
earlier time point will be helpful to determine the rate of bone formation in response to
different Ti surface treatments. Previous study showed that when Ti implants with SLA
or modSLA surfaces were implanted into miniature pigs maxilla, bone apposition was
faster around the modSLA surface [10]. Higher bone-to-implant contacts were observed
around modSLA compared to SLA surfaces at 2 and 4 weeks after implantation. There

was no difference between the groups at 8 weeks. In our study, we found bone marrow
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was restored and stable bone formation established by 5 weeks.

We did not perform quantitative bone-to-implant measurements in the pilot study,
because only one sample per group was included and some of them were failed. In
future study, 6 animals will be used in each group, and quantitative histomorphometric
analyses are necessary to evaluate bone volume and bone-to-implant contact.
Moreover, mechanical testing will be tried to evaluate the strength of osseointegration.
The mechanical analysis, together with histomorphometry, provides more
comprehensive information on peri-implant bone formation.

This new mouse model affords important advantages to evaluate peri-implant
bone formation in genetically modified mice and to isolate factors that influence
osseointegration. As a pilot study, there is only one animal per group without generating
statistically quantitative results. This study provides useful information for guiding future
experiments. We conclude that an extra one third of the animals are needed for this
model to ensure enough sample size for the experiments, and the appropriate time

points to observe bone formation and bone remodeling are 1 and 2 weeks.
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CHAPTER 5. SEX DIMORPHISM IN THE RESPONSE OF RAT OSTEOBLASTS TO

ESTROGEN AND 1,25(OH).D; WHEN GROWN ON TITANIUM SURFACES

Introduction

Successful osseointegration of bone growth around an implant is dependent on
implant surface, bone quality and systemic environment. To investigate surface effects
on osteoblast, titanium (Ti) is a widely used model surface because of its good
biocompatibility and clinical relevance. It is well known that rough Ti surfaces induce
higher bone-to-implant contact and stronger mechanical integration in vivo, resulting in
better osseointegration [1-3] . This result is supported by in vitro findings that rough
surfaces enhance osteoblast differentiation, matrix deposition and growth factor
productions [4-6] .

Numerous techniques have been applied on modification of surface textures,
producing from nano to micrometer scale structures, to explore the optimum conditions
for cell surface interaction. Among them, sand-blasting and acid etching (SLA) is a
widely used method to create a complex topography on Ti. Sand-blasted (SL) Ti
surfaces are composed of 30 - 100 ym diameter irregular cavities. This size is similar to
osteoclast resorbed pits, which initiates bone remodeling and stimulates osteoblast
activity [7]. It has been shown that pretreatment with osteoclasts on bone wafers
promoted osteoblast differentiation. Acid etching (A) exerts a sub-micrometer roughness
(700 — 800nm) on flat Ti. In combination with sand-blasting, the SLA has an arithmetic
average of center line height (R,;) about 3-4 um. Previous studies showed that
osteoblasts are sensitive to both micrometer and sub-micrometer scale roughness [8, 9].
The combination of these structures has a synergistic effect in promoting osteoblast
differentiation phenotype. Besides the parameter of roughness, the shape of surface

microtopography is also very critical to osteoblast response.
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Surface topography also influences cell responses to local regulatory factors and
systemic hormones. The osteoblasts grown on rough surfaces create an osteogenic
micro-environment by producing more cytokines and growth factors; and these local
factors regulate osteoblasts through autocrine or paracrine pathways [10]. Surface
roughness plays a role in the response of osteoblast-like cells to bone morphogenetic
protein-2 (BMP-2) [11]. Responses of osteoblast-like MG63 cells to 1a,25(0OH),D; are
enhanced on rougher surfaces [12]. For some parameters, the effects of surface
roughness and 1a,25(0OH),D; are synergistic. The effects of 1a,25(0OH),D; are also
dependent on the state of maturation of the cell in the osteoblast lineage. More mature
cells exhibit reduced response to 1a,25(OH),D; but are still affected by surface
roughness [13].

The prevalence of many orthopaedic diseases, such as osteoporosis,
osteoarthritis, spinal disorders and osteoporosis, are higher in women. The differences
are related to intrinsic sexual differences at the cellular or molecular level [14]. In
postmenopausal women, estrogen deficiency causes decreased osteoblast activity and
increased osteoclastic resorption. The unbalanced bone turnover rates lead to
osteoporosis, and potentially diminish bone formation around implants. In vivo studies
show that in estrogen deficient animals, osseointegration around implants was impaired,
represented by less bone mass, smaller contact area between bone and the implant [15,
16], and decreased pull-out strength of implants [17]. Previous study reported that 173-
estradiol (E2) regulates female human osteoblast responses to surface structure
synergistically. Although estrogen is also necessary for bone strength in males, the
mechanism of the estrogen effect is different from that on female osteoblasts. Therefore,
it is important to understand how estrogen regulates male and female osteoblasts,

especially the responses to implant surfaces.
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The purpose of this study was to examine the role of sexual dimorphism in the
responses of male and female osteoblasts to estrogen on microstructured surfaces. To
further investigate the mechanism of estrogen effects, bovine serum albumin conjugated
estradiol (E2-BSA) was used to examine the role of membrane estrogen receptor.
During characterization of primary rat calvarial osteoblasts, we surprisingly found that
male rat osteoblasts exhibit higher alkaline phosphatase activity and stronger responses
to 1a,25(0H),D3; compared to female cells, indicating sex specific differences between
male and female osteoblasts in response to bone regulating hormones. Our results also
showed that rat osteoblasts are sensitive to surface topography, as we and others
observed with other cells. Estrogen increased female osteoblast differentiation while it
had no effects on male cells. The effects of estrogen probably proceeded partially via

membrane estrogen receptors.

Materials and Methods

Preparation and Characterization of Ti Disks

Ti disks were prepared from 1 mm thick sheets of grade 2 unalloyed Ti (ASTM
F67 “Unalloyed titanium for surgical implant applications”) and supplied by Institut
Straumann AG (Walderburg, Switzerland). The disks were punched to be 15 mm in
diameter so as to fit into the well of a 24-well tissue culture plate. Disks were degreased
by washing in acetone, processing through 2% ammonium fluoride / 2% hydrofluoric
acid / 10% nitric acid solution at 55°C for 30 s to produce pretreatment Ti disks (PT).
Acid etched (A) surfaces were treated with HCI/H,SO,. SL surfaces were sandblasted
with 0.25-0.50 mm corundum grits at 5 bar until the surface became a uniform gray.
SLA surfaces were produced by the combination processes of sandblasting and acid
etching as SL and A surface. Prior to cell culture, all the substrata were washed in

ultrasonic cleaner and sterilized in an oxygen plasma cleaner (PDC-32G, Harrick
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Plasma, Ithaca, NY). Surface characterizations were reported previously [5, 18] . The
R, of PT, A, SL and SLA surfaces are 0.04+0.00, 0.83+0.05, 2.48+0.09 and 3.22+0.88
pm, respectively.

Rat Osteoblast Cultures

Osteoblasts were isolated from frontal and parietal (calvaria) bones of 6-week old
male and female Sprague-Dawley rats (200-225g) using enzymatic isolation. Briefly, rat
bones were cleaned by removing periosteum and other soft tissues, and cut in 1-2 mm
pieces. The bone chips were washed 3 times in Hank’s balanced salt solution (HBSS)
containing 3% penicillin-streptomycin. After washing, bone chips were digested with an
enzymatic cocktail of 1.6mg/ml collagenase IA / 5.4mg/ml Dispase in HBSS for 1 hour at
37°C. The first round of digestion was discarded to avoid fibroblast contamination. The
bone chips were digested three more times using the same method; each digested
media was collected and quenched with full media (1% penicillin-streptomycin/ 10% fetal
bovine serum/ DMEM). For each batch of cells, rat bones were dissected from 8 rats.

Osteoblastic phenotype was confirmed by examining cell responses to different
concentrations of 1a,25(0OH),D;. Validated rat osteoblasts were plated at 10,000
cells/cm? density on tissue culture plastic or surfaces. Media were exchanged at 24
hours and then every 48 hours until the cells reached confluence on plastic. To examine
cell response to osteotropic hormone 1a,25(0OH),Ds, cells were treated with vehicle, 1nM
or 10nM 1a,25(0OH).D; for 24 h. In order to study cell response to estrogen, they were
treated with vehicle, 10nM 173-estradiol or same concentration of bovine serum albumin
conjugated 17B-estradiol.

Analysis of Cell Response

Cell number was determined in all cultures 24 hours after cells on tissue culture
plastic reached confluence. Cells were released from the surfaces by two sequential

incubations in 0.25% trypsin for 10 min at 37°C, in order to assure that any remaining
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cells were removed from rough TiO, surfaces. Released cells were counted using an
automatic cell counter (Z1 cell and particle counter, Beckman Coulter, Fullerton, CA).
Fewer than 1,000 cells were attached to the plastic surface underlying the Ti disks;
therefore, these cells were not separated from total cells released from the disks, nor
were they subtracted from the final cell numbers.

We used two determinants of osteoblast differentiation: alkaline phosphatase
specific activity [orthophosphoric monoester phosphohydrolase, alkaline; E.C. 3.1.3.1] of
cell lysates, and osteocalcin content of the conditioned media. Alkaline phosphatase is
an early marker of differentiation and reaches its highest levels as mineralization is
initiated. Osteocalcin is a late marker of differentiation and increases as mineral is
deposited. Cell lysates were collected by centrifuging the cells after counting. Enzyme
activity was assayed by measuring the release of p-nitrophenol from p-
nitrophenylphosphate at pH 10.2 and results were normalized to protein content of the
cell lysates [19]. The levels of osteocalcin in the conditioned media were measured
using a commercially available radioimmunoassay kit (Human Osteocalcin RIA Kit,
Biomedical Technologies, Stoughton, MA) and normalized to cell number, as described
previously [12].

The conditioned media were also assayed for growth factors and cytokines.
Osteoprotegerin (OPG) was measured using enzyme-linked immunosorbent assay
(ELISA) kit (DY805 Osteoprotegerin DuoSet, R&D System, Minneapolis, MN) [20].
PGE, was assessed using a commercially available competitive binding
radioimmunoassay kit (NEKO20A Prostaglandin E, RIA kit, Perkin Elmer, Wellesley, MA).
Active TGF-31 was measured prior to acidification of the conditioned media, using an
ELISA kit specific for human TGF-B1 (G7591 TGF-B1 Emax Immunoassay System,
Promega Corp., Madison, WI). Total TGF-B1 was measured after acidifying the media

and latent TGF-B1 was defined as total TGF-1 minus active TGF-p1 [12].
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Statistical Analysis

The data presented here are from one of two separate experiments. Both
experiments yielded comparable observations. For any given experiment, each data
point represents the mean * standard error of six individual cultures. Data were first
analyzed by analysis of variance; when statistical differences were detected, the
Student’s t-test for multiple comparisons using Bonferroni’s modification was used. P-

values < 0.05 were considered to be significant.

Results

To confirm osteoblastic phenotype of isolated rat calvarial cells, we examined cell
responses to osteotropic hormone 1a,25(0OH).D; for 24 h after reaching confluence on
TCPS. Both male and female rat cells exhibit decreased cell growth and express higher
alkaline phosphatase activity and osteocalcin level in response to 1a,25(0OH).D3 (Fig. 5-
1). With treatment of 1nM 1a,25(OH),D3, male rat calvarial cell number decreased 28%,
while female cell number decreased 20%. In the presence of higher 1a,25(0OH),D;
concentration, cell number decreased 56% and 26% compared to control in male and
female cell, respectively. Alkaline phosphatase activities increased in response to 10nM
10,25(0H),D3, represented by 80% and 74% increase in male and female cells,
respectively. Osteocalcin levels, the most specific osteoblast differentiation maker, also
increased when cells were treated with 1a,25(0OH),D;. Osteocalcin level doubled in
male cells, while increased by 30% in female cells. The rat calvarial cells were also
cultured in osteogenic media for four weeks, and formed multilayer nodules in the culture
under light microscope. The results together confirmed the osteoblastic characteristic of
our isolated rat calvarial cells.

The above results also indicate an interesting finding that the alkaline

phosphatase activity of male osteoblasts was higher than that of female cells, and male
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osteoblasts responded to 1a,25(0OH),D; in a dose dependent manner and more
extensively. To confirm whether this sexual dimorphism is a random or general property
of osteoblasts, we harvested two new batches of rat osteoblasts to repeat the
experiments. Moreover, we also examined the effects of substratum roughness on
osteoblast response to 1a,25(0OH).Ds.

Cell number of male rat osteoblasts on smooth PT was similar to that on tissue
culture polystyrene (TCPS). On A and SLA, cell numbers were lower compared to
TCPS (Fig. 5-2). Although the cell number on SL was slightly smaller than TCPS, there
was no statistical difference between them. 1a,25(OH),D; treatment did not change cell
numbers on surfaces. Similar effects were observed for female osteoblasts; cell
numbers on A and SLA were lower than those on TCPS. Compared to A, there was a
25% decrease in cell number on SLA.

Alkaline phosphatase activities of male osteoblasts were sensitive to the surface.
ANOVA analysis shows p<0.05 between all groups, but Bonferroni tests did not
demonstrate significant difference between each two surfaces (Fig. 5-3A).
10,25(0OH),D; treatment increased enzyme activity, especially the higher concentration
1a,25(0OH),D3, to which the alkaline phosphatase increased 70-100% compared to
controls (Table 5-1). In female osteoblasts, neither surface nor hormone effects were
observed with regard to enzyme activities (Table 5-1, Fig. 5-3B). This is probably due to
relatively high variance in enzyme activities. Comparison between male and female
cells showed that enzyme activities of male osteoblasts were 1-2 fold higher than those
of female cells (Fig. 5-3C). The differences were larger on 1a,25(0OH),D; treated groups,

indicating a higher response of the hormone in male cells.
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Table 5-1. Percentage increases of alkaline phosphatase treated with 1a,25(0OH),D3.

% increase TCPS PT A SL SLA
Male ] ”2'2 42 67 31 47 50
10nM
125 78 106 76 73 95
Female ]”2'2 37 27 9 16 20
10nM
125 42 27 30 29 42

Osteocalcin is the most specific osteoblast differentiation marker. There was no
difference between osteocalcin levels in control cultures on TCPS, PT, A and SL (Fig. 5-
4). Only on SLA, male osteoblasts released more osteocalcin. Male osteoblasts
responded to 1a,25(0OH),D; in an apparent dose dependent manner. 1nM 1a,25(0OH).D;
increased osteocalcin levels by 40-75%, while 10nM 1a,25(0OH),D; treatment increased
osteocalcin by 120-200% (Table 5-2). All cells on Ti substrata were more sensitive to
10,25(0H),D; compared to TCPS. Female osteoblasts showed a similar surface effect;
there was a higher osteocalcin level in the conditioned media on SLA surfaces. In
contrast to male cells, the female osteoblasts responded to 1a,25(0OH),D; in a much less
extensive way. Even the higher concentration of 1a,25(0OH),D; treatment did not

increase osteocalcin level above 50% (Table 5-2).
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Table 5-2. Percentage increase of osteocalcin levels treated with 1a,25(0OH),Ds.

% increase TCPS PT A SL SLA
Male 1 ”z“g 46 75 55 48 62
]?2”5'\" 120 203 195 150 197
Female 1”2'\2 20 17 9 13 17
]?2”5'\" 42 39 32 38 46

The osteoblasts created an osteogenic microenvironment through autocrine or
paracrine pathways to regulate bone formation. Therefore, besides differentiation
markers, we also tested local factors produced by osteoblasts. Osteoprotegerin (OPG)
is an osteoblast-generated protein that functions in modifying osteoclast maturation.
The results showed that male osteoblasts on SLA released the greatest amount of OPG,
followed by cells on A surfaces (Fig. 5-5). 10nM 1a,25(0OH),D3; enhanced OPG levels on
all surfaces, but 1nM 1a,25(0OH),D3; had no effect (Table 5-3). Female osteoblasts
produced similar levels of OPG to males, and showed comparable pattern of responses

to substratum surface and 1a,25(OH),D; treatment.
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Table 5-3. Percentage increases of osteoprotegerin treated with 1a,25(0OH),Ds.

% increase TCPS PT A SL SLA
Male ]”2'2 12 36 31 68 23
10nM
125 80 105 124 137 101
Female ] ”2'2 33 53 34 87 24
10nM
125 72 85 55 146 41

TGF-B1 is an important growth factor that regulates osteoblast differentiation and
osteoclast activity. While TGF-B1 is released into the media, most TGF-f1 combined
with TGFB binding protein and embedded into the matrix in latent form. Our results
showed that both male and female osteoblasts released more TGF-1 into the media on
A and SLA surfaces, and in response to 1a,25(0OH),D; (Fig. 5-6). The active TGF-31
levels were similar between male and female cells; however, female latent TGF-31

levels were 1-2 fold higher than those in the culture of male cells (Fig. 5-7).
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Figure 5-1. Characterization of rat calvarial osteoblast phenotype. Isolated male and
female rat osteoblast cells were cultured on tissue culture treated polystyrene (TCPS).
1a,25(0H),D3 (1 nM or 10 nM) or vehicle (control) was added at confluence and cells
were incubated for an additional 24 hours. (A) Cell number was determined 24-hours
after cells reached confluence on TCPS surfaces. (B) Alkaline phosphatase specific
activity was measured in isolated cell lysates. (C) Osteocalcin levels were measured in
conditioned media of confluent cultures. Values are means + SEM of six independent
cultures. Data are from one of two separate experiments, both with comparable results.
Data were analyzed by ANOVA and significant differences between groups determined
using the Bonferroni modification of Student’s t-test. *p<0.05, v. control; #p<0.05, v. 1
nM 10,25(OH)2D3
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Figure 5-1 Continued.
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Figure 5-2. Effect of surface microstructure on cell number of rat calvarial osteoblasts
regulated by 1a,25(0OH),D;. Male (A) and female (B) rat calvarial osteoblasts were
cultured on tissue culture plastic (TCPS), chemically polished Ti (PT), acid etched Ti (A),
sand blasted Ti (SL) and sand blasted-acid etched Ti (SLA). 1a,25(OH),D; (1 nM or 10
nM) or vehicle (control) was added at confluence and cell numbers were determined 24
h after treatment. Values are means + SEM of six independent cultures. Data are from
one of two separate experiments, both with comparable results. Data were analyzed by
ANOVA and significant differences between groups determined using the Bonferroni
modification of Student’s t-test. * p<0.05, Ti surfaces v. TCPS; # p<0.05, vs. PT;
p<0.05, v. A; & p<0.05, vs. SL; 1tp<0.05, 1a,25(0OH).D3 vs. control.
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Figure 5-3. Effect of surface microstructure on alkaline phosphatase of rat calvarial
osteoblasts regulated by 1a,25(0OH),D;. Male (A) and female (B) rat calvarial
osteoblasts were cultured on tissue culture plastic (TCPS), chemically polished Ti (PT),
acid etched Ti (A), sand blasted Ti (SL) and sand blasted-acid etched Ti (SLA).
1a,25(0OH),;D3 (1 nM or 10 nM) or vehicle (control) was added at confluence and alkaline
phosphatase activities in cell lysates were determined 24 h after treatment. Values are
means + SEM of six independent cultures. (C) Fold increase of male alkaline
phosphatase compared to female cells. Data are from one of two separate experiments,
both with comparable results. Data were analyzed by ANOVA and significant
differences between groups determined using the Bonferroni modification of Student’s t-
test. tp<0.05, 10,25(0OH).D; vs. control.
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Figure 5-3 Continued.
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Figure 5-4. Effect of surface microstructure on osteocalcin levels of rat calvarial
osteoblasts regulated by 1a,25(0OH),D;. Male (A) and female (B) rat calvarial
osteoblasts were cultured on tissue culture plastic (TCPS), chemically polished Ti (PT),
acid etched Ti (A), sand blasted Ti (SL) and sand blasted-acid etched Ti (SLA).
10,25(0OH),D; (1 nM or 10 nM) or vehicle (control) was added at confluence and
osteocalcin levels in conditioned media were determined 24 h after treatment. Values
are means + SEM of six independent cultures. Data are from one of two separate
experiments, both with comparable results. Data were analyzed by ANOVA and
significant differences between groups determined using the Bonferroni modification of
Student’s t-test. * p<0.05, Ti surfaces v. TCPS; # p<0.05, vs. PT; ¢ p<0.05, v. A; &
p<0.05, vs. SL; 1p<0.05, 1a,25(0OH),D3 vs. control, 1 vs. 1 nM 1a,25(0OH),Ds.

102



Osteoprotegerin

12
A
O control
01nM 1,25 i
@10nM 1,25 + ¥ &t
8 *# * #
0 T T
©
(3]
=) ot
z +1 t1 T & X
2 .l # *#
[ ]
0 ‘ : :
TCPS PT A SL SLA
Osteoprotegerin
B " O control 8 T
& *[*
O 1nM 1,25 e
010nM 1,25 t L
, #l %
8 * *
2 T L
g t T
0 1 1= #
= T T of
- I T
[}
€ 4.
[ ]
0 ‘ : :
TCPS PT A SL SLA

Figure 5-5. Effect of surface microstructure on osteoprotegerin levels of rat calvarial
osteoblasts regulated by 1a,25(0OH),D;. Male (A) and female (B) rat calvarial
osteoblasts were cultured on tissue culture plastic (TCPS), chemically polished Ti (PT),
acid etched Ti (A), sand blasted Ti (SL) and sand blasted-acid etched Ti (SLA).
10,25(0H),D3; (1 nM or 10 nM) or vehicle (control) was added at confluence and
osteoprotegerin levels in conditioned media were determined 24 h after treatment.
Values are means + SEM of six independent cultures. Data are from one of two
separate experiments, both with comparable results. Data were analyzed by ANOVA
and significant differences between groups determined using the Bonferroni modification
of Student’s t-test. * p<0.05, Ti surfaces v. TCPS; # p<0.05, vs. PT; » p<0.05, v. A; &
p<0.05, vs. SL; 1p<0.05, 1a,25(0OH),D3 vs. control, 1 vs. 1 nM 1a,25(0OH),Ds.
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Figure 5-6. Effect of surface microstructure on active TGF-B1 levels of rat calvarial
osteoblasts regulated by 1a,25(0OH),D;. Male (A) and female (B) rat calvarial
osteoblasts were cultured on tissue culture plastic (TCPS), chemically polished Ti (PT),
acid etched Ti (A), sand blasted Ti (SL) and sand blasted-acid etched Ti (SLA).
1a,25(0OH),D3 (1 nM or 10 nM) or vehicle (control) was added at confluence and active
TGF-B1 levels in conditioned media were determined 24 h after treatment. Values are
means + SEM of six independent cultures. Data are from one of two separate
experiments, both with comparable results. Data were analyzed by ANOVA and
significant differences between groups determined using the Bonferroni modification of
Student’s t-test. * p<0.05, Ti surfaces v. TCPS; # p<0.05, vs. PT; » p<0.05, v. A; &
p<0.05, vs. SL; 1p<0.05, 1a,25(0OH),D3 vs. control, 1 vs. 1 nM 1a,25(0OH),Ds.
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Figure 5-7. Effect of surface microstructure on latent TGF-B1 levels of rat calvarial
osteoblasts regulated by 1a,25(0OH),D;. Male (A) and female (B) rat calvarial
osteoblasts were cultured on tissue culture plastic (TCPS), chemically polished Ti (PT),
acid etched Ti (A), sand blasted Ti (SL) and sand blasted-acid etched Ti (SLA).
1a,25(0H),D3; (1 nM or 10 nM) or vehicle (control) was added at confluence and latent
TGF-B1 levels in conditioned media were determined 24 h after treatment. Values are
means + SEM of six independent cultures. (C) Fold increase of female latent TGF-31
compared to male cells. Data are from one of two separate experiments, both with
comparable results. Data were analyzed by ANOVA and significant differences between
groups determined using the Bonferroni modification of Student’'s t-test. * p<0.05, Ti
surfaces v. TCPS; # p<0.05, vs. PT; ¢ p<0.05, v. A; & p<0.05, vs. SL; 1p<0.05,
10,25(0H),D; vs. control, T vs. 1 nM 1a,25(0H),Ds.
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Figure 5-7 Continued.
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The above results demonstrated explicit effects of SLA in modulating both male
and female osteoblast differentiation and local factor production. Therefore, in the
following experiment to examine whether effects of estradiol were sexually dimorphic,
we only included TCPS, PT and SLA surfaces. E2-BSA is a big molecule that can not
penetrate cell plasma membranes. Therefore, E2-BSA is only able to bind membrane
estrogen receptors, but not receptors inside of the cell to activate the traditional nuclear
receptor pathway.

As shown previously, both male and female cell numbers cultured on rough SLA
surfaces were lower than those on TCPS and smooth PT surfaces (Fig. 5-8). E2 or E2-
BSA treatment had no effects on male osteoblasts. 10 nM E2 treatment of cultures on
TCPS decreased female rat cell number by 27%.

Alkaline phosphatase activities in both male and female isolated rat osteoblasts
were lower in cultures grown on SLA surfaces (Fig. 5-9). E2 and E2-BSA increased the
enzyme activity of female osteoblasts on SLA, but no effects were observed in male
cells or female cells on smooth surfaces.

Osteoblasts on microstructured SLA surfaces produced 70-130% more
osteocalcin than on TCPS and smooth PT surfaces (Fig. 5-10). Addition of E2 or E2-
BSA had no effects on male cells. In contrast, E2 affected female rat osteoblast
differentiation status represented by increasing osteocalcin approximately 50% on all
surfaces. Female cell responses to the E2 or E2-BSA were similar on all surfaces.

Surface microtopography modulates osteoblasts through creating an osteogenic
microenvironment. PGE, and TGF-B1 levels responded in a similar manner as
osteocalcin (Fig. 5-11,12,13). Rat osteoblasts grown on SLA surfaces produced 2-3 fold
higher PGE,, and active and latent TGF-B1. E2 and E2-BSA increased these local
factors in female osteoblasts by 40-60%, but did not have any statistically significant

effects on male rat osteoblasts.
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Figure 5-8. Effect of surface microstructure on cell number of rat calvarial osteoblasts
regulated by 17p-estradiol (E2) or BSA conjugated estradiol (E2-BSA). Male (A) and
female (B) rat calvarial osteoblasts were cultured on tissue culture plastic (TCPS),
chemically polished Ti (PT), and sand blasted-acid etched Ti (SLA). 10 nM E2, 10 nM
E2-BSA or vehicle (control) was added at confluence and cell numbers were determined
24 h after treatment. Values are means + SEM of six independent cultures. Data are
from one of two separate experiments, both with comparable results. Data were
analyzed by ANOVA and significant differences between groups determined using the
Bonferroni modification of Student’s t-test. * p<0.05, Ti surfaces v. TCPS; # p<0.05, vs.
PT; 1p<0.05, E2 or E2-BSA vs. control.
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Figure 5-9. Effect of surface microstructure on alkaline phosphatase of rat calvarial
osteoblasts regulated by 173-estradiol (E2) or BSA conjugated estradiol (E2-BSA). Male
(A) and female (B) rat calvarial osteoblasts were cultured on tissue culture plastic
(TCPS), chemically polished Ti (PT), and sand blasted-acid etched Ti (SLA). 10 nM E2,
10 nM E2-BSA or vehicle (control) was added at confluence and alkaline phosphatase
activities in cell lysates were determined 24 h after treatment. Values are means + SEM
of six independent cultures. Data are from one of two separate experiments, both with
comparable results. Data were analyzed by ANOVA and significant differences between
groups determined using the Bonferroni modification of Student’s t-test. * p<0.05, Ti
surfaces v. TCPS; # p<0.05, vs. PT; 1p<0.05, E2 or E2-BSA vs. cntrol.
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Figure 5-10. Effect of surface microstructure on osteocalcin levels of rat calvarial
osteoblasts regulated by 17B-estradiol (E2) or BSA conjugated estradiol (E2-BSA). Male
(A) and female (B) rat calvarial osteoblasts were cultured on tissue culture plastic
(TCPS), chemically polished Ti (PT), and sand blasted-acid etched Ti (SLA). 10 nM E2,
10 nM E2-BSA or vehicle (control) was added at confluence and osteocalcin levels in the
conditioned media were determined 24 h after treatment. Values are means + SEM of
six independent cultures. Data are from one of two separate experiments, both with
comparable results. Data were analyzed by ANOVA and significant differences between
groups determined using the Bonferroni modification of Student’s t-test. * p<0.05, Ti
surfaces v. TCPS; # p<0.05, vs. PT; 1p<0.05, E2 or E2-BSA vs. control.
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Figure 5-11. Effect of surface microstructure on PGE; levels of rat calvarial osteoblasts
regulated by 17 B-estradiol (E2) or BSA conjugated estradiol (E2-BSA). Male (A) and
female (B) rat calvarial osteoblasts were cultured on tissue culture plastic (TCPS),
chemically polished Ti (PT), and sand blasted-acid etched Ti (SLA). 10 nM E2, 10 nM
E2-BSA or vehicle (control) was added at confluence and PGE; levels in the conditioned
media were determined 24 h after treatment. Values are means + SEM of six
independent cultures. Data are from one of two separate experiments, both with
comparable results. Data were analyzed by ANOVA and significant differences between
groups determined using the Bonferroni modification of Student’s t-test. * p<0.05, Ti
surfaces v. TCPS; # p<0.05, vs. PT; 1p<0.05, E2 or E2-BSA vs. control.
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Figure 5-12. Effect of surface microstructure on active TGF-B1 levels of rat calvarial
osteoblasts regulated by 17B-estradiol (E2) or BSA conjugated estradiol (E2-BSA). Male
(A) and female (B) rat calvarial osteoblasts were cultured on tissue culture plastic
(TCPS), chemically polished Ti (PT), and sand blasted-acid etched Ti (SLA). 10 nM E2,
10 nM E2-BSA or vehicle (control) was added at confluence and active TGF-B1 levels in
the conditioned media were determined 24 h after treatment. Values are means + SEM
of six independent cultures. Data are from one of two separate experiments, both with
comparable results. Data were analyzed by ANOVA and significant differences between

Active TGF-1

10 1

10 1

*#
O control *# 4 1
O E2 T

T
O E2-BSA
T
I 1 -
T
TCPS PT SLA
Active TGF-p1
* # TT * #1
O control L
OE2
* #
O E2-BSA T
t 1
t 1 T -
T T
-

TCPS PT SLA

groups determined using the Bonferroni modification of Student’s t-test.
surfaces v. TCPS; # p<0.05, vs. PT; tp<0.05, E2 or E2-BSA vs. control.
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Figure 5-13. Effect of surface microstructure on latent TGF-B1 levels of rat calvarial
osteoblasts regulated by 17B-estradiol (E2) or BSA conjugated estradiol (E2-BSA). Male
(A) and female (B) rat calvarial osteoblasts were cultured on tissue culture plastic
(TCPS), chemically polished Ti (PT), and sand blasted-acid etched Ti (SLA). 10 nM E2,
10 nM E2-BSA or vehicle (control) was added at confluence and latent TGF-B1 levels in
the conditioned media were determined 24 h after treatment. Values are means + SEM
of six independent cultures. Data are from one of two separate experiments, both with
comparable results. Data were analyzed by ANOVA and significant differences between
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groups determined using the Bonferroni modification of Student’s t-test.
surfaces v. TCPS; # p<0.05, vs. PT; 1p<0.05, E2 or E2-BSA vs. control.

113

* p<0.05, Ti



Discussion

In this study, rat osteoblasts were enzymatically isolated from calvarial bone and
osteoblastic traits were confirmed by showing increased cell differentiation in response
to 1a,25(0OH),D3. Both male and female rat osteoblasts exhibited decreased cell number,
increased cell differentiation and local factor production when grown on rough Ti
surfaces, as do human osteoblasts, indicating that osteoblast responses to surface
microtopography are not species specific.

Treatment of cells with 1a,25(0OH),D; stimulated rat osteoblast differentiation and
local factor production. Osteocalcin levels were synergistically enhanced on microrough
SLA surface with 10,25(0OH),D; treatment. These observations are similar to those in
MGB63 cells and fetal rat cavarial cells [5, 13], which are known to be relatively immature
osteoblasts. More mature osteoblast-like cells, such as OCT-1 or osteocyte-like MLO-4
cells, did not respond to 1a,25(0OH),D; or even exhibited decreased local factor
production. Gerstenfeld et al. previously reported that immature osteoblasts are
stimulated by 1a,25(0OH).D;, whereas mature osteoblasts are inhibited by 1a,25(0OH),D3
[21]. Taken together, results suggested that our enzymatically isolated osteoblasts from
6-week rat calvarial skeleton are relatively immature pre-osteoblasts.

The sexual dimorphism phenomenon in human bone is well known. Men’s
skeletons are 10% larger than women, have longer limbs, and higher proportions of
bone and muscle. During aging, the amount of bone resorbed from the inner surface of
the cortical bone is similar in male and female, but the amount of bone formed at the
outer side is greater in males, resulting in more loss of trabecular bone quality and
quantity in female [22].

Our results suggest that non sex hormones may also exert different effects on
male and female bone cells. In this study, we observed a higher baseline of alkaline

phosphatase activity and more sensitive response to 1a,25(0OH),D; in male osteoblasts.
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Previous study reported that surface roughness increased human osteoblast-like cell
response to 1a,25(0OH),D; [12]; but the study was only performed on male cell lines. In
this study, male or female cells were collected from 8 rats. The rats of the same sex
were euthanized at the same day and cells were harvested together. Male and female
cells were collected at a week apart. To eliminate the concern that differences between
male and female cell behavior are artifacts of different tissue culture conditions, we
strictly controlled culture conditions, including using same seeding density, culture media,
isolation procedures, processes to sterilize the Ti surfaces and performing biochemical
analysis at the same time. Therefore, the results indicate there are inherent sexual
dimorphic phenotypes of osteoblasts and different responses to 1a,25(0OH),D;. The
mechanism of this phenomenon is not clear. It is possible to be related to different
1a,25(0OH),D; receptor expression in male and female cells. Rats reach sexually mature
at 6-weeks of age, corresponding to puberty in human beings. It is also important to
determine whether the sexual dimorphism we observed are because of different
maturation status in male and females.

Estrogen plays a major role in regulating bone remodeling in females, including
inhibition of the activation of bone remodeling units, suppressing bone resorption and
stimulating bone formation. Deficiency of estrogen causes in an imbalance between
bone resorption and bone formation and results a net loss of bone [23]. In the last
decade, an estrogen effect on male skeleton was also established, although not as
extensive as in females. Males with deficiency of estrogen receptors or aromatase had
defects in skeletal phenotypes [24-26]. During aging female bone loss is due to an
increased rate of bone resorption. In contrast male bone loss is the results of less bone
formation [27]. There is also sex-related difference of osteocyte lacunar density in

human vertebral cancellous bone [28]. Sexual dimorphism may be attributed to
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differences in estrogen receptor isoform expression [29]. An alternate explanation is the
different aromatase activities that convert testosterone into 17p-estradiol [30].

Previous study showed that estrogen effects on female human osteoblasts are
synergistic with surface microtopography [31]. 17B-estradiol had no effect on osteoblast
markers or growth factors on TCPS or smooth PT surface, but caused dose dependent
increases on rough SLA surfaces. In this study, we did not observe synergistic effects
between estrogen and surface structure. 173-estradiol increased cell differentiation to
the same extent on all surfaces, including TCPS.

Both promotive [32, 33] and inhibitory [34] effects of estrogen on osteoblast
proliferation have been reported. Osteoblast differentiation, matrix formation and
mineralization are dependent on osteoblast maturation and estrogen receptor isoform
expression [35]. The effect of 17B-estradiol on osteoblastic prostaglandin biosynthesis is
also controversial. Studies in fetal mouse showed that estrogen inhibited parathyroid
stimulated prostaglandin production [36]. Ovariectomized rats had higher PGE; release,
and in vivo injection of estrogen inhibited PGE, levels [37]. Other studies indicated
opposite effects of estrogen. Secreto et al. found that in the presence of multiple
osteotropic cytokines such as TGF- and tumor necrosis factor-a, both male and female
human osteoblasts responded to 17B-estradiol with increased levels of PGE, [31]. We
previously reported that female human osteoblasts on microrough Ti also responded to
17B-estradiol with enhanced PGE, [38]. The different results among these studies
reflect the complicated mechanism of estrogen, and the results should be interpreted
with consideration of cell species, adult or fetal cell culture, differentiation stage and
estrogen receptor expression. Moreover, the presence of phenol red in regular media
acts as a weak estrogen [39], and may interfere with the experimental treatment.
Therefore, phenol red free and serum free media will be ideal to exclude the interference

of other unknown factors.
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The traditional signaling pathway of estrogen is through its nuclear receptor,
which binds estrogen with high affinity and associates with estrogen response elements
in the promoter regions of target genes. Recently, membrane estrogen receptors have
also been shown to play an important role in regulating cell growth non-genomic actions
of estrogen [40]. This alternate mechanism is characterized by rapid activation of
cytosolic signaling pathway, and insensitivity to transcriptional inhibitors. No distinct
membrane associated estrogen receptor isoform has been identified. Instead, it is
generally accepted that membrane localized estrogen receptors are the same as and in
equilibrium with cellular receptors. E2-BSA only binds to membrane estrogen receptors
because it is too large to penetrate plasma membrane and bind to the nuclear receptor.
The results show that both 17p-estradiol and E2-BSA increases female osteoblast
differentiation and local factor production to a similar level, suggesting that in surface
dependent osteoblasts, estrogen functions mainly through the membrane receptor. In
this study, we measured differentiation markers and local factors produced by cells and
accumulated in the media for 24 h. It is not sure whether these molecules were most
released in the early stage of treatment as a rapid response, or they are continuously
accumulated in the media. To solve this problem, further studies should be performed to
examine rapid response of osteoblasts to E2-BSA.

The results of this study revealed the physiological difference in male and female
osteoblasts and sexual dimorphism in the response to bone regulating hormones.
Currently, most preclinical studies of therapeutic interventions are performed in only
male or only female animal models. Further investigations on sex specific differences
should be performed to better understand cellular responses to biomaterials.
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CHAPTER 6. DISCUSSION

In Vitro Cell Culture Model

Various modification methods on biomaterial surfaces have been investigated
with the intention of achieving a desired host tissue response to implants. Conventional
biomaterial research has been based on trial and error optimization instead of intentional
design to favor selective cell and tissue behavior. For example, the current dental
implants’ macroscopic and microscopic features, such as threaded screws and
sandblasting/etching structures, were developed with material and mechanical
considerations to strengthen interlocking with the bone. Although these commercially
available substrata were not invented with the purpose of optimizing cell biology, they
serve as good model surfaces for laboratory investigations to understand in vitro cell
responses to different surface properties, and provide a convenient research system to
compare in vitro tissue culture results with clinical applications. The understanding of
fundamental cell-substratum interaction will provide positive feedback on the biomaterial
surface design with more biological considerations. Although in vitro culture systems for
cell-surface interaction are widely adopted, they have intrinsic limitations as discussed
below.

(1) The cells used for in vitro studies are derived from a variety of host species,
anatomical locations and maturation statuses, making it difficult to compare results from
research using different cells. Specifically, in orthopaedic biomaterial research, the
commonly studied cells are osteoprogenitor cells, osteoclasts, stem cells and fibroblasts.
These cells are not the first cells in contact with the surface in vivo. Instead, they are
recruited to a surface that has been modified by inflammatory cells.

(2) The cells used for in vitro studies can be divided into two major types:

transformed or primary isolated cells. The transformed cells grow fast and vyield
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relatively consistent phenotype after many passages. However, the mutated genotype
calls attention to the comparison between transformed and normal cells. Cell
attachment, migration, proliferation, differentiation and sensitivity to growth factors are
changed in malignant cell lines. Fresh normal isolated cells are supposed to more
closely represent the reality of in vivo response. However, they are composed of a
heterogeneous cell population, and their properties are highly dependent on isolation
techniques. The phenotype of isolated normal cells may change extensively under
tissue culture conditions. In some cases the cells may even lose their differentiated
phenotype. More variations are observed in studies using primary cells compared to
transformed cell lines. Therefore, cell responses to certain biomaterial surface feature
sshould be generalized in the consideration of various cell types. In this dissertation, we
demonstrated osteogenic effects of microstructured Ti surface by using a human
osteosarcoma cell line and primary rat calvarial osteoblasts. The results are consistent
with other studies on normal human osteoblasts and bone marrow stem cells [1, 2],
indicating the general property of surface structure on improving osteoblast
differentiation.  Further studies are undergoing to examine the effects of surface
structure and surface chemical composition on male and female human normal
osteoblasts.

(3) The cleaning, sterilization and storage of substrata could significantly change
surface chemistry, further affecting cell responses. The substrata used in the lab may
not present the same surface chemistry as clinical implants. A variety of methods are
applied in different labs and make it difficult to compare the results. Surface chemistry is
usually measured by XPS, EDX or other equipments, which stimulate the surface atoms
and measure the energy of excited particles under the extremely high vacuum. Although
we do not know the exact surface that perceived by the cells, it is necessary to

understand the surface chemistry that is most close to the reality. One limitation of this
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dissertation is that the characterization of surface chemistry was performed before
sterilization. In these studies, the substrata were steam autoclaved (as in Chap. 2) or
glow discharged (as in Chap. 3 & 5) before cell seeding. It is known that these surface
treatments alter surface chemical composition and may further affect cell responses [3,
4]. Therefore, the sterilization processes may bring extra differences based on different
surface structure and chemical composition.

To avoid this limitation, in future experiments we will store the acid etched (A)
and sandblasted/acid etched (SLA) samples in concealed packages and clean the
surface by gamma irradiation, as modA and modSLA. The gamma irradiated surfaces
will be well characterized. Before cell culture, the disks will be used directly after being
taken from the irradiated package to prevent extra change in surface chemistry. It
should be noted that the storage time will also have influence on surface chemistry,
because Ti atoms will keep reacting with oxygen in the atmosphere or the particles from
the package material will deposit on the substratum. The ideal characterization of
surface chemistry is to measure every disk before use; but it is temporarily not
practicable in the lab.

(4) In vitro cells are usually cultured in the presence of 10% bovine serum.
Serum is separated from the whole blood from which blood cells and fibrinogen are
removed. When orthopaedic implants are inserted in vivo, the biomaterial surfaces are
covered with whole blood immediately and the coagulation cascade is activated to form
a fibrin-based clot. The recruited osteoprogenitor cells respond to this fibrin modified
surface. The components of the serum have large variability among different
manufacturers or batches. Therefore, it is necessary to control the lot of serum for
predictable and repetitive results. Fibronectin and vitronectin are the main adhesion
proteins in the serum that adsorb on biomaterial surfaces and mediate cell attachment.

Surface properties do not affect the initial amount and type of the proteins that arrive at
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the surface. These are controlled by the concentration and flux in accordance with
physical-chemical principles. The conformation of the proteins is determined by the
surface properties; and the relative change of conformation determines whether the
protein is retained on the surface or being replaced by other proteins. The protein-
surface interactions are stabilized by electrochemical forces between the molecules,
including van der Waal’s force, dehydration force and hydrogen bond, all of which are
associated with surface properties. Albumin, immunoglobulin, vinculin and fibronectin
are presented in the adsorbed conditioning film in serum-supplemented cell culture
media, while fibrinogen is the main protein when in contact with blood. Despite the
differences of protein adsorption, Baier and colleagues pointed out that the similar
substratum surface properties lead to similar biomass responses to synthetic materials,
with regard to retention and spreading versus retraction and delamination, in the media
as diverse as blood, saliva and seawater.

Although there are many limitations in the cell culture system, it is still a powerful
tool to simplify the complicated in vivo situation. By strictly controlling the culture system
and changing one specific condition, we are able to study the cell response to that
specific factor for understanding cell physiology. In this dissertation, we noticed that the
cell shape is associated with protein expressions in response to surface structure and
surface chemistry. Cells on microstructured and modified Ti surface exhibit round
morphology with increased expression of differentiation markers, growth factor and
cytokine. In the next section, | will discuss the previous research about this

phenomenon and previously proposed theories.

Cell Shape and Surface Properties
Cell shape is found to be coupled with DNA synthesis, apoptosis, gene

expression, differentiation and enzyme production. Folkman et al. found that bovine
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endothelial cells were flat (51 um diameter x 3 uym height) on tissue culture plastic and
proliferation rate was high; while same cells on hydrophilic polymer coated surfaces
were round (9 pm diameter x 20 um height) with a low proliferation rate [5]. The results
suggested that higher proliferation is associated with flat morphology. This phenomenon
is also confirmed by other studies [6, 7]. Round cell shape may also correlate with
terminal differentiation or apoptosis. Human epidermal keratinocytes cultured on a small
adhesive areas were round and expressed more terminal differentiation markers.
Opposite cell behaviors were observed on larger adhesive area for flat cells [6]. Human
and bovine endothelial cells were found to exhibit more apoptosis on small adhesive
islets and had round morphology [7]. Cell shape is also associated with enzymatic
reactions. Axelson found significant reduction of reactive oxygen species from
inflammatory bursts in well-spread monocyte-derived macrophages on plasma-treated
substratum, and in contrast, with large reactive oxygen species formation in less-spread
cells on standard-cleaned substrata [8].

In these studies, cell shapes were altered by changing surface chemical
composition to control the adhesive surface area. The experiments were not designed
to distinguish whether cell shape causes cell response or cell shape and other behaviors
are associated phenomena in response to other factors together. To solve this problem,
Ingber and colleagues developed a delicate experimental model for modifying cell shape
without changing surface properties [9]. RGD coated magnetic micro-beads were added
into the culture media after the cells were seeded on the substratum, so that the bead
only bound to the surface receptor integrin that was located on the free surface of cell
plasma membrane in contact with the media. By maneuvering the movement of the
micro-bead through magnetic force, cell shape was changed accordingly. The system

was applied to examine cell adhesion force and the effects of mechanical force; and it
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also has the potential to explore the effects of cell shape on proliferation, differentiation
or gene expression.

It should be noted that cell shape and growth or gene expression are not always
coupled, especially for the transformed cells. The malignant cells could proliferate even
in suspension without anchoring to the substratum. Moreover, cell shape alone cannot
induce enough response in many cell types. For example, rabbit fibroblasts were
induced to express matrix degrading enzymes, when treated with a cytoskeleton inhibitor
to form a round shape. In contrast, chondrocytes, which already present round
morphologies, still need growth factor stimulation to produce this protein. Other types of
cells may not produce this enzyme either due to a change of cell shape or to growth
factor treatment [10]. In this dissertation, we observed different responses of MG63 cell
to SLA and modSLA substrata, but the cell morphology on these two surfaces are
indistinguishable.  Although cell shape may not be a predictor for proliferation,
differentiation and other responses, the study of cell shape in certain models will provide
important information on the mechanism by which cytoskeleton regulates cell behavior.

Surface structure and surface chemistry affect cell morphology. Rat osteoblasts
respond to Grade 1 and Grade 4 commercially pure Ti with different cell shape, collagen
expression and calcium secretion [11]. Epithelial cells, fibroblasts and osteoblasts
flatten down and spread out extensively on smooth Ti compared to micro-structured
surfaces [12, 13]. Fibroblasts cultured on micro-grooved Ti (V-shape groove with 6 ym
width and 3 pm height) displayed elongated morphology and were 1.5 fold taller than
cells on smooth Ti [14]. The flattened cell shape on a smooth surface is different from
fibroblast morphology in vivo or on a collagen-based matrix; in contrast, the cell
morphology on rough surfaces is closer to that seen in vivo [15]. When the osteoblast-
like cells were cultured in serum free media, there was no difference between cell

morphology on smooth or rough surfaces [16]. The cells packed and piled up as if to
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increase cell-cell interactions and to share limited matrix proteins. This result indicates
that the effects of surface roughness on cell morphology is mediated by protein
adsorption.

Cell attachment and adhesion to adsorbed extracellular proteins are mediated
through integrins, which cluster together to form focal adhesions. On smooth surfaces,
cells are able to form large focal adhesions with the length up to 6 um. In contrast, cells
on microstructured surfaces cannot assemble continuous focal adhesions because of
irregular surface structure features. From our scanning electron microscopic pictures,
we noticed that the osteoblasts did not align with the sub-micrometer scale roughness
completely. Therefore, the focal adhesions may be interrupted by a roughened surface.
The different distributions and structures of focal adhesions may contribute to roughness
dependent cell responses.

Several theories have been proposed previously to explain the intrinsic
relationship of cell shape with cell function. Harris has developed an elastic silicon
substratum model and established the important role of traction force in regulating cell
behavior [17]. Baier has proposed the relationship between membrane strain and cell
responses. During the initial 4 hours of cell seeding, the peripheral area of osteoblasts
symmetrically spreads out. When cells were cultured from 8 hours until reaching
confluence, the cell morphologies were asymmetric. Therefore, the change of cell
symmetry may cause plasma membrane deformation and induce membrane stain,
which exert effects on cellular metabolic activity or active synthesis.

These membrane strain effects may also explain shear force induced osteoblast
differentiation [18]. Ingber proposed a “cellular tensegrity theory” to explain the
mechanism of cellular responses to mechanical environments. Tensegrity is an
architectural term to describe the structures that are stabilized by continuous, integrated

tension forces. In this model, the tensile forces that are exerted by extracellular matrix
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and microtubules are balanced by contractile microfilaments (such as actin and myosin)
and intermediate filaments. Change of cell shape transduces mechanical force to
cytoskeleton structural deformation to minimize energy status and induces the alteration
in nuclear matrix. For example, the spatial rearrangement between DNA sequence and
protein-RNA scaffold may switch cell growth and gene expression [19]. Ben-Ze'ev
concluded that soluble peptide ligands stimulate cell shape change by reorganizing
cytoskeleton. The cell shape and contact are regulated by plasma membrane
associated cytoskeleton rearrangement. The intracellular cytoskeleton filaments control
the localization of regulatory molecules that transduce signal pathways. An example is
that actin-binding protein may associate with phosphoinositide and then activate a
second messenger system [20].

These theories emphasize the important role of contractile force exerted by actin
in maintaining cell shape and regulating cell function. However, passive spreading and
contraction alone cannot explain the phenomenon of haptotaxis. Haptotaxis is the cell’s
ability to move toward the direction of higher adhesive area [21]. When fibroblasts were
cultured on a gradient of adhesive substrata, the cells crawled toward the surface with
highest adhesive coating. If the cells keep a contractile posture, the cells will not migrate
out. Therefore, it is reasonable to assume that the cells also actively form cellular
extensions to explore their environment. The active formation of cellular extensions is
supported by the facts that filopodia are formed not only at the bottom of the cells, but
also at the top the cells. The extended lamellipodia or filopodia may be randomly
protruded from the cell body and attach to the substratum. The contractile force inside
the cells retract the extensions that attach on the surface with lower adhesive area, but
leave the attachment with higher adhesion. The dynamic balance between retraction
force and active formation of cell extensions allow the cells to adapt to the surface

property and migrate along adhesion gradient. The filopodia and lamellipodia are filled
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with organized actin filaments. The actin arrangements are dependent on many other
enzymes and signaling molecules, indicating the process is an active formation that

consumes energy.

Future Directions

In this dissertation, we found that Ti surface structure and surface chemical
composition regulate osteoblast cell shape and differentiation phenotype. On
microstructured and more hydrophilic Ti surface, osteoblasts exhibit round cell shape,
spread out slower, secrete more differentiation markers and produce an osteogenic
microenvironment through a paracrine or autocrine pathway. More studies should be
performed to further understand the mechanism of this phenomenon. Here summarized
are the main future directions.

(1) As mentioned above, the surface needs to be well characterized for studying
cell responses. To compare cell responses to one specific surface feature, the other
surface properties should be controlled to be exactly the same. The surface structure,
chemical composition, surface charge and hydrophilicity should be measured on the
substrata on which the cells are cultured, without further interference of cleaning or
sterilization process. Therefore, the A and SLA surfaces in the future experiments will
be sterilized by the same gamma irradiation sterilization as for modified surfaces. The
surface properties will be characterized after gamma irradiation to present the real
surface that is perceived by the cells.

(2) Serum-supplement culture media contain various proteins that are adsorbed
on the substratum and mediate cell attachment and growth. The exact type and amount
of the proteins in the serum are unknown. To overcome this limitation, future
experiments should be performed in serum-free media. One or several specific types of

proteins will be added into the media. Both initial and dynamic change of protein
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adsorption will be determined to understand the effects of surface properties on protein
adsorption. Then cell growth and differentiation in response to these specific proteins
will be studied to reveal the related interactions among cells, proteins and surface
properties.

(3) Integrins are the main cell membrane receptors that mediate cell attachment
to extracellular matrix. To understand cell-substratum interaction, it is necessary to
investigate the role of integrins in mediating cell responses. Previous studies in our lab
have showed that on microstructured Ti surfaces, MG63 cells express more integrin a2
and B1, while the expression of a5 does not change [22]. Inhibition of integrin 31
expression by small interference RNA also blocks cell responses to surface structure
[23]. The results suggest that integrin plays an important role in transferring the surface
structure signal to cell response. To confirm the efficiency of inhibition of integrin 31
expression at the protein level, more studies are being performed to examine the protein
expression of B1, B3, a2 and a5 in B1 silenced cells. Cell adhesion assays are also
being performed to determine the effects of integrin 1 in regulating MG63 attachment
on tissue culture plastic.

An interesting question is to evaluate the adhesion force of MG63 cells on
microstructured and hydrophilic surfaces, and to correlate adhesion force with cell shape
and behavior. A hypothesis to explain round morphology and differentiated phenotype
of MG63 cells on microstructured and hydrophilic surface is that modified surface
structure and chemical composition disrupt the continuous cell attachment as on the
smooth surfaces. With limited attachment, the cells are forced to form round
morphology and rearrange cytoskeletons to modify gene expression. To test the
hypothesis, cell attachment could be evaluated by measuring adhesion strength and
focal adhesion formation. Adhesion strength can be measured by centrifuge assay if the

substrata can be glued on the tissue culture plate. Focal adhesion size and distribution
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will be observed by immunofluorescence labeling of major focal adhesion proteins; and
the activity of focal adhesion enzymes like focal adhesion kinase can be measured to
understand the intrinsic signaling pathway. Because of the roughness, most parts of the
cells on microstructured surface are usually out of the focus plane, resulting in shorter
and irregular focal adhesions. To obtain a complete picture of cell shape, confocal
microscope can be applied to reconstruct the three dimensional cell morphology with
labeled adhesion sites.

(4) The cytoskeleton is the key linker that relates cell morphology with function.
Most previous studies have investigated the effects of the cytoskeleton in fibroblasts,
epithelial cells or smooth muscle cells because the cytoskeleton is important for the
function of these cells, such as migration or exerting mechanical force. The cytoskeleton
is also critical to osteoblasts, because osteoblasts need migrate to the location of
resorption pit to form new bone and osteocytes are sensitive to environmental
mechanical stimulations. Few studies have been performed the effects of the
cytoskeleton in osteoblasts. To examine the hypothesis that the cytoskeleton is
associated with cell function on microstructured and hydrophilic Ti, we propose to
evaluate cell behavior on these surfaces in the presence of cytoskeleton disruption or
polymerization. For example, if the cell morphology on modSLA is dependent on
reorganized actin filaments in response to surface structure and chemical composition,
then the disruption of actin polymerization is expected to block surface effects.

(5) To observe the dynamic balance of active filopodia formation and passive
contraction, it is necessary to observe real time cell contact and spread at the initial time
period after seeding. For rough and opaque substrata, it is not possible to directly
observe the change of cell shape via light microscopy. An alternative way is to develop
a transparent polymeric surface that present the same structure, so that the change of

cell morphology will be monitored in culture. Polymeric replicas of SLA surface have
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been investigated before [24]. It is still difficult to control surface structure as well as
metallic Ti, because the polymeric surface structures flatten in contact with the culture
media. The polymer surface presents a relatively round bump structure instead of the
sharp peak as on SLA. More research needs to be performed to chose the best
materials that replicate SLA surface structures.

(6) It is known that osteoblasts are not the first cells that appear on the implant
surface. When implants are inserted, hematoma forms around the implant surface and
inflammatory cells are attracted to the insertion place; then stem cells and
osteoprogenitor cells are recruited to the implantation site and differentiate into
osteoblast. Therefore, further studies of the effects of surface properties on stem cell
differentiation will help better correlate in vitro cell culture results with in vivo bone

responses.
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