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Traditional materials utilized for orthopedic and dental applica-
tions have been selected based on their mechanical properties and
ability to remain inert in vivo; this selection process has provided
materials that satifisfy physiological loading conditions but do not
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duplicate the mechanical, chemical, and architectural properties of
bone. The less than optimal surface properties of conventional mate-
rials have resulted in clinical complications that necessitate surgical
removal of many such failed bone implants due to insufficient bond-
ing to juxtaposed bone. Sufficient bonding of an implant to juxtaposed
bone (i.e., osseointegration) is needed to minimize motion-induced
damage to surrounding tissues and support physiological loading
conditions, criteria crucial for implant success. Insufficient osseoin-
tegration can be caused by biomaterial surface properties that do not
support new bone synthesis and/or mechanical properties that do
not match those of surrounding bone; mismatch of mechanical prop-
erties between an implant and surrounding bone may lead to stress
and strain imbalances that cause implant loosening and eventual fail-
ure. Clearly, the next generation of biomaterials for orthopedic and
dental implant applications must possess both biocompatible surface
properties that promote bonding of juxtaposed bone and mechani-
cal properties similar to those of physiological bone. Due to unique
surface and mechanical properties, as well as the ability to simulate
the three-dimensional architecture of physiological bone, one pos-
sible consideration for the next generation of orthopedic and den-
tal implants with improved efficacy are nanophase materials. This
chapter presents reports of the design, synthesis, and evaluation of
nanophase materials for increased orthopedic and dental implant
efficacy. ©2001 Academic Press.

l. Introduction

An estimated 11 million people in the United States have received at
least one medical implant device; orthopedic implants (including fracture,
fixation, and artificial joint devices) accounted for 51.3% of these implants in
1992 (Praemer et al., 1992). Among joint-replacement procedures, hip and
knee surgeries represented 90% of the total and in 1988 were performed
310,000 times in the United States alone (Praemer et al, 1992). Implanting
an orthopedic or dental implant can be a costly procedure (due to surgery,
hospital-provided care, physical therapy costs, and recuperation time) and
involves considerable patient discomfort. Both patient discomfort and cost
can increase if surgical revision becomes necessary after implantation when
an orthopedic or dental implant is rejected by host tissue, is insufficiently
integrated into juxtaposed bone, and/or fails under physiological loading
conditions. Careful design of implants with improved properties (such as
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biocompatibility, ability to enhance integration into surrounding bone, and
mechanical properties similar to physiological bone) could increase bioma-
terial success rate and, therefore, decrease patient discomfort as well as
surgical costs associated with device retrieval and implantation of another
orthopedic and dental prostheses.

Successful biomaterials must integrate into surrounding tissue by elicit-
ing timely and desirable responses from surrounding cells. Orthopedic and
dental biomaterials of the future must promote swift deposition of new
bone on the surface of implants and support bonding of juxtaposed bone
(that is, osseointegrate) to stabilize prostheses in sifu and thus minimize
motion-induced damage to surrounding tissues. In addition, and equally as
important, biomaterials of the future must possess mechanical properties
similar to those of surrounding bone; mismatch between mechanical proper-
ties of implants and surrounding bone could cause imbalances in stress and
strain distribution, thus, leading to bone resorption and eventual implant
loosening or failure (Kaplan et al., 1994; Brunski, 1991; Lehman et al., 1994).

Conventional orthopedic and dental materials (such as commercially pure
titanium, Ti-6Al-4V, and Co-Cr-Mo alloys) meet requirements for me-
chanical loads in the physiological range, but their less than optimal surface
properties (leading to insufficient osseointegration) have resulted in clinical
complications and necessitated surgical removal of many such failed bone
implants (Kaplan et al., 1994). In contrast, ceramics, which have exceptional
biocompatibility and surface properties with bone cells and tissues but are
brittle under loading, have experienced limited use in biomedical applica-
tions. The next generation of biomaterials for orthopedic and dental implant
applications must possess both biocompatible surface properties that pro-
mote bonding of juxtaposed bone and mechanical properties similar to those
of physiological bone.

One possible consideration for the next generation of orthopedic and
dental implants with improved efficacy are nanophase materials. Nanophase
materials are new material formulations that possess grains composed of the
same atoms, but the atoms are fewer (less than tens of thousands) and smaller
(less than 100 nm in diameter) than in conventional materials (which con-
tain several billions of atoms and grain sizes of micrometers to millimeters)
(Siegel, 1996). Control of the size of the constituent clusters and the man-
ner in which these clusters are assembled in nanostructures has produced
new materials with unique, custom-made mechanical, electrical, chemical,
magnetic, and optical structures and properties (Siegel, 1996). Despite their
great promise, investigations of nanophase materials as orthopedic and den-
tal implants have been close to nonexsistent.

This chapter will discuss, in detail, properties of bone and of nanophase
ceramics that promise increased orthopedic and dental implant efficacy.
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Limited reports in the literature that discuss the design, synthesis, and eval-
uation of nanophase ceramics for orthopedic and dental implants will also
be discussed.

Il. Mechanical Properties of Bone

Bone is a well-organized tissue whose primary function is to support me-
chanical loading and protect vital organs in the body (Martin and Burr,
1989). A unique living tissue, bone possesses the ability to regenerate it-
self and adapt its geometry to accommodate local stress and strain from
the surrounding physiological milieu. In the course of normal, daily activi-
ties, mechanical loads are applied to bone; for example, human jaws sustain
0.25 kN during chewing, and human hip joints are exposed to 3 to 5 kN and
0.75 kN during walking and standing, respectively (Kaplan et al., 1994; Park
and Lakes, 1992). Mechanical properties of bone change with architecture
(i.e., cortical or trabecular), porosity (for example, 30% and 50 to 90% poros-
ity for cortical and trabecular bone, respectively), anatomical differences
(for example, the modulus of elasticity varies by 10% in bone from the hu-
man hip and tibia), and age (e.g., the modulus of elasticity varies by up to
20% in bone from 20- to 90-year-old humans) (Kaplan et al, 1994; Fung,
1993).

The mechanical properties of cortical bone (specifically, the femur, tibia,
humerus, and radius) of various species (specifically, horse, cattle, pig, and
human) in tension, compression, and torsion are listed in Table I. It should
be noted, for example, that human femur tensile strength (namely, 124 MPa)
(Yamada, 1970) is in the same order of magnitude to that of cast iron
(170 MPa) (Beer and Johnston, 1981) but, surprisingly, low in weight (Kaplan
et al., 1994; Fung, 1993). These unique properties of bone are a direct con-
sequence of the synergy of its molecular, cellular, and tissue arrangement.

lll. Bone Physiology

A. MICROARCHITECTURE

At the microscopic level, bone consists of two structures: woven and
lamellar (Fig. 1a). Woven bone (with an average mineral grain size of
10 to 50 nm) is the immature, or primitive, form of bone and is normally
found in the metaphyseal region of growing bone as well as in fracture callus
(Kaplanetal., 1994; Park and Lakes, 1992). Woven bone is coarse-fibered and
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MECHANICAL PROPERTIES OF CORTICAL BONE IN TENSION, COMPRESSION, AND TORSION“

Bone type Horses Cattle Pigs Humans (20-39 years)
Ultimate tensile strength (MPa)
Femur 121+1.8 113+£2.1 88+1.5 124 +1.1
Tibia 113 132+£28 108 £3.9 174+1.2
Humerus 102+1.3 101 +0.7 88+7.3 1254+0.8
Radius 120 135+1.6 100+3.4 152+1.4
Ultimate percent elongation (%)
Femur 0.75+£0.01 0.88 £0.02 0.68 +0.01 1.41
Tibia 0.70 0.78 £0.01 0.76 £0.03 1.50
Humerus 0.65+0.01 0.76 £ 0.01 0.70 £0.03 1.43
Radius 0.71 0.79+£0.01 0.73+£0.03 1.50
Modulus of elasticity in tension (GPa)
Femur 25.5 25.0 14.9 17.6
Tibia 23.8 24.5 17.2 18.4
Humerus 17.8 18.3 14.6 17.5
Radius 22.8 259 15.8 18.9
Ultimate compressive strength (MPa)
Femur 145+1.6 147+1.1 100 £0.7 170+4.3
Tibia 163 149+1.4 106 £1.1 ND?
Humerus 154 144+1.3 102+1.6 ND
Radius 156 152+£1.5 107+£1.6 ND
Ultimate percent contraction (%)
Femur 2.4 1.7+0.02 1.94+0.02 1.85+0.04
Tibia 22 1.8+0.02 1.9+0.02 ND
Humerus 2.0 1.8£0.02 1.9+£0.02 ND
Radius 23 1.8+0.02 1.9+0.02 ND
Modulus of elasticity in comoression (GPa)
Femur 9.44+0.47 8.7 49 ND
Tibia 8.5 ND 5.1 ND
Humerus 9.0 ND 5.0 ND
Radius 8.4 ND 53 ND
Ultimate shear strength (MPa)
Femur 9+£1.5 91+1.6 65+1.9 54+0.6
Tibia 89+2.7 95+2.0 71+2.8 ND
Humerus 90+£1.7 86+t1.1 59+£2.0 ND
Radius 94+33 93+1.8 64+32 ND
Torsional modulus of elasticity (GPa)
Femur 16.3 16.8 13.5 32
Tibia 19.1 17.1 15.7 ND
Humerus 235 14.9 15.0 ND
Radius 15.8 14.3 84 ND

“Data are mean +S.E.M. (Adapted from Yamada, 1970.)
bND = no data.
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Fic. 1. Microarchitecture and structural classifications of physiological bone. (a) Schematic
of microscopic and structural classifications of bone. (Redrawn and adapted from Kaplan
et al., 1994.) (b) Schematc of the microarchitecture of the femur. (Redrawn and adapted from
Keaveny and Hayes, 1993, and Fung, 1993.)

contains no uniform orientation of collagen fibers; the isotropic mechanical
characteristics (i.e., mechanical behavior independent of orientation of ap-
plied force) of woven bone are a consequence of its unoriented, nonuniform

collagen fibers (Fung, 1993).

The other microarchitectural form of bone, lamellar bone, actively re-
places maturing woven bone and, consequently, contains up to 100 times
more mineralized matrix or hydroxyapatite; these hydroxyapatite crystals
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are 20 to 80 nm long and 2 to 5 nm thick in the human femur (Kaplan et al.,
1994; Park and Lakes, 1992). Lamellar bone is highly organized and con-
tains stress-oriented collagen fibers; such orientation results in anisotropic
mechanical properties (i.e., mechanical behavior dependent on the orienta-
tion of applied force) with greatest strength parallel to the longitudinal axis
of the collagen fibers (Fung, 1993).

B. STRUCTURAL ORGANIZATION OF THE BONE MICROARCHITECTURE

Woven bone and lamellar bone are structurally organized into either tra-
becular (spongy or cancellous) or cortical (dense or compact) bone (Kaplan
et al., 1994; Park and Lakes, 1992). Trabecular bone, characterized by 50 and
90% porosity, contains large pores (up to several millimeters in diameter
(Kaplan et al, 1994)). Trabecular bone, found primarily at the metaphyses
and epiphyses of both long and cuboidal bones, is organized into a three-
dimensional branching lattice with spicules of trabeculi oriented in the di-
rection of principal stress; for trabecular bone, compression is the dominant
force under physiological loading conditions (Fung, 1993).

Cortical bone, characterized by less than 30% porosity and composed of
small pores (up to 1 mm in diameter), is classified as haversian bone and
contains Volkmann’s canals (canals in which capillaries reside) (Fig. 1b),
lacunae, and canaliculi (Keaveny and Hayes, 1993; Fung, 1993). Cortical
bone is found at the diaphyses of long bones and as circular envelopes in
cuboidal bone (Keaveny and Hayes, 1993; Fung, 1993). In compact bone
vascular channels are randomly oriented, in plexiform bone the vasculature
is located in layers of woven bone dispersed within the lamellar bone, and in
haversian bone (the most complex type of cortical bone) vascular channels
circumferentially surround lamellar bone (Fig. 1a) (Kaplan ez al., 1994). The
circular arrangements of bone around vascular channels found in haver-
sian bone are called osteons. Osteons are usually oriented along the long
axis of bone; the central canal of the osteon (called the haversian canal) con-
tains hematopoietic cells, capillaries, and, occasionally, nerves (Keaveny and
Hayes, 1993; Fung, 1993). The capillaries in the haversian canal are derived
from the principal nutrient arteries of the epiphyseal and metaphyseal arter-
ies of cortical bone and supply oxygen and nutrients necessary to maintain
bone homeostasis (Park and Lakes, 1992).

C. CHeMIcAL COMPOSITION OF THE BONE MATRIX

The human femur is a composite material; approximately 70% of its ma-
trix is inorganic hydroxyapatite, 20% is organic, and 10% is water (Kaplan
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et al., 1994; Fung, 1993). The detailed composition of bone depends on spe-
cies, age, anatomical location, dietary history, and either the absence or pres-
ence of disease (Kaplan et al., 1994; Park and Lakes, 1992).

1. Inorganic Phase

The inorganic component of bone is primarily platelike (20 to 80 nm
long and 2 to 5 nm thick) crystalline hydroxyapatite, Cas(PO,4);(OH) or HA
(Kaplan et al., 1994; Park and Lakes, 1992). Small amounts of impurities may
be present in the mineralized HA matrix; for example, carbonate may re-
place phosphate groups, whereas chloride and fluoride may replace hydroxyl
groups. Because release of ions from the mineral bone matrix controls cell-
mediated functions, the presence of impurities may impact important biolog-
ical aspects (and, subsequently, affect chemical and mechanical properties
of bone) that are critical to normal bone function; for example, impurities
present in the mineralized matrix may affect cellular function(s) that influ-
ence new bone formation (Kaplan et al., 1994; Park and Lakes, 1992).

2. Organic Phase

Approximately 90% of the organic phase of bone is Type I collagen;
the remaining 10% consists of noncollagenous proteins, such as lipids and
other macromolecules (i.e., growth factors, cytokines, and adhesive proteins)
(Kaplan et al., 1994; Fung, 1993; Park and Lakes, 1992). Growth factors
and cytokines (such as insulinlike growth factors and osteogenic proteins),
proteins contained in serum, bone-inductive proteins (such as osteonectin,
osteopontin, and osteocalcin), and extracellular matrix compounds (such as
bone sialoprotein, bone proteoglycans, and other phosphoproteins as well
as proteolipids) are present in the mineralized matrix and may mediate
bone-cell function such as formation of new bone by osteoblasts and bone
resorption by osteoclasts (Kaplan et al., 1994).

a. Collagen. Distribution of the various types of collagen in the human
body is tissue specific (Ayad et al., 1994). Collagen (mainly Type I) found
in bone is synthesized by osteoblasts (the bone-forming cells) and is se-
creted as triple helical procollagen into the extracellular matrix, where col-
lagen molecules are stabilized by cross-linking of reactive aldehydes among
the collagen chains. Each of the 12 types of collagen found in the body
consists of 3 polypeptide chains composed of approximately 1400 amino
acids. For example, Type I collagen (molecular weight 139,000) possesses
2 identical a¢1(I) chains and 1 unique «2 chain; this configuration results in a
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FIG. 2. Schematic representation (not to scale) of the amino acid sequence of a Type I
collagen. A Type I collagen consists of two identical of «1(I) and one unique «2(I) chains
whose combination produces a triple helical structure 300 nm long and 0.5 nm thick, with a
periodicity of 67 nm. Arginine-glycine—aspartic acid adhesive peptides (M) start at peptide
sequence 1083 in the a1(I) chain as well as at 772, 822, and 1005 in the «2(I) chain. (The
schematic was redrawn using information obtained from the following references: Ayad et al.,
1994; Mathews and van Holde, 1990; and Darnell ez al., 1990.)

linear molecule that is 300 nm long (Fig. 2) (Ayad et al., 1994; Mathews and
van Holde, 1990). The linear molecules (or fibers) of Type I collagen are
grouped in triple helical bundles having a periodicity of 67 nm, with gaps
(called hole-zones) between the ends of the molecules and pores between
sides of parallel molecules. During new bone formation, noncollagenous
proteins and mineral are synthesized by osteoblasts and deposited into the
hole-zones and pores of the collagen matrix. Type I collagen has cell-adhesive
properties, particularly for osteoblasts (the bone-forming cells) (Steele ez al.,
1993), due to the presence of the adhesive peptide arginine—glycine—aspartic
acid (RGD) starting at amino acid sequence 1083 in the «1(I) chain and at
sequences 777, 822, and 1005 in the o2(I) chain.

b. Noncollagenous Proteins. Numerous noncollagenous proteins are found
in the bone matrix; osteocalcin, osteonectin, alkaline phosphatase, osteo-
pontin, and bone sialoprotein (discussed in the section “Osteoblasts: The
Bone-Forming Cells”) are synthesized by osteoblasts. Other proteins, such
as laminin, fibronectin, and vitronectin (discussed in the following sections)
are found in blood serum as well as in the extracellular matrix of fibrous
tissue and bone.

(i) Laminin. Laminin is a family of large glycoproteins that are distributed
ubiquitously in the basement membrane of tissues; laminin has been shown
to perform key roles in the development, differentiation, and migration of
cells (primarily endothelial cells, cells that line the vasculature of the body,
and neuronal cells, cells of the central nervous system) (Ayad et al., 1994).
There are four isomeric forms of laminin, specifically, A-S-B2, M-B1-B2,
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Fic. 3. Schematic representation (not to scale) of the amino acid sequence of the A-S-B2
isomer of laminin. Laminin is composed of one long arm (A) and two short arms (S and B2)
arranged in a cruciform configuration 70 nm long and 70 nm wide. The arginine—glycine—aspartic
acid adhesive peptide (M) starts at peptide sequence 2534 in chain A. (The schematic was
redrawn using information obtained from the following references: Ayad et al., 1994; Mathews
and van Holde, 1990; and Darnell et al., 1990.)

and M-S-B2; a truncated form of the B2, B2t chain was recently discovered
(Ayad et al., 1994). Distribution of these isomeric forms of laminin in the
body is associated with developmental stages and is tissue specific. The
laminin (molecular weight of 820,000) molecule has a cruciform configu-
ration with one long arm (approximately 70 nm long) and two short arms
(each approximately 35 nm long; Fig. 3) (Darnell et al., 1990). Laminin
has cell-adhesive properties, particularly for endothelial cells (Graf et al.,
1987), due to the presence of the following adhesive domains: peptides
arginine—glycine—aspartic acid and isoleucine-lysine—valine—alanine—valine
(IKVAV), which are located in chain A and start at peptide sequences
2534 and 2116, respectively; peptides leucine—glycine—threonine—isoleucine—
proline—glycine (LGTIPG), arginine-tyrosine-valine-valine-leucine—pro-
line—arginine (RYVVLPR), proline—aspartic acid—glycine-serine-glycine—
arginine (PDGSGR), and tyrosine-isoleucine-serine—arginine (YIGSR),
which are located in chain B1 and start at peptide sequences 463, 662, 923,
and 950, respectively; and peptide leucine—arginine—glutamic acid (LRE),
which is located in chain S and starts at sequence 1705 (Ayad et al., 1994).

(ii) Fibronectin. Fibronectin (molecular weight 273,715) is a widely dis-
tributed glycoprotein present at high concentrations in bone matrix, plasma
(for example, 300 pg/ml of human plasma), and in other body fluids and
tissues (Ayad et al., 1994). The principal functions of fibronectin are to me-
diate cell migration during development and wound healing, regulate cell
growth and differentiation, and participate in haemostasis and thrombo-
sis (Ayad et al, 1994). Body-fluid fibronectin is a dimer of two identical
subunits (each 60 to 70 nm long and 2 to 3 nm wide) covalently linked near
the carboxyl termini by a pair of disulfide bonds (Fig. 4) (Darnell et al., 1990).
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Fic. 4. Schematic representation (not to scale) of the amino acid sequence of fibronectin.
Fibronectin is a dimer of two identical subunits (60 to 70 nm long and 2 to 3 nm long) covalently
linked by a pair of disulfide bonds. The arginine-glycine-aspartic acid adhesive peptide (H)
starts at peptide sequence 1615. (The schematic was redrawn using information obtained from
the following references: Ayad et al., 1994; Mathews and van Holde, 1990; and Darnell et al.,
1990.)

Hn N

Fibronectin is an important adhesive protein (primarily for fibroblasts, cells
that contribute to callus formation and fibrous encapsulation events that
lead to orthopedic and dental implant loosening and eventual failure, but
also for osteoblasts, the bone-forming cells (Thomas et al., 1997) and vari-
ous other cells) due to the presence of a number of bioactive domains such
as arginine—glycine—aspartic acid, isoleucine—aspartic acid—alanine—proline—
serine (IDAPS), leucine-aspartic acid-valine (LDV), arginine—glutamic
acid-arginine valine (REDV), which start at peptide sequences 1615, 1994,
2102, and 2182, respectively (Ayad et al., 1994).

(iii) Vitronectin. Vitronectin, found in both plasma and the extracellular
matrix of bone, participates in a variety of physiological processes,
including hemostasis, phagocytosis, tissue repair, and immune response. Vit-
ronectin exists in two forms: a single chain (molecular weight of 75,000) and
an endogenously clipped, two-chain form held together by disulfide bonds
(molecular weights of approximately 65,000 and 10,000, respectively) (Ayad
et al., 1994). Structurally, vitronectin is asymmetrically shaped (total length
approximately 15 nm; Fig. 5) with a large content of 8-pleated sheets (Ayad
et al., 1994). Vitronectin plays an important role in adhesion and migration

64
| I—
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Fic. 5. Schematic representation (not to scale) of the amino acid sequence of vitronectin.
Vitronectin is 15 nm long and possesses the arginine—glycine—aspartic acid adhesive peptide
(M) starting at peptide sequence 64. (The schematic was redrawn using information obtained
from the following references: Ayad et al., 1994; Mathews and van Holde, 1990; and Darnell
et al., 1990.)
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of various cells, particularly osteoblasts, the bone-forming cells (Steele et al.,
1993; Healy et al., 1994). The vitronectin molecule contains the arginine—
glycine—aspartic acid peptide starting at sequence 64 (Ayad et al., 1994).

D. CeLLs oF THE BoONE TiSSUE

1. Osteoblasts: The Bone-Forming Cells

It is well established that osteoblasts and, to a lesser extent, osteocytes
(mature osteoblasts) contribute to new bone synthesis (Keaveny and Hayes,
1993; Kaplan et al, 1994). The principal difference between osteoblasts
and osteocytes is their relative location in bone. Osteoblasts are located
on the periosteal and endosteal surfaces of bone (Fig. 1(b)). Once an os-
teoblast becomes surrounded by a mineralized matrix, however, the cell
is characterized by a higher nucleus—to—cell cytoplasm ratio and becomes
known as an osteocyte (Kaplan et al., 1994). Osteocytes are arranged con-
centrically around the central lumen of an osteon and in between lamellae
(Fig. 1(b)). Osteocytes possess extensive cell processes with which they estab-
lish contacts with adjacent osteocytes through small channels, or canaliculi,
present in bone. Due to their three-dimensional distribution and intercon-
necting cell processes, osteocytes are believed to play a pivotal role in com-
municating physiological stress and strain signals in bone tissue (Kaplan
et al, 1994). Osteocytes regulate new bone formation by modulating os-
teoblast function through secretion of growth factors such as the insulinlike
growth factor I and the tissue growth factor 8 (Kaplan et al., 1994; Trippel,
1998). These growth factors mediate the differentiation of osteoblasts from
immature, non-calcium-depositing cells to mature osteoblasts that depo-
sit calcium-containing mineral into the extracellular matrix of bone. Phe-
notypic markers of the differentiation of non-calcium-depositing osteo-
blasts to osteoblasts that deposit calcium-containing mineral in vitro have
been well studied (Stein and Lian, 1993; Stein et al, 1990); these studies
have provided much evidence concerning in vivo functions of osteoblasts
leading to the synthesis and deposition of bone on newly implanted
prostheses.

Three distinct periods of osteoblast differentiation at the genetic level
have been identified during in vitro examination of developing osteoblasts
after initial adhesion to a surface: (1) cell proliferation and extracellular
matrix synthesis, (2) extracellular matrix development and maturation, and
(3) extracellular matrix mineralization (Stein and Lian, 1993). A schematic
of the time course of osteoblast function and synthesis of extracellular matrix
proteins on a newly implanted biomaterial is shown in Fig. 6.
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FiG. 6. Time course of osteoblast function and synthesis of extracellular matrix proteins on a
newly implanted biomaterial. After initial adhesion of osteoblasts to a newly implanted bioma-
terial, three distinct phases of osteoblast differentation occur : (1) proliferation and extracellular
matrix synthesis, (2) extracellular matrix development and maturation, and (3) extracellular
matrix mineralization. (Adapted and redrawn from Stein and Lian, 1993.)

After initial adhesion to a biomaterial device, osteoblasts actively pro-
liferate and express genes for Type I collagen, fibronectin, and vitronectin
(Stein et al., 1990). Osteoblasts also express genes for osteopontin, an acidic
glycoprotein that possesses several calcium-binding sites and mediates adhe-
sive interactions of these cells with the extracellular matrix (Stein and Lian,
1993). Genes for osteopontin synthesis are expressed minimally during the
proliferative stages but in higher quantities late in the extracellular matrix
development and maturation stages of osteoblast development (Stein et al.,
1990).

As the proliferative phase ends and the extracellular matrix development
and maturation phase begins, alkaline phosphatase activity (expressed by nu-
merous cells, including osteoblasts, fibroblasts, and leukocytes as well as by
bone marrow reticular cells (Gehron-Robey, 1989)) and mRNA expression
for proteins (such as osteocalcin, bone sialoprotein, and collagenase) associ-
ated with the osteoblastic phenotype are increased tenfold (Stein and Lian,
1993); for example, expression of the collagenase (an enzyme that aids in
collagen turnover during reorganization and maturation of the extracellular
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matrix) gene is upregulated as the proliferative phase ends and the extracel-
lular matrix mineralization phase commences (Stein and Lian, 1993).

Bone sialoprotein, osteopontin, and osteocalcin are synthesized and de-
posited as the mineralization process begins and mineral nodules form (Stein
and Lian, 1993). Bone sialoprotein contains the cell-adhesive arginine—
glycine—aspartic acid peptide sequence and may thus mediate osteoblast
adhesion on the extracellular matrix (Gehron-Robey, 1989). Osteocalcin,
a calcium-binding protein, interacts with hydroxyapatite and is thought to
mediate coupling of bone resorption (by osteoclasts) and bone formation
(by osteoblasts and/or osteocytes) (Stein and Lian, 1993).

2. Osteoclasts: The Bone-Resorbing Cells

Osteoclasts, cells primarily responsible for resorption of bone, are distin-
guished by their large (20 to 100 wm in diameter), multinuclear morphology
(Fig. 1(b)). Osteoclasts are derived from pluripotent (i.e., capable of differ-
entiating into various cells, including monocytes and macrophages) cells of
the bone marrow (Kaplan ez al., 1994; Park and Lakes, 1992). Osteoclasts re-
sorb bone by forming ruffled cell membrane edges (thereby increasing their
surface area of attachment onto bone surfaces), lowering the pH of the local
environment by producing hydrogen ions through the carbonic anhydrase
system (thus increasing the solubility of hydroxyapatite crystals, the major
inorganic component of bone), and, lastly, by removing organic components
of the matrix via acidic proteolytic digestion that results in the formation
of bone resorption pits termed Howship’s lacunae (Kaplan et al., 1994; Park
and Lakes, 1992). The bone-resorbing activity of osteoclasts is believed to
instigate the formation of new bone by osteoblasts, as discussed in the section
“Bone Remodeling” (Rifkin and Gay, 1992; Stein and Lian, 1993; Heegard,
1993).

3. Fibroblasts

Fibroblasts are derived from mesenchymal cells of the bone marrow
(Kaplan et al., 1994; Park and Lakes, 1992), are found unbiquitously in var-
ious tissues (such as skin, vasculature, lungs, and bone), and are primilarily
responsible for the formation of fibrous, connective tissue (Darnell et al.,
1990). Fibroblasts participate in maintaining the mechanical integrity of bone
by synthesizing and secreting collagen into the extracellular matrix (Kaplan
et al., 1994). However, excessive secretion of fibrous tissue and/or callus
formation during new bone formation may compromise the mechanical
properties (such as bending) of bone. Moreover, fibrous encapsulation and
callus formation around newly implanted orthopedic or dental prostheses

Textures 2.0



08/14/2001

05:58 PM Chemical Engineering-v27 PS068-04.tex PS068-04.xml APserialsv2(2000/12/19)

ORTHOPEDIC AND DENTAL IMPLANT MATERIAL 139

are the most frequent causes of incomplete osseointegration between an im-
plant and juxtposed bone (Brunski, 1991); incomplete osseointegration may
lead to implant loosening and eventual failure. For these reasons, functions
(such as adhesion, synthesis and secretion of fibrous tissue) of fibroblasts
should be minimized at the surface of a newly implanted orthopedic or den-
tal device.

E. BoNE REMODELING

Both cortical and trabecular bone are continuously remodeled through
the formation of a bone-modeling unit (BMU), or cutter-cone; this process
involves activation of osteoclasts, leading to resorption of bone by osteo-
clasts and formation of new bone by osteoblasts on the site of the “old,”
resorbed bone (Fig. 7) (Martin and Burr, 1989). Under normal physiological
conditions (i.e., in the absence of either growth or disease) the dynamics of
bone remodeling maintain bone homeostasis throughout a person’s lifetime.

Nutrients necessary for bone remodeling, mesenchymal stem cells (pluri-
potent cells capable of differentiating into various cells such as osteoblasts,
endothelial cells, and fibroblasts), and hematopoeitic cells (including cells
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FiG. 7. Schematic diagram of a bone modeling unit, or cutter-cone. Cross-sectional views
((a), (b), and (c)) match respective side view sections of a bone modeling unit. (Adapted and
redrawn from Martin and Burr, 1989.)
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from the monocyte or macrophage cell line capable of differentiating into
osteoclasts) are supplied to bone through the vascular network of the bone
marrow. Osteoclasts (either on or in the bone as well as those supplied
by the vascular network) are activated by growth factors, cytokines, and
proteins present in the bone matrix to resorb old bone (Martin and Burr,
1989). Osteoblasts are then activated by growth factors (such as insulin-like
growth factors I and II) secreted by osteoclasts to deposit calcium-containing
mineral (Kaplan et al., 1994). Mineral accretion in skeletal tissue arises by
(1) nucleation or initial recruitment and deposition of precipitating ions
(such as calcium, phosphate, and other ions) into pores and/or hole zones
of the extracellular collagen matrix that had been secreted by osteoblasts,
(2) hydroxyapatite (HA) crystal growth promoted by noncollagenous
proteins (such as phosphoproteins, osteonectin—collagen complexes, and
proteolipids), and (3) secondary nucleation, in which new crystals of hydrox-
yapatite are deposited on nuclei of existing hydroxyapatite (Kaplan et al.,
1994; Park and Lakes, 1992). Extracellular matrix proteins, growth factors,
and cytokines are also believed to control the size (20 to 80 nm in diameter)
as well as extent of HA crystal growth by preventing further deposition of
mineral by osteoblasts according to mechanisms that have yet to be fully
understood (Kaplan et al., 1994; Keaveny and Hayes, 1993).

The extent of bone remodeling is influenced by a number of factors, in-
cluding but not limited to dietary history, exercise frequency, age, injury,
and/or the presence of a prosthetic, manufactured device (Kaplan et al., 1994;
Park and Lakes, 1992). More importantly, the extent of bone remodeling that
occurs at an implant surface will determine the fate of the prosthetic device;
for example, loosening and failure of the orthopedic or dental implant may
result from either (1) little or no remodeling in the bone surrounding an
implant, which may lead to malnourished juxtaposed bone, or (2) enhanced
remodeling in the bone surrounding an implant, which may lead to exces-
sive bone resorption, or osteolysis (Brunski, 1991). Events that occur at the
tissue—implant interface will, clearly, control the extent of bone remodeling
around the prostheses and, therefore, integration of the biomaterial into
surrounding bone.

IV. The Tissue—Implant Interface

Implantation of a synthetic material into mammalian living tissue causes
a number of biological host responses, including rejection by the body, en-
capsulation in newly formed fibrous tissue, and successful incorporation into
surrounding tissues. The fate of an implanted device is determined by cellular
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or molecular events at tissue—implant interfaces; these events are mediated
by the wound-healing process of bone in response to surface properties of
the prostheses.

A. WouND-HEALING RESPONSE OF BONE

Implanting or introducing a biomaterial into the body by surgical proce-
dures inevitably causes damage to surrounding tissues, and, consequently,
initiates a series of host responses. Inflammation and the wound-healing pro-
cess involve recruitment of a variety of cell types, body fluids, and proteins to
the tissue—implant interface (Anderson, 1993; Hench and Ethridge, 1975).
For orthopedic and dental implants, select osteoblast (bone-forming cells)
recruitment to the implant-material surface is imperative for subsequent
formation of new bone, leading to successful osseointegration. Bonding of
orthopedic and dental implants to surrounding bone provides mechanical
stability to the prostheses in situ and minimizes motion-induced trauma to
surrounding tissues; formation of callus (instead of bony) tissue at these
implantation sites decreases implant efficacy and may eventually result in
clinical failure (Brunski, 1991).

B. PROTEIN INTERACTIONS WITH BIOMATERIAL SURFACES

Specific domains of proteins (for example, those mentioned in the section
“Organic Phase”) adsorbed to biomaterial surfaces interact with select cell
membrane receptors (Fig. 8); accessibility of adhesive domains (such as spe-
cificamino acid sequences) of select adsorbed proteins may either enhance or
inhibit subsequent cell (such as osteoblast) attachment (Schakenraad, 1996).
Several studies have provided evidence that properties (such as chemistry,
charge, and topography) of biomaterial surfaces dictate select interactions
(such as type, concentration, and conformation or bioactivity) of plasma
proteins (Sinha and Tuan, 1996; Horbett, 1993; Horbett, 1996; Brunette,
1988; Davies, 1988; Luck et al., 1998; Curtis and Wilkinson, 1997). Albumin
has been the protein of choice in protein-adsorption investigations because
of availability, low cost (compared to other proteins contained in serum),
and, most importantly, well-documented conformation or bioactive struc-
ture (Horbett, 1993); recently, however, a number of research groups have
started to examine protein (such as fibronectin and vitronectin) interac-
tions with material surfaces that are more pertinent to subsequent cell adhe-
sion (Luck et al, 1998; Degasne et al., 1999; Dalton et al., 1995; Lopes et al.,
1999).
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Fic. 8. Schematicrepresentation of protein-mediated cell adhesion on biomaterial surfaces.
Biomaterial surface properties (such as hydrophilicity/hydrophobicity, topography, energy,
and charge) affect subsequent interactions of adsorbed proteins; these interactions include
but are not limited to adsorbed protein type, concentration, and conformation. Changes in
protein—surface interactions may alter accessibility of adhesive domains (such as the peptide
sequence arginine-glycine—aspartic acid) to cells (such as osteoblasts, fibroblasts, or endothe-
lial cells) and thus modulate cellular adhesion. (Adapted and redrawn from Schakenraad,
1996.)

It has been reported in the literature that changes in the type and con-
centration of protein [specifically, albumin (Luck et al, 1998), fibronectin
(Degasne et al., 1999), and vitronectin (Dalton et al., 1995; Lopes et al., 1999)]
adsorption on material surfaces depends on a material’s surface properties,
such as chemistry (i.e., either polymer, metal, or ceramic), hydrophilicity
and hydrophobicity, roughness, and surface energy. Specifically, maximum
vitronectin (Lopes et al., 1999), fibronectin (Degasne et al., 1999) and albu-
min (Horbett, 1993; Luck ef al., 1998) adsorption was noted on hydrophilic
surfaces with high surface roughness and/or energies.

Recent studies have attempted to further elucidate mechanisms of protein
adsorption on biomaterial surfaces. For example, Ellingsen (1991) reported
that adsorption of calcium on titanium surfaces subsequently enhanced
binding of select proteins. In contrast, adsorption of other ions (such as
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magnesium) contained in physiological fluids on titanium surfaces did not
affect subsequent select protein adsorption (Ellingsen, 1991).

C. PROTEIN-MEDIATED CELL ADHESION ON BIOMATERIAL SURFACES

Select proteins that mediate adhesion of specific anchorage-dependent
cells (such as osteoblasts, fibroblasts, and endothelial cells) on substrate sur-
faces have been identified (Underwood and Bennett, 1989; Thomas et al.,
1997; Ayad et al., 1994). For example, adsorption of fibronectin and vit-
ronectin on tissue-culture polystryene subsequently enhanced osteoblast,
fibroblast, and endothelial cell adhesion (Underwood and Bennett, 1989).
More importantly, fibronectin and vitronectin adsorption on borosilicate
glass, in a competitive environment, maximized fibroblast and osteoblast
adhesion, respectively (Thomas et al., 1997). Ayad et al. (1994) reported that
enhanced adsorption of laminin on tissue-culture polystyrene promoted sub-
sequent endothelial cell adhesion. These studies provided evidence that ad-
sorption of specific protein(s) can, subsequently, control select cell adhesion
on material surfaces.

Cells interact with their external environment through signals (such as
chemical, electrical, and mechanical) transmitted through the cell mem-
brane. For this reason, understanding cellular interactions with a biomate-
rial surface requires elucidation of molecular processes that occur at the cell
membrane-biomaterial interface. For example, cellular adhesion (a crucial
prerequiste function for anchorage-dependent cells such as osteoblasts) has
been well examined at the molecular level. Cell-binding regions of extracel-
lular matrix proteins (such as the arginine—glycine—aspartic acid peptide se-
quence present in vitronectin, fibronectin, collagen and laminin, as discussed
in the section “Organic Phase”) and respective cell-membrane-intercalated
receptors (i.e., the integrins) have been identified as being among the most
important mechanisms for cell adhesion to substrates, including borosilicate
glass and tissue-culture polystyrene (Kramer et al., 1993).

Integrins are a family of transmembrane heterodimeric glycoproteins that
are receptors for specific epitopes of extracellular matrix proteins and for
other cell-surface molecules (Kramer et al., 1993). Integrins exist as a dimer
complex composed of an ¢-subunit (120-180 kD) noncovalently associated
with a B-subunit (90-110 kD) (Hynes, 1992). At least 8 S-subunits and
14 a-units have been identified and are concentrated at loci, called focal
adhesion sites, of close proximity between cells and extracellular matrices
on substrates (Hynes, 1992). Focal adhesion sites are points of aggregation
of, and are physically associated with, intracellular cytoskeletal molecules
that control, direct, and modulate cell function in response to extracellular
signals (Schwartz, 1992).
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A number of integrins bind to the RGD sequence of extracellular ma-
trix proteins; for example, integrins o, 8, and o, 85 bind to the RGD epitope
(ligand) of vitronectin, fibronectin, and Type I collagen (Cox et al., 1994).
Expression of integrins on human osteoblasts is mediated by surface prop-
erties (such as topography and composition) of substrates on which these
cells adhere (Gronowicz and McCarthy, 1996; Schneider and Burridge, 1994;
Sinha and Tuan, 1996); specifically, expression of the o, 85 and «, 8¢ integrins
was enhanced when the cells adhered on surfaces of increased roughness
(e.g., sandblasted titanium substrates) and on smooth surfaces (e.g., grit-
polished titanium substrates), respectively (Sinha and Tuan, 1996). Because
the o, 85 integrin has been exclusively associated with binding to the RGD
protein ligand of vitronectin, it can be suggested that vitronectin plays a
critical role in the adhesion of osteoblasts on rough surfaces. Furthermore,
o, B has been exclusively associated with binding to the RGD protein ligand
of fibronectin; for this reason, it can also be suggested that fibronectin is an
important protein for osteoblast adhesion on smooth surfaces.

In addition to mediating cell adhesion, it has been demonstrated that
integrin expression by osteoblasts determines their phenotypic expression
(see the section “Osteoblasts: The Bone-Forming Cells”). For example, ad-
dition of either soluble concentrations of RGD (Moursi et al., 1996) or anti-
bodies of the integrin pair «,8s (Moursi et al., 1997) to confluent osteoblast
cultures, blocked initiation and formation of mineral nodules; these results
provided evidence that integrin—fibronectin interactions leading to extracel-
lular matrix development play a crucial role in osteoblast function (Moursi
et al., 1996, 1997).

However, integrin—~RGD interactions are not the only mechanisms by
which osteoblasts adhere. Several articles suggested that in vivo (Nakamura
and Ozawa, 1994) and in vitro (Puleo and Bizios, 1992; Dalton et al., 1995)
osteoblasts attach to an implanted material through cell membrane heparan
sulfate proteoglycan interactions with, for example, heparin-binding sites on
fibronectin and collagen. Nakamura and Ozawa (1994) immunohistochem-
ically detected heparan sulfate on the membranes of osteoblasts attached
to bone matrix. In addition, by blocking heparin-binding sites of fibronectin
(with platelet factor I'V), osteoblast adhesion on fibronectin was inhibited by
45% (Puleo and Bizios, 1992). In this manner, in addition to integrin-RGD
interactions, it has been demonstrated that osteoblast adhesion is also me-
diated by cell membrane heparan sulfate (Laterra et al., 1983; Izzard et al.,
1986).

Reports found in the literature suggested that the peptide sequence
lysine—arginine-serine-arginine (KRSR) selectively enhanced osteoblast ad-
hesion by possibly binding to heparan sulfate on the membranes of os-
teoblasts (Dee et al, 1996). Compared to unmodified glass, Dee (1996)
demonstrated enhanced osteoblast, fibroblast, and endothelial cell adhesion
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on borosilicate glass modified with the immobilized integrin-binding RGD
peptide. In contrast, compared to unmodified borosilicate glass, osteoblast
adhesion was significantly greater, whereas fibroblast and endothelial cell
adhesion were similar on borosilicate glass modified with the immobilized
heparan-sulfate-binding KRSR peptide (Dee, 1996; Dee et al., 1996). For
this reason, Dee et al. (1996) suggested that proactive orthopedic and dental
implants must enhance osteoblast adhesion by both integrin and heparan
sulfate mechanisms; this could be accomplished by modifying the surface
of a biomaterial with both integrin-binding peptides containing the RGD
sequence and heparan sulfate-binding peptides containing the KRSR se-
quence (Dee, 1996; Dee et al., 1996).

V. Materials Currently Used as Orthopedic and Dental Implants

Metals (such as commercially pure titanium, titanium alloys, stainless
steel, and Co—Cr alloys), ceramics (such as alumina, hydroxyapatite, and
bioglass), and polymers (such as polymethyl methacrylate (PMMA) and
ultrahigh-molecular-weight polyethyene) have been used as either single or
multicomponent orthopedic and dental implants (Park and Lakes, 1992).
Traditionally, materials (such as metals, ceramics, and polymers) currently
used for orthopedic and dental implant applications were selected by trial-
and-error processes; to date, titanium and titanium alloys have been the
orthopedic and dental material of choice due to their superior mechanical
properties (such as low-weight-high-strength ratio), excellent resistance to
corrosion, and ability to remain inert in vivo (Lausmaa et al., 1990). Although
satisfying (but not matching; see Table 1) mechanical requirements of bone,
titanium and titanium alloys have failed clinically, often due to insufficient
bonding to juxtaposed bone—that is, incomplete osseointegration (Kaplan
et al., 1994).

Bioceramics, such as alumina or aluminum oxide (Al,O3), hydroxyapatite
(Cas(POy)3(0OH)), calcium phosphates, bioglass—ceramics, and carbon-based
alloys, possess exceptional biocompatability with bone cells and tissues;
mechanical properties (such as low ductility), however, have limited their
wide use as orthopedic and dental implant materials (Table II) (Doremus,
1992; Grenoble et al., 1972). Once implanted into bone (usually as coat-
ings for traditional orthopedic or dental implant metals), various bioce-
ramics (such as hydroxyapatite, bioactive glass, and calcium phosphate)
physiochemically bonded to bone and, in select cases, promoted new bone
formation, leading to implant osseointegration (Jarcho et al., 1977; Garcia
and Doremus, 1992; Hench, 1993; Ducheyne, 1994, 1999). Direct chemi-
cal bonding of hydroxyapatite-coated titanium implants to adjacent bone
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TABLE 11
COMPARISON OF MECHANICAL PROPERTIES OF SELECT
ORTHOPEDIC AND DENTAL MATERIALS AND BONE

Modulus of
Material elasticity (GPa)

Bone“

Cortical bone 17

Trabecular bone 100
Metals®

Titanium 110

Steel alloy 21

Aluminum alloy 7
Ceramics®

Calcium phosphate 40-117

Alumina 380
Polymers”

Polymethyl methacrylate (PMMA) 2

Data obtained from:

@ (Fung, 1993).

b (Kaplan et al., 1994).

¢ (Park and Lakes, 1992).

has been reported (Garcia and Doremus, 1992); the coordination between
negatively charged carboxalate groups in collagen present in bone and cal-
cium ions present on apatite surfaces has been proposed as the most likely
ionic-bonding mechanism (Garcia and Doremus, 1992). Surface properties
(such as chemical composition, specific surface area, crystal structure, and
porosity) of bioceramics determine the rate, formation, and chemical com-
position of apatites synthesized on these material surfaces (Jarcho et al.,
1977; Garcia and Doremus, 1992; Hench, 1993; Radin and Ducheyne, 1993;
Ducheyne, 1994; Pereira et al, 1994; Yubao et al., 1994). Deposition of
calcium-deficient, carbonate-containing, bonelike apatite on the surface of
bioceramics is thought to be the critical step in their osseointegration. Sev-
eral studies have reported formation of apatite layers in vitro in the pres-
ence of acellular conditions that simulated the physiological milieu (that is,
buffered saline solutions containing protein and ion concentrations similar
to that of human plasma) (Radin and Ducheyne, 1993; Pereira et al., 1994;
Li et al, 1994). In contrast to these studies, numerous reports in the litera-
ture demonstrated insufficient formation of bone on orthopedic and dental
implant materials consisting of ceramics (such as calcium phosphates and
hydroxyapatite) (Doremus, 1992). To date, the source of inconsistency in
the efficacy of bioceramics remains largely unclear.
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A. NOVEL SURFACE MODIFICATIONS OF CONVENTIONAL ORTHOPEDIC
AND DENTAL IMPLANTS

Several attempts have been made to increase the cytocompatibility of
conventional materials for orthopedic and dental applications using in vitro
cellular models. Anchorage-dependent cells (such as osteoblasts, fibroblasts
and endothelial cells) must first adhere to a surface in order to perform nor-
mal, subsequent functions (such as spreading and proliferation). Although
adhesion is a critical cell process, subsequent functions (such as the deposi-
tion of calcium-containing mineral) by osteoblasts on orthopedic and dental
implants are of tantamount importance. In vitro functions of osteoblasts
have been well documented on conventional orthopedic and dental mate-
rials composed of metals (such as commercially pure titanium (Degasne
et al., 1999; Keller et al., 1994; Wen et al., 1996)), metal alloys (for exam-
ple, Ti-6Al1-4V (Puleo et al., 1993), Co-Cr-Mo (Garvey and Bizios, 1995),
and 316L stainless steel (Garvey and Bizios, 1995)) and ceramics (such as hy-
droxyapatite (Malik et al., 1992) and bioglasses (Davies and Matsuda, 1994)).
Reports in the literature demonstrated increased osteoblast adhesion, cell
spreading, proliferation, synthesis of extracellular matrix proteins (such as
alkaline phosphatase), and deposition of extracellular matrix calcium on con-
ventional titanium surfaces with increased microsize roughness (i.e., sand-
blasted, heated treated, acid-etched, and machined surfaces) (Degasne et al.,
1999; Kelleretal., 1994; Wen et al., 1996; Curtis and Wilkinson, 1997; Brunette,
1988). Besides promoting functions of osteoblasts, increased microsurface
roughness of conventional ceramic surfaces (such as acid-etched hydroxya-
patite) enhanced synthesis of tartrate-resistant-acid phosphatase (TRAP)
and bone-resorption activity of osteoclast cells (Gomi et al., 1993; Matsunaga
etal, 1999).

In addition to increased surface roughness, chemical modifications of ma-
terials currently used for orthopedic and dental implants have enhanced
in vitro osteoblast functions such as adhesion, proliferation, synthesis of
extracllular matrix proteins, and deposition of calcium-containing mineral
(Healy et al., 1994; Dee, 1996; Dee et al., 1996). By immobilizing bioactive
chemical compounds on functional groups of a silane-coated orthopedic
or dental biomaterial, a traditional biomaterial may be transformed into
one that can elicit specific responses from surrounding living cells and tis-
sues. To date, enzymes (i.e., glucose oxidases, or glutamate oxidase (Tiller
et al., 1999)), antibodies (such as antimouse immunoglobulin G (Turkova,
1999)), and specific peptide sequences (such as arginine—glycine—aspartic
acid-serine and lysine-arginine-serine—arginine (Dee, 1996; Dee et al,
1996)) have been immobilized on various materials (i.e., glass, polymers, and
metal oxides) to enhance osteoblast functions. It is not clear whether, upon
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implantation, the bioactivity of these immobilized peptides may be affected
because of the interactions of macromolecules from physiological fluids and
tissues; osseointegration of juxtaposed bone and biomaterial surfaces modi-
fied with immobilized specific bioactive groups remains to be proven in vivo.
Clearly, new material formulations must be designed that retain their bioac-
tivity in vivo to promote osseointegration with surrounding bone.

VI. Next Generation of Orthopedic and Dental Implants:
Nanophase Ceramics

Traditional materials for orthopedic and dental applications have been
selected based on their mechanical properties and ability to remain inert
in vivo; this selection process has provided materials that satisfied physio-
logical loading conditions but did not duplicate the mechanical, chemical,
and architectural properties of bone. Most importantly, to date, failure of
conventional orthopedic and dental implant materials is often due to insuf-
ficient bonding to juxtaposed bone (that is, insufficient osseointegration).

Biomaterial scientists and engineers are currently investigating novel for-
mulations and modifications of existing materials that elicit specific, timely,
and desirable responses from surrounding cells and tissues to support the
osseointegration of the next generation of orthopedic and dental biomateri-
als (Ratner, 1992). Enhanced deposition of mineralized matrix at the bone—
implant interface provides crucial mechanical stability to implants. Proactive
orthopedic and dental biomaterials could consist of novel formulations that
selectively enhance osteoblast function (such as adhesion, proliferation and
formation of calcium-containing mineral) while, at the same time, minimize
other cell (such as fibroblast) functions that may decrease implant efficacy
(e.g., fibroblast participation in callus formation and fibrous encapsulation
of implants in vivo).

Nanophase materials are new formulations of materials that are com-
posed of grains of the same atoms but with fewer (less than tens of thousands)
and smaller (less than 100 nm in diameter) atoms than in conventional forms
(which contain several billion atoms and have grain sizes of micrometers to
millimeters in diameter) (Siegel, 1996). Nanocrystalline materials exhibit en-
hanced magnetic, catalytic, electrical and optical properties when compared
to conventional formulations of the same material (Siegel and Fougere, 1994,
1995a,b; Siegel, 1996, 1994). Moreover, nanophase ceramics can be synthe-
sized so they possess similar grain size, geometry, and microarchitecture as
that of healthy, physiological bone (see the sections “Microarchitecture”
and “Structural Organization of the Bone Microarchitecture”). Properties
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(specifically, mechanical and surface) of nanophase materials pertaining to
the design and synthesis of orthopedic and dental implants of increased
efficacy are expanded upon in the sections that follow.

A. SURFACE PROPERTIES OF NANOPHASE CERAMICS FOR ENHANCED
ORTHOPEDIC AND DENTAL IMPLANT EFFICACY

1. Rationale

Orthopedic and dental implants with surface properties that promote cell
and tissue interactions that lead to implant osseointegration are needed. Sur-
face properties (such as area, charge, and topography) depend on the grain
size of a material; in this respect, nanophase materials, which, by their very
nature, possess higher surface area with increased portions of surface defects
(such as edge—corner sites) and grain boundaries (Klabunde et al, 1996),
have an advantage that currently remains largely unexplored for biomedi-
cal applications. The increased surface reactivity of nanomaterials has been
utilized for catalytic applications (Klabunde et al., 1996); for example, com-
pared to conventional (greater than a 100-nm average grain size) magnesium
oxide (MgO), nanophase (i.e., a 4-nm average grain size) materials, such as
magnesium oxide (MgO) and aluminum nitride, possessed higher surface
area (100 to 160 m?/g compared to 200 to 500 m%g for MgO, respectively),
less acidic OH™ groups (due to a much higher proportion of edge sites for
the nanophase MgO to cause delocalization of electrons; Fig. 9), increased
adsorption of acidic species (such as SO,” and CO;"), and increased de-
structive adsorption of organophosphorous and of chlorocarbons (Klabunde
et al., 1996; Baraton et al., 1997). It is extremely attractive to ponder if and

OH" OH OH" OH" OH OH
OH~ OH ON W
| | |

«—— 10 nm

10nm

(a) CONVENTIONAL (b) NANOPHASE
(GRAIN SIZES GREATER THAN 100 nm) ~ (GRAIN SIZES LESS THAN 100 nm)

FiG. 9. Theoretical predictions of changes in surface properties of nanophase materials that
affect the hydroxide layer. Compared to (a) conventional materials, (b) nanophase materials
possess higher surface area and less acidic OH™ groups (due to an increase in electron delocal-
ization) in the hydroxide layer. (Adapted and redrawn from Klabunde et al., 1996.)
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how these enhanced surface properties (such as increased surface area and
charge, as well as ability to alter adsorption of chemical species) could be
used to promote bonding of juxtaposed bone to an orthopedic or dental
implant composed of nanophase ceramics.

2. Experimental Evidence

Clearly, some of the best examples illustrating the potential advantages of
nanoceramic surface properties in advancing orthopedic and dental implant
applications are calcium phosphate and/or calcium phosphate derivatives
(such as hydroxyapatite ceramics, tricalcium phosphates, calcium carbonates,
and bioactive glasses). As the main inorganic component of bone, hydrox-
yapatite (with a physiological platelike 25 x 3.5-nm geometry (Muller-Mai
et al., 1995)) has been an attractive material for hard-tissue repair over the
last three decades. When implanted, these materials (sometimes polygonal
coarse particles less than 100 nm in diameter (Muller-Mai et al., 1995)) are
nontoxic and antigenically inactive, do not induce cancer, and can, in some
cases, bond directly with bone without any intervening fibrous—connective
tissue layer.

Recent studies on ectopic bone formation (osteoinduction or material-
induced osteogenesis) of calcium phosphate biomaterials (with grain sizes
less than 100 nm) showed that osteoinduction might be an intrinsic prop-
erty of calcium phosphate biomaterials. Ripamonti (1991, 1996) reported
bone formation in coral-derived hydroxyapatite implanted in muscles of ba-
boons, rabbits, and dogs. Vargervik (1992) reported ectopic bone formation
in porous hydroxyapatite ceramics in monkeys; Yamasaki and Saki (1992)
found bone formation induced by hydroxyapatite ceramics in dogs; Toth et al.
(1993) found bone formation in dogs induced by hydroxyapatite—tricalcium
phosphate as well as a- and B-calcium pyrophosphate; Klein et al. (1994) ob-
served bone tissue in calcium phosphate ceramic in soft tissues of dogs; and
Yang et al. (1996, 1997) and Yuan et al. (1997a—e) reported hydroxyapatite—
tricalcium phosphate ceramic-induced osteogenesis in dogs, pigs, and rabbits.

In spite of these investigations, many reports in the literature demon-
strate that these nanoapatite ceramics are not always osteoinductive and,
furthermore, do not possess mechanical properties similar enough to bone
for sustained osseointegration (Muller-Mai et al., 1995; Doremus, 1992; Du
etal., 1999; Weng et al., 1997), criteria necessary for increased orthopedic and
dental implant efficacy. Moreover, mechanisms of osteoinduction of calcium
phosphate ceramics are not clear and seem to depend on specific nanoap-
atite material properties (such as surface properties and crystallinity) and
the animal tested (i.e., dog versus rabbit). Undoubtedly, the incidental cases
of calcium phosphate biomaterial-induced osteogenesis indicate promise in
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the development of nanoapatites with instrinsic osteoinductive properties,
but surface properties of these novel prostheses that induce bone growth
must obviously be understood.

Surface roughness (as determined by macro- and microporosity, grainsize,
etc.) crystallinity, and wettability (or hydrophobicity) of calcium phosphate—
derived ceramics have all been shown to influence osteoinductivity. For
example, hydroxyapatite substrates with high amounts of surface microp-
orosity induced bone formation under the skin of dogs (Yamaski and Saki,
1992). Yuan et al. (1999) showed that surfaces with microporosity promoted
calcium phosphate ceramic-induced osteogenesis in dorsal muscles of dogs
by increasing surface area and subsequent adsorption of proteins and growth
factors that stimulated osteoblastic activity. Even the size of macropores in-
fluenced osteoinduction; for example, pore diameters of 100 to 600 um on
the surface of hydroxyapatite and calcium phosphate ceramics enhanced
bone ingrowth in dogs, rabbits, and humans (Inoue ef al., 1992; Kawamura
etal., 1987; Flately et al., 1983; Passuti et al., 1989). It has also been suggested
that apatite crystals sintered at low temperatures, which possess a low degree
of crystallinity, were more active in bone formation (de Bruijn et al, 1994).

In contrast to reports demonstrating the effect of surface properties on
the extent of osseointegration of calcium phosphate with juxtaposed bone,
few studies have addressed the mechanisms of enhanced osteoblastic activity
on these nanoapatites. One set of in vitro studies pinpoints grain size in the
nanometer regime as the major parameter for enhancing ceramic cytocom-
patability. For example, compared to respective conventional, larger grain
size, ceramic formulations, enhanced adhesion of osteoblasts (the bone-
forming cells) and decreased adhesion of fibroblasts (cells that contribute to
fibrous encapsulation and callus formation events that may lead to implant
loosening and failure) have been observed on nanophase alumina, titania,
and HA (Webster et al., 1998, 1999a,b, 2000a). In fact, decreasing alumina
grain size from 167 to 24 nm increased osteoblast adhesion 51% and at the
same time decreased fibroblast adhesion 235% after 4 hr (Webster et al.,
2000a).

Investigations of the underlying mechanism(s) revealed that the concen-
tration, conformation, and bioactivity of vitronectin (a protein contained in
serum that is known to mediate osteoblast adhesion ((Thomas et al., 1997);
see the section “Vitronectin”) was responsible for the select, enhanced adhe-
sion (a crucial prerequisite for subsequent, anchorage-dependent-cell func-
tion) of osteoblasts on these novel nanoceramic formulations. Specifically, of
the proteins (such as albumin, laminin, fibronectin, collagen, and vitronectin)
tested, vitronectin adsorbed in the highest concentration on nanophase alu-
mina after 4 hr; moreover, competitive adsorption of vitronectin was 10%
greater on nanophase compared to conventional alumina (Webster et al.,
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2001a). Furthermore, and in contrast to protein adsorption to conventional
ceramics, vitronectin adsorption to nanophase ceramics was controlled by
calcium-mediated mechanisms (Webster et al., 2001a). Calcium mediation af-
fected the conformation of vitronectin subsequently adsorbed on nanophase
ceramics to promote osteoblast adhesion. Specifically, a novel adaptation
of the standard surface-enhanced Raman scattering (SERS) technique pro-
vided evidence of increased unfolding of vitronectin adsorbed on nanophase
ceramics (Webster et al., 2001a). Protein conformation plays a critical role
in mediating subsequent cell interactions (such as cell adhesion on material
surfaces; see the section “Protein-Mediated Cell Adhesion on Biomaterial
Surfaces”). For example, vitronectin unfolding promoted availability of spe-
cific cell-adhesive epitopes (such as arginine—glycine—aspartic acid—serine)
for subsequent enhanced osteoblast adhesion; evidence supporting this claim
was provided by competitive inhibition studies (Webster et al., 2001a).

Webster et al. (2000a) suggested that the topography (such as roughness
dictated by nanometer grain size and nm pore size) of nanophase ceramics
influenced interactions (such as adsorption and/or configuration or bioactiv-
ity) of select proteins that affected subsequent cell adhesion. For example,
because of protein stereochemical structure and ceramic pore dimensions,
vitronectin (a linear protein 15 nm in length (Ayad ef al, 1994); see the
section “Vitronectin”) preferentially adsorbed to the small (e.g., 0.69, 0.98,
and 0.66 nm for alumina, titania, and hydroxyapatite formulations, respec-
tively) pores present in nanophase ceramics, whereas larger proteins that
do not promote osteoblast adhesion (such as laminin with a cruciform con-
figuration 70 nm both in length and width (Ayad et al., 1994); see the sec-
tion “Laminin”) adsorbed to the large (e.g., 2.94, 23.3, and 3.1 nm for
alumina, titania, and hydroxyapatite, respectively) pores present in con-
ventional ceramics. In addition, variations in ceramic surface topography
(such as nanophase and conventional titania with average surface rough-
ness values of 32 nm and 16 nm, respectively (Webster et al., 2000a)) on
the same order of magnitude as the size of proteins may have affected ad-
sorbed protein configuration and, thus, availability of bioactive domains (i.e.,
specific amino acid sequences) that mediate subsequent osteoblast adhe-
sion. Due to protein dimensions in the nanometer regime (see the section
“Organic Phase”), through the use of nanoceramics, engineers can now mod-
ify a surface to control and manipulate adsorbed protein configuration or
bioactivity for increased bone cell interactions; this is, most likely, the largest
uninvestigated and promising potential of nanophase ceramics in biomedical
applications.

Adhesion of osteoblasts to ceramic surfaces alone, however, is not ade-
quate to achieve long-term osseointegration of orthopedic and dental im-
plants; subsequent osteoblast functions (such as proliferation, synthesis of
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extracellular matrix proteins, and deposition of extracellular calcium) are
required. In vitro studies conducted by Webster et al. (2000b) also provided
the first evidence of enhanced osteoblast proliferation, alkaline phosphatase
synthesis, and concentration of extracellular matrix calcium on ceramics of
decreased grain size (specifically on nanophase alumina, titania, and hydrox-
yapatite).

However, other cell functions must also be investigated on proposed
biomaterials; this is true because maintainence of healthy bone juxtaposed
to an implanted surface requires the formation of a bone-remodeling unit
(consisting of activation of bone cells by the action of growth factors such as
insulinlike growth factors I and I1 (Kaplan et al., 1994), resorption of bone by
osteoclasts, and formation of new bone by osteoblasts on the site of the old re-
sorbed bone; see the section “Bone Remodeling”). For this reason, Webster
etal. (2001b) investigated osteoclastlike cell function on nanophase ceramics
and demonstrated enhanced synthesis of tartrate-resistant acid phosphatase
(TRAP) and subsequent increased formation of resorption pits when ce-
ramic grain size was reduced into the nanometer regime. Such enhanced
corresponding events between osteoclasts and osteoblasts may provide a
plausible explanation for the observed, improved osseointegration between
nanoapatites and juxtaposed bone in vivo (Doremus, 1992).

Itis imperative to determine properties of nanoceramics that enhance os-
teoblast and osteoclast functions; Webster et al. (2000a,b, 2001a,b) proposed
the following:

1. Enhanced osteoblast and osteoclast functions on nanophase ceramics
due to increased nanosize surface roughness (Fig. 10). Compared to
conventional ceramics, nanophase ceramics possess increased surface
roughness (by 35 to 50% ) resulting from both decreased grain size and
decreased diameter of surface pores (Webster ef al., 1999b). These re-
sults confirm those obtained by other research groups who reported
enhanced functions of osteoblasts and osteoclasts on surfaces with in-
creased roughness (specifically, surfaces with increased roughness val-
ues achieved by sandblast, heat treating, acid etching, and machining)
(Curtis and Wilkinson, 1997; Degasne et al., 1999; Keller et al., 1994;
Gomi et al., 1993; Matsunaga et al.,, 1999) but are among the first to
demonstrate that surface grain sizes of ceramic formulations in the
nanometer regime result in nanosize roughness values that selectively
promote bone cell functions.

2. Enhanced osteoblast and osteoclast functions on nanophase ceram-
ics due to increased surface wettability. Compared to conventional
ceramics, nanophase ceramics exhibit enhanced surface wettability
[evidenced, for example, by aqueous contact angles three times smaller
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Fic. 10. Representative topography of nanophase and conventional titania. Representative
atomic force micrographs of (a) nanophase titania with 39-nm grain sizes and of (b) conventional
titania with 4520-nm grain sizes, illustrating the different topographies of nanophase compared
to conventional grain size ceramics.

when alumina grain size was decreased from 167 to 24 nm (Webster
et al., 1999b)] due to surface roughness and/or greater numbers of
grain boundaries on their surface. These studies confirm results ob-
tained by other research groups who correlated increased adsorption
of vitronectin [a protein that promotes osteoblast adhesion (Thomas
etal., 1997)] on material surfaces with greater surface wettability (Luck
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et al., 1998) but are the first to demonstrate that surface grain size of
ceramic formulations in the nanometer regime increases the number of
grain boundaries at the surface to enhance bioceramic surface wetta-
bility for vitronectin adsorption which, subsequently, promotes select
bone cell function (Fig. 11).
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Fic. 11. Unfolding of vitronectin exposes epitopes for osteoblast adhesion on nanophase ce-
ramics. Schematic representation (not in scale) of a possible mechanism for enhanced osteoblast
adhesion on (a) nanophase, compared to (b) conventional, ceramics, which involves unfolding
of the vitronectin macromolecule to expose select cell-adhesive epitopes (such as arginine—
glycine—aspartic acid) for osteoblast adhesion. Increased exposure of cell-adhesive epitopes of
vitronectin for enhanced osteoblast adhesion on nanophase ceramics may be due to nanometer
surface topography and/or increased wettability due to the greater number of grain boundaries
at the surface.
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Due to their ability to selectively promote both osteoblast and osteoclast
function, nanophase ceramics provide a preferable alternative to conven-
tional orthopedic and dental implants that fail to integrate with surrounding
bone; it is undoubtedly highly desirable to minimize, if not avoid, clinical
complications that necessitate removal of failed implants as a result of poor
surface properties that lead to insufficient osseointegration. These results
provide evidence that nanoceramics may be synthesized to match surface
properties of bone and, thus, demonstrate strong promise and potential for
their use in orthopedic and dental applications.

B. MEcHANICAL PROPERTIES OF NANOPHASE CERAMICS FOR ENHANCED
ORTHOPEDIC/DENTAL IMPLANT EFFICACY

1. Rationale

The next generation of orthopedic and dental implants must possess
mechanical properties that are similar to those of the surrounding bone.
Nanophase ceramics may be synthesized to possess hardness, bending and
compressive and tensile strengths that are different than properties of con-
ventional ceramics but similar to those of physiological bone. Indeed, greater
mechanical properties (such as hardness, ductility, and enhanced strain to
failure) have been reported for ceramics with a reduction in grain size into
the nanometer range (Bohn et al., 1991; Mayo et al, 1990, 1992). Mechan-
ical deformation theory indicates that the high-volume fraction of interfa-
cial regions compared to bulk material leads to increased deformation by
grain-boundary sliding in nanocrystalline ceramics (Coble, 1963). Similarly,
it has been suggested that increased grain-boundary sliding, accompanied
by short-range diffusion-healing events as grain size is reduced, results in in-
creased ductility for strongly ionic (that is, ceramic) and covalently bonded
nanomaterials (Fig. 12) (Siegel, 1994).

Nanocrystalline materials have been shown to possess increased (by a
factor of 2 to 5 for nanocrystalline copper, palladium, and silver (Nieman,
1991; Nieman et al, 1989, 1991a,b)) hardness, to deform at faster (e.g., 34
times faster for 13-nm versus 300-nm zirconia (Ciftcioglu and Mayo, 1990))
superplastic forming rates, to exhibit higher strain rates but without fracture
(for example, 40-nm titania deformed without fracture at strains exceed-
ing 0.6 for strain rates as high as 10° s~! (Hahn and Averback, 1991; Carry
and Mocellin, 1987)), and to bend at lower temperatures than their large-
grained (conventional) counterparts (Weertman et al., 1999). For example,
Ciftcioglu and Mayo (1990) demonstrated a fourfold reduction in grain size
of yittria-stabilized zirconia-accelerated strain rates close to the deformation
stress and strain rates typically used for formation of metals via superplastic
techniques.
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0 il

DECREASING GRAIN SIZE (ARBITRARY NANOMETER UNITS)
Fic. 12. Schematic deformation properties of nanophase ceramics. For ceramics, decreasing
the grain size into the nanometer regime corresponds to an increase in grain boundary sliding,
resulting in increased ductility of these materials. (Adapted and redrawn from Siegel, 1994.)

GRAIN BOUNDARY SLIDING
FREQUENCY (ARBITRARY UNITS)

Extended strain to failure has been well documented for submicro-
meter and nanocrystalline ceramics; elongations to failure of 100 to 800%
have been reported for nanophase ceramics whose conventional grain-size
counterparts normally fail at 0 to 2% elongation (Maehara and Langdon,
1990; Nieh et al, 1991). Weertman et al. (1999) reported plastic deforma-
tions of about 100% in compression of single calcium fluoride crystals at
temperature conditions under which conventional materials would fail in
the elastic regime. True compressive creep testing of nanoceramic materials
has substantiated enhanced plasticity; compressive creep tests conducted at
moderate temperatures on 99% dense nanophase TiO, showed extensive de-
formation without crack formation (Hahn and Averback, 1991). Nanophase
TiO, also exhibited enhanced plasticity in tension; Cui and Hahn (1992) sub-
jected 40-nm grain size TiO; to biaxial bulge tests at temperatures between
700 and 800°C and reported ductile tensile behavior, without formation of
any cracks, as the samples deformed up to true strain levels of 0.1 (Cui and
Hahn, 1992). Considering that the brittle nature of conventional, larger-
grain-size, ceramics inhibits their widespread use as orthopedic or dental
materials, it is interesting to ponder if and how the enhanced mechanical
properties of nanophase ceramics could be incorporated into the next gen-
eration of biomaterials with improved osseointegrative capabilities.

2. Experimental Evidence

To date, few research groups have incorporated the enhanced mechanical
properties of nanophase ceramics into orthopedic and dental applications.
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One example in the literature demonstrates that nanophase (10-15 nm av-
erage grain size) diamond-coated (via microwave plasma chemical vapor
deposition) titanium implants exhibited improved fracture toughness and
adhesion compared to conventional coatings (Catledge and Vohra, 1999).
Toprani et al. (2000) reported levels of strain more indicative of ductile
coatings than ceramic during indentation tests. The authors note that the
observed increased fracture toughness comes at the expense of decreased
hardness, which may be improved by synthesizing layers of nanocrystalline
diamond on layers of high phase purity microcrystalline diamond (Catledge
et al., 2000); by controlling placement of nano- and microcrystalline layers,
one can obtain a compositelike film whose toughness, hardness, and surface
roughness properties can be tailored as desired. For this reason, future bio-
materials consisting of nanophase ceramics can be tailored to meet clinical
requirements associated with anatomical differences or patient age; such re-
quirements arise because, for example, the modulus of elasticity varies by
10% in bone from the human hip and tibia and by up to 10% in bone from
10- and 90-year-old human (Kaplan et al, 1994). Conventional orthopedic
and dental implants are not synthesized to simulate differences in mechanical
properties of bone based on anatomical differences or patient age; instead,
a “one-size-fits-all” model is currently used.

Another example in the literature demonstrating how mechanical prop-
erties of nanophase ceramics could enhance orthopedic and dental implants
is by Webster et al. (1999a), who demonstrated that compared to respec-
tive conventional ceramics, bending properties (specifically, bending mod-
ulus, bending strength, flexural rigidity, and bending structural stiffness)
of nanophase alumina, titania, and hydroxyapatite ceramics are closer to
those of human femur bone; for example, the average bending modulus of
nanophase alumina (namely, 35 GPa) was 1.8 times greater, whereas conven-
tional alumina was 2.7 times greater (specifically, 52 GPa) than the respective
value of human femur bone (in the range of 19 GPa) (Fung, 1993). Moreover,
compared to values of the bending strength for conventional hydroxyapatite
(in the range 38-113 MPa), Ahn ez al. (2000) also showed bending strengths
of nanocrystalline hydroxyapatite (182 MPa) closer to those of physiological
bone (160 MPa).

Undoubtedly, changes in porosity (such as bulk and surface porosity and
diameter of individual pores) of nanophase ceramic formulated by Webster
et al. (1999) provide an explanation for the observed differences in me-
chanical properties of respective nanophase and conventional ceramic for-
mulations; for example, individual surface pores four times smaller were
achieved in nanophase (67-nm grain size) compared to conventional (179-nm
grain size) HA formulations (Webster ef al., 2000a). Compared to conven-
tional formulations, therefore, the bending modulus of nanophase ceramics
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may be the result of the combined effects of (1) increased grain-boundary
sliding mechanisms due to a larger number of grain boundaries present in
nanophase ceramics, and/or (2) smaller crack initiation sites due to smaller
diameters of individual surface pores (i.e., fewer and less surface flaws)
present on nanophase ceramics. For these reasons, nanophase ceramics pro-
vide a preferable alternative to conventional orthopedic and dental implants
that fail due to crack initiation and propagation during in vivo loading; it is,
undoubtedly, highly desirable to minimize, if not avoid, clinical complica-
tions that necessitate removal of failed implants as a result of poor mechan-
ical properties. These results provided evidence that nanophase ceramics
may be synthesized to match bending properties of bone and thus demon-
strated strong promise and potential for their use in orthopedic and dental
implant applications.

VIl. Conclusions

Nanostructured ceramics provide alternatives not yet fully explored for
orthopedic and dental implant applications; the improved mechanical prop-
erties of these novel ceramic formulations, in addition to their established ex-
ceptional biocompatibility, constitute characteristics that promise improved
orthopedic and dental efficacy. Requirements applicable for the design of
nanophase ceramics for orthopedic and dental applications include the
following:

1. Mechanical properties (such as bending, hardness, and compressive
and tensile strength) of bioceramics similar to human bone can be
obtained by decreasing the grain size of ceramic formulations into the
nanometer regime. Such mechanical properties must be incorporated
into bioceramics for orthopedic and dental applications; mechanical
properties similar to those of physiological bone are needed in order
to minimize imbalances in stress and strain distributions at the tissue—
implant interface, which often lead to bone resorption (i.e., osteolysis)
and eventual implant loosening and failure.

2. Surface properties (such as topography and wettability) of bioceram-
ics similar to human bone can be obtained by decreasing the grain
size of ceramic formulations into the nanometer regime. Such surface
properties must be incorporated into proactive bioceramics for ortho-
pedic and dental applications; surface properties similar to those of
physiological bone are needed in order to promote select cell interac-
tions that lead to sufficient osseointegration between an orthopedic or
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dental implant and juxtaposed bone. Sufficient bonding of juxtaposed
bone to an implanted surface stabilizes the prostheses in situ, mini-
mizes motion-induced damage to surrounding tissues, and is crucial to
the clinical success of orthopedic and dental implants.

A proactive orthopedic or dental bioceramic should be designed to pro-
mote the adsorption of vitronectin, a protein that optimizes subsequent
adhesion of osteoblasts. Besides adsorption, proactive bioceramics for or-
thopedic and dental applications should promote unfolding and thus en-
hance the bioactivity of vitronectin by exposing epitopes (such as integrin
and heparan sulfate-binding sites) necessary for select osteoblast adhesion.
Unfolding and increased bioactivity of vitronectin can be accomplished by
nanophase ceramic topography (as controlled by nanometer surface grain
size) and increased wettability (due to higher numbers of grain boundaries
at the surface).

As the disciplines of cell-tissue engineering and nanophase material sci-
ence develop and mature, the preceding design criteria will be expanded
and refined. Undoubtedly, nanophase ceramics have great potential to be-
come the next generation of choice proactive biomaterials for innovative
biotechnology and biomedical applications that could have profound clini-
cal impact.
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