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INTRODUCTION 

The field of biomedical materials has grown rapidly over the past 20 years and offers 
solutions to repair defects, correct deformities, replace damaged tissue and provide 
therapy. This has contributed to the increase in the average lifetime of individuals in 
developed countries. The market value for biomaterials is of the order of billions of 
dollars per annum worldwide and is growing as new products offer improved 
performance or provide new solutions health problems. Apatites are playing a key role in 
biomedical implants. 

In developing materials used for implantation consideration must be given to both 
the influence of the implanted material on the body, and how the body affects the 
integrity of the material. The body will treat implants as inert, bioactive, or resorbable 
materials. Generally "inert" materials will evoke a physiological response to form a 
fibrous capsule; thus, isolating the material from the body. Calcium phosphates fall into 
the categories of bioactive and resorbable materials. A bioactive material will dissolve 
slightly, but promote the formation of an apatite layer before interfacing directly with the 
tissue at the atomic level. Such an implant will provide good stabilization for materials 
that are subject to mechanical loading. A bioresorbable material will, however, dissolve 
and allow tissue to grow into any surface irregularities but may not necessarily interface 
directly with the material (Neo et al. 1992). 

The first use of calcium phosphate as an implanted biomaterial provided accelerated 
bone healing in surgically created defects in rabbits (Albee and Morrison 1920). Interest 
in apatite specifically started in the 1960s and initial studies principally involved the 
synthesis and analysis of hydroxylapatites in an attempt to better understand biological 
apatites (Le Geros 1965, McConnell 1965, Nancollas and Mohan 1970, Selvig et al. 
1970). Hydroxylapatite is a specific form of apatite with a chemical composition of 
Caro(P04)6(OH)2. Because of its relationship to bone hydroxylapatites have been 
synthesized for the purpose of implantation (Aoki 1973, Jarcho et al. 1977, de Groot 
1980, Winter et al. 1981, Frame et al. 1981). The early history of calcium phosphate 
implantation was discussed by Driskell(1994). 

Calcium phosphate with an apatitic structure occurs naturally in the human body and 
can be described as a calcium deficient carbonate-hydroxylapatite. The chemical 
similarity of hydroxylapatite to the bone mineral suggests an intrinsic biocompatibility. 
Implantation of solid blocks of hydroxylapatite has revealed direct bonding to soft tissue 
(Jansen et al. 1985, Aoki et al. 1987), muscle tissue (Negami 1988) and bone tissue. This 
aspect of being able to create an artificial material, that provokes excellent tissue 
response, has provided the impetus for development of hydroxylapatite and other apatites 
for applications in the body. 
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Biomedical applications of hydroxylapatite are numerous. There are reviews 
addressing hydroxylapatite (Ben-Nissan et al. 1995, Suchanek 1998), hydroxylapatite 
coatings (Berndt et al. 1990, Dhert 1994, Thomas 1994, Jaffe and Scott 1996, Heimann et 
al. 1997, de Groot et al. 1998, Hlavac 1999, Ong and Chan 1999, Willmann 1999, Sun et 
al. 2001, Geesink 2002), and bioceramics (Le Geros 1993, Hench 1998a, Greenspan 
1999, Blokhuis et al. 2000, Kim 2001). Several books also provide extensive discussion 
on apatite (Le Geros 199 1, Elliott 1994, Driessens and Verbeeck 1990, and this volume). 
Hydroxylapatite is the OH end member of the calcium phosphate apatite group minerals, 
Cala(P04)6(F,0H,C1)2. The most common abbreviations of hydroxylapatite are "OHA," 
"OHAp," "HA" or "Hap." Reference to hydroxylapatite within the present work will be 
abbreviated as HAP. It is worth noting that hydroxylapatite is often referred to in the 
literature as hydroxyapatite, by the medical community. The International Mineralogical 
Association, which represents the scientific community in regard to proper use of mineral 
nomen-clature, recommends use of hydroxylapatite for consistency (Smith 1994). 

This chapter briefly reviews the formation of naturally occurring apatites in the 
body, For a more in-depth review see Elliott (this volume, p. 427-453). Powder synthesis 
will be discussed in light of its application for producing an implantable material. The 
manufacture, performance and applications of various forms of apatite will provide 
insight into its wide use in biomedical applications. 

BIOLOGICAL APATITES 

Several minerals are known to be essential by the human body for proper hc t ion .  
These include salts of calcium, magnesium, phosphorus, sodium, chlorine and potassium. 
The main functions of these minerals are as constituents of the skeleton, as soluble salts 
to maintain the composition of body fluids and as essential adjuncts to the action of many 
enzymes and other proteins. 

About 20-30% of the calcium intake in a diet is absorbed into the body. The majority 
of the calcium is incorporated into calcium phosphate, confined to skeletal tissue and 
teeth. The skeleton provides shape to the body, supports the body weight, protects vital 
organs, anchors muscles and facilitates locomotion. The skeleton and teeth contain 99% 
of the total body calcium and 85% of the phosphorus that amounts to a combined mass of 
about 2 kg in an average person (Matkovic 199 1, Power et al. 1999). The remaining 1% 
of calcium is used for physiological processes in the body. Unlike other nutrients in the 
body, calcium is stored in excess for short-term needs, but concurrently serves critical 
structural requirements. An imbalance within the metabolic system will preferentiall) 
sacrifice calcium from bones to maintain a balance in the physiological processes 
Conversely, a higher serum calcium level may produce crystallization of calcium intc 
kidney stones as calcium oxalate (Pineda et al. 1996). Although the conversion o 
calcium from the solution to a solid is an important aspect of calcium storage in the body 
it may produce undesirable crystallization of apatite in urinary calculi (Konjiki et a1 
1980) or on heart valves (Banas and Baier 2000, Deiwick et al. 2001). . 

Osteoblasts are responsible for the production of bone (a ceramic-polymer composit 
material filled with living cells). These mononuclear cells deposit an organic matrix thi 
contains collagen, composed of a defined sequence of amino acids in a polypeptide chail 
Three polypeptide chains are folded into rod-like triple-helical molecules about 300 rn 
long and 1.5 nm in diameter (Fig. 1). Collagen chains aggregate so that each molecule 
longitudinally displaced by one quarter of the length relative to the nearest neighbor 1 

form a fibril. Small apatite platelets fit into predetermined pockets of the collagen wi 
the c-axis aligned with the fibral long axis (Fratzl et al. 1991, Landis et al. 1996). TI 
fibrils are twisted around one another in the opposite direction to form a fiber. The fibe 
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bundle together to build up the larnellae, 3 to 7 pm thick, located concentrically around a 
central canal. The numerous levels of order indicate the rich hierarchical structure of 
bone to assemble the osteon, the building block in bone. Osteons arrange themselves in a 
dense packing arrangement in compact bone, but take on more random arrangement in 
porous trabecular bone. Since osteons lie parallel to lines of stress in bone, the apatite 
crystals then have a set orientation with respect to stresses applied to bone (Martin and 
Burr 1989). 

Collagen 
molecule Collaaen 

I I I I 1 

1 nrn 100nrn I P ~  -l Opm 100prn 

Figure 1 .  The structural location of hydroxylapatite with collagen in an osteon of bone. 

In bone and teeth, apatites are based on a calcium hydroxylapatite composition 
modified with sodium, potassium, magnesium, zinc, and especially carbonate; see Table 
1. Some of these substituent species, particularly carbonate, lead to large lattice strain and 
higher solubilities (Driessens 1988). Bioapatites with the highest degree of crystallinity 
and the highest concentration are found in the enamel of teeth. The formation of apatites 
is preceded by the differentiation of preameloblast cells that secrete enamel matrix 
proteins (amelogenins and enamelins). The high saturation of calcium and phosphate ions 
in the protein gel adjacent to the ameloblast causes the precipitation of carbonated apatite. 
Proteins dissolve or are resorbed to provide space for the growing apatite crystals. 
Eventually, ameloblasts withdraw, leaving apatite crystals which are stacked as rods 
or prisms, surrounded by a thin boundary film of enamelin (Ten Cate 1994). Upon 
completion of the tooth formation, the ameloblast departs and no repair is possible. 

Apatite crystals in enamel are aligned perpendicular to the surface of the tooth 
(Johanssen 1964, Boyde 1997) and in an irregular fashion on the cusp tips and 
incisal edges, to impart strength in high stress areas. The underlying dentine acts as 
a support and and the inherent flexibility is thought to prevent fracture of the brittle 
enamel. 

Teeth are subjected to a continuous demineralizatiodmineralization process and, 
therefore, the apatite in enamel is modified in response to the microenvironment around 
the teeth. Applications of fluoride through toothpaste and drinking water result in the 
exchange of F for OH- in hydroxylapatite to form the more stable and acid resistant 
fluorapatite. Also, development of caries lesions is decelerated as dissolution removes 
carbonate and magnesium from the outer enamel layer, which further stabilizes the 
enamel apatite (Le Geros 1999). 
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Table: 1. Chemical and crystallographic characteristics of natural and synthetic apatite 
(modified from Driessens and Verbeeck 1990 and Le Geros et al. 1995). 

Constituents (wt %) 
Calcium, ca2' 
Phosphorus, P 
(CalP ratio) 
Carbonate, ~ 0 3 ~ -  

Sodium, ~ a '  
Magnesium, M ~ ~ '  
Chloride, CI- 
Potassium, K' 
Fluoride, F' 
Ash (total inorganic) 
Total inorganic 

Trace elements (max) 
Strontium, s?+ 
Barium, ~ a ~ '  
Lead, pb2' 
Iron, I=e3' 
Zinc, zn2+ 
Copper, CU" 
Aluminium, A?' 
Silicon, si4' 
Manganese, ~ n * '  
Selenium, se2' 
Tin, sn2' 
Lithium, ~ i '  
Nickel, ~ i ~ '  
Silver, ~ g '  
Sulfur, S 
Cadmium, cd2' 

Laltice parameters 
a-axis 
c-axis 

Crystallite size, A 
Products after heating 

at 950°C 

Bone 

9.41 9 
6.880 

250 x 25-50 

HAp + TCP 

Enamel 

HAp + CaO 

Dentine 

26.9 
13.2 
4.6 
0.6 
0.8 
0.06 
0.02 
0.1 (max) 

0.02 
0.005 
0.004 
0.01 
0.07 
0.005 
0.01 5 
0.01 

present 
present 
present 
present 
present 
0.07 

Hydroxylapa tite 

Because the natural mineral component of bones and teeth is carbonate-hydroxyl- 
apatite, the use of synthetic apatites as bone and tooth replacement materials has been 
extensively investigated. The first step in the manufacture of biomedical devices requires 
the ability to synthesize pure and reproducible apatite powders. 

SYNTHESIS OF APATITE 

Calcium phosphate apatite formulations that are available commercially from 
different suppliers exhibit high chemical variability. Thus, manufacturers of apatite for 
biomedical applications often produce their own powder. Furthermore, synthesis enables 
a range of chemical substitutions, crystal sizes, shapes and forms (separate crystals or 
cements, as discussed in the next section). Various reviews cover synthesis methods 
(Narasaraju and Phebe 1996, Le Geros et al. 1995, Orlovskii and Barinov 2001). 

Precipitation from solution is the most common synthesis route and involves 
simultaneous addition of a calcium salt and a phosphate compound to water, or drop-wise 
addition of the phosphate into an aqueous solution of the calcium salt. Examples of 
calcium salts include calcium nitrate, calcium hydroxide, calcium chloride, or calcium 
acetate. The salts are reacted with a hydrogen phosphate or the phosphate ions are 
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introduced in solution from di-ammonium hydrogen phosphate or orthophosphoric acid. 
Two reactions studied in detail involve (i) reaction of calcium nitrate with di-ammonium 
hydrogen phosphate, and (ii) the addition of orthophosphoric acid to calcium hydroxide 
(Tagai and Aoki 1 980, Osaka et al. 199 1). 

The precipitation reaction is conducted with pure reactants at a pH greater than 9, 
with a controlled reactant addition rate, under stirred conditions and a temperature 
between 25 and 90°C. A yield of 87%, measured on the basis of the initial reactant 
stoichiometry, is achieved when orthophosphoric acid is reacted with calcium hydroxide 
at production rates of 50 g/hr. However, when calcium nitrate and diammoniwn hydrogen 
phosphate are selected as reactants the yield is 29%, for similar production rates. In 
reactions where ammonium is part of the precursor, dilute ammonium hydroxide is added 
continuously to restore the pH after a decrease caused by removal of a hydroxide from 
the solution to precipitate HAP. The slow incorporation of calcium into the apatitic 
structure must be accompanied by stirring and aging after the reaction. The Ca/P molar 
ratio of 1.67 is attained in as little as 5 hours after the completion of the reaction at 90°C 
(Rodriguez-Lorenzo and Vallet-Regi 2000). Post reaction maturation is an important step 
for ensuring the production of stoichiometric hydroxylapatite (Honda et al. 1990). During 
maturation, the crystal shape is modified and slender crystals become more "blocky" as 
the Ca/P molar ratio approaches 1.67 (Rodriguez-Lorenzo and Vallet-Regi 2000). After 
maturation, the precipitate is washed several times in double distilled water that may be 
adjusted for pH with ammonia. High water purity is essential at all times because the 
apatite lattice readily incorporates foreign elements into the structure. The precipitate is 
finally dried and calcined. 

At lower pH values, a calcium deficient HAP can be formed (Silva et al. 2001, 
Raynaud etal .  2002a). Reactions conducted at pH = 7.4 are primarily aimed at under- 
standing the crystallization of apatites in the body (Okazaki et al. 1992). 

During aqueous precipitation, other species such as N H ~ +  (Vignoles et al. 1987), 
H20 (Le Geros et al. 1978, Young and Holcomb 1982), 02- (Young and Holcomb 1982), 
~ 0 , ~ -  (Vignoles et al. 1987, Young and Holcomb 1982) and HPOC (Young and Holcomb 
1984) may be substituted in the structure or adsorbed onto the surface. Addition of more 
than one substituent elementfgroup can lead to a combination of an expansion and 
contraction of the unit cell (Le Geros et al. 1977). For example, carbonate causes a 
decrease in the a-axis (Le Geros 1965) that could be counteracted by an increase from an 
acid phosphate group (Young and Holcomb 1984). This reaction sequence is complicated 
by the ability of carbonate to substitute phosphate or hydroxide, the former being the 
more common (Shimoda et al. 1990). 

The incorporation of foreign ions during the crystallization in solution has inspired 
researchers to investigate the substitution of chemical groups found naturally in enamel 
or bone. Application of this knowledge can then be used to adjust properties such as 
solubility, mechanical behavior and bone bonding ability. Substituent elements and 
chemical groups can include fluoride (Jha et al. 1997, Rodriguez-Lorenzo et al. 2003), 
carbonate (Barralet et al. 1998, Nelson and Featherstone 1982), magnesium (Okazaki 
1988, Mayer et al. 1997, Ben Abdelkader et al. 2001), zinc (Mayer et al. 1994, Bigi et al. 
1995), silicon (Gibson et al. 1999), iron (Okazaki and Takahashi 1997) and strontium 
(Heijlijers et al. 1979, Leroux and Lacout 2001a, Marie et al. 2001). The addition of 
many of these chemical groups decreases the growth rate at low concentrations. Full 
substitution of fluoride for the hydroxyl ion removes lattice distortion, produces a more 
stable apatite and, thus, is able to drive precipitation to completion more easily 
(Rodriguez-Lorenzo et al. 2003). Carbonate replaces phosphate in reactions containing 
fluoride and at high pH (Shimoda et al. 1990). 

- 
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~he'mical elements not found in bone can be substituted for different effects. For 
example, addition of silver has been used for imparting antimicrobial properties (Kim et 
al. 1998). 

Crystallinity, a term used to describe the crystal perfection andlor crystallite size, can 
vary depending upon the synthesis conditions. A high crystallinity is typically desired 
where an apatite is subjected to elevated processing temperatures for consolidation into 
dense forms (see sections on sintering, porous materials and coatings). However, low 
crystallinity can impart a higher resorbability in applications such as composites and 
cements. Synthesis at 90°C produces a more pure apatite with a higher degree of 
crystallinity, than at room temperature. Crystallinity also increases in the presence of 
strontium (Leroux and Lacout 2001a) and fluoride. Crystals can be plate-like, acicular or 
blocky and exhibit a surface area of 30-120 m21g (Shimoda et al. 1990, Rodriguez- 
Lorenzo and Vallet-Regi 2000, Senamaud et al. 1997) (Fig. 2). Crystal size in the c-axis 
direction can be as small as 50 nm when produced at 25OC to as large as 700 nrn at 90°C. 
These crystallites agglomerate into clusters upon drying (Fig. 2c). For comparison, the 
unit cell parameters of biologic and synthetic hydroxylapatites are shown in Table 1. 
Details of the structure of apatite and the hydroxyl end member are given in Hughes and 
Rakovan (this volume). 

High-temperature synthesis was the first method of apatite production reported and 
involved passing phosphorus trichloride vapor over red-hot lime (Daubree 185 1). This 

Figure 2. Precipitated fluorapatite (a) at 65°C 
reaction temperature, (b) at 25°C reaction 
temperature as observed in transmission 
electron micrographs, and (c) a scanning 
electron micrograph of precipitate dried at 
100°C showing agglomerated crystallites. 
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process involved the reaction of a gaseous and solid phase. Diffusion between two solid 
calcium phosphates also produces hydroxylapatite, at temperatures in excess of 1 OOO°C, 
however, this method does not produce homogeneous apatites and leads to an increase in 
grain size through growth and reduction in surface area; two aspects that may be 
important in the further processing and application of calcium phosphates. 

Other synthksis reactions include hydrothermal techniques, hydrolysis of other 
calcium phosphates (Monrna and Kayima 1987) and sol-gel methods (Masuda et al. 
1990). Hydrothermal synthesis is the second most common method and, in comparison to 
the wet chemical method, is able to produce well-crystallized, compositionally 
homogeneous apatite (Yoshimura and Suda 1994). In this process, a mixture of calcium 
carbonate and di-ammonium hydrogen phosphate is subjected to 12,000 psi and heated to 
275°C (Roy and Linnehan 1974). A high crystallinity, carbonate substituted HAP is 
produced by this method. Calcium phosphates that have been hydrolysed to HAp include 
octacalcium phosphate (Graham and Brown 1996), tricalcium phosphate (Nakahira et al. 
1999), and brushite (Monma and Kayima 1987, Fulmer and Brown 1998, Manjubala et 
al. 2001). The chemical formulas of these and other inorganic compounds are provided in 
Appendix 1. 

APATITE CEMENTS 

Traditionally, particles or blocks were used for reconstruction of defects in bone, but 
particles easily migrate or disperse into the surrounding tissue after implantation 
(Wittkampf 1988). In periodontal defects, calcium sulphate dental cement was used to 
prevent migration. Larger volumes (greater than about 5 ml) are more difficult to seal. 
Calcium phosphate cements take a special place in implantable ceramics. They are easily 
formed into bony defects of any geometry. Upon mixing of the reactants, they can be 
plastically formed into an osseous cavity to precisely fit the defect geometry. 

Production of apatite cements 

The initial work on calcium phosphate cements involved an equimolar mixture of 
tetracalcium phosphate and calcium hydrogen phosphate (Brown and Chow 1983). Finely 
ground and homogenized powders are mixed with water to form a paste. Initially, 
dicalcium phosphate dihydrate is formed with a plate-like morphology. Dissolution of 
this phase governs the initial reaction rate. The pH initially climbs to 10.6 where HAp 
crystallizes on the tetracalcium phosphate and then a decrease in pH yields a calcium 
deficient HAP (Walsh et al. 2001). The pH fluctuation can be minimized with a smaller 
particle size, presence of HAP seeds and a less than stoichiometric amount of 
tetracalcium phosphate (Liu et al. 1997, Matsuya et al. 2000). As HAp growth occurs 
according to Equation (I), the rate-limiting step is dictated by diffusion of ions through 
the acicular HAp layer to the tetracalcium phosphate. Unlike methacrylate bone cement, 
the reaction is isothermal and avoids cell and tissue damage that would normally occur 
from the heat of reaction. 

Hardening of the cement occurs mostly within the first six hours, yielding an 80% 
conversion to HAp and a compressive strength of 50-60 MPa (Liu et al. 1997, Otsuka et 
al. 1995). Hardening can be accelerated with phosphate solution (Chow et al. 1999), 
sodium fluoride (Brown and Fulmer 1996), sodium hydrogen phosphate (Miyamoto et a1 
1995), and sodium alginate (Ishikawa et al. 1995). Alternatively, the use of alpha- 
tricalcium phosphate based bone cements has provided a means for fast curing times 
(Kon et al. 1998, Takagi et al. 1998, Fernandez et al. 1999). Thus, the setting time can be 
controlled to suit different sites within the body. 

- 
1 
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Inclusion of porosity, with the aim to improve the osteoconductivity, can be 
introduced by the addition of soluble inclusions such as sucrose, sodium hydrogen 
carbonate, sodium hydrogen phosphate (Takagi and Chow 2001), or calcium carbonate 
that reacts to evolve carbon dioxide (Walsh et al. 2001). These reactants produce ionic 
substitutions in the structure and further improve the resorbability. Another example is 
that of strontium, which has been shown to be incorporated at low concentrations, while 
higher concentrations require a heat treatment (Leroux and Lacout 2001b). Since the 
cement is designed to harden in the body, the composition is modified in situ by reaction 
with the physiological solutions. 

The low temperature of formation and inherent porosity also permits the addition of 
antibiotics (Bohner et al. 1997, Takechi et al. 1998) or growth factors that stimulate 
the differentiation of preosteoblastic cells (Blom et al. 2000). However, the enhanced 
capability of the cement is somewhat offset by a longer hardening time (Ginebra et al. 
200 1). 
Animal studies 

Takagi et al. (2001) showed that a carbonate is not needed to seed the initial reaction. 
In vivo studies revealed that apatite incorporates 1 wt % carbonate from the available 
physiological fluids in as early as 12 hours. 

In situ hardening in the body can result in particle release and a change in alkalinity 
in the surrounding environment. Implantation of a cement that is hardened prior to 
insertion in the body has revealed a less pronounced foreign body response (Frayssinet et 
al. 2000). This result may be attributed to the early particle release (Pioletti et al. 2000) or 
the increase in pH that has been known to trigger an inflammatory response and cell 
death (Silver et al. 2001). 

Normal bone remodeling processes occur around calcium phosphate cement with 
osteoclastic resorption removing bone followed by deposition of new bone directly on the 
resorption line (Yuan et al. 2000). Bone growth on pre-hardened cement situated in 
muscle tissue suggests that bone cement is osteoinductive. 
Clinical studies 

The treatment for osteoporotic compression fracture of the vertebrae has been 
investigated on human cadaver vertebrae with calcium phosphate cement (Ikeuchi et al. 
2001) and results indicate that cement provides an increased compressive strength where 
cancellous bone is replaced with cement. 

An amorphous calcium phosphate cement retrieved from human biopsies, has 
indicated an absence of fibrous tissue and partial replacement by new bone. The surface 
of the cement was surrounded by cells indicative of a bone remodeling process leading to 
new bone with regular trabecular and osteonal patterns (Sarkar 2001). Patients with 
complex calcaneal fractures treated with calcium phosphate cement have indicated full 
weight-bearing as early as three weeks postoperatively (Schildhauer et al. 2000). 

Other applications include reconstruction of an alveolar bone defect (Yoshikawa and 
Toda 2000), craniofacial reconstruction (Friedman et al. 1998), closure of cranial base 
and temporal bone defects following surgery (Kamerer et al. 1994), spinal surgery 
(Bohner 2001), filling of periodontal osseous defects (Brown et al. 1998), sealing of root 
canals (Macdonald et a1 1994, Cherng et al. 2001) and, possibly, dental pulp-capping 
(Chaung et al. 1996). While filling of larger defects employs the use of a plastic mass, 
smaller voids can be filled by injecting a more fluid mass through a needle (Lim et al. 
2002). This technique of injection may be adapted as a minimally invasive approach. 
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COMPOSITES 
Matching the stiffness of the implant material to bone allows stress transfer from the 

implant to the surrounding bone in loading conditions. Known as Wolff s law (Wolff et 
al. 1986), this effect stimulates the surrounding bone for continued bone remodelling, a 
part of which includes bone deposition onto the biomaterial surface. The high elastic 
modulus (10d GPa for HAP) can be lowered to that of cortical bone (20 GPa) by blending 
with a polymer. In so doing, the low fracture toughness of HAP is also improved. Figure 
3 shows a comparison of the component materials for elastic modulus vs. density (Gross 
and Ezerietis 2002). 

1000 

0.1 0.3 1 .O 3.0 I 0  

Density, p (glcm3) 
Figure 3. An Ashby diagram with the modulus of sintered hydroxylapatite, porous 
hydroxylapatite and polymer-apatite composites. 

The first polymeric composite designed for implantation into bone was reported in 
1981 (Bonfield et al. 198 1). The limit of blending is dictated by the ductilehrittle 
transition at about 40 vol % HAP. At compositions lower than 40 vol %, the fracture 
toughness is higher than bone, but the elastic modulus is comparable to bone. 
Hydroxylapatite particles are blended in a twin screw extruder to promote mechanical 
bonding between the rough particle surface and high density polyethylene (Suwanprateeb 
et al. 1995, Wang et al. 1998). This bonding can be improved by chemically coupling the 
particles to the polymer (Deb et al. 1996). Use of fiber processing and compaction or 
compression molding together with extrusion has been shown to improve the ductility 
and tensile strength, respectively (Wang et al. 2000, Ladizesky et al. 1997). Other non- 
resorbable polymer composites that have been manufactured include polyetherketone - 
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(Abu ~ a k a r  et al. 1999), polyhydroxybutyrate (Luklinska and Bonfield 1997) and 
polysulfone (Wang et al. 2001). These composites are easily formed and are used in 
maxillofacial augmentation. More specific uses include nasal reconstruction (Lovice et al. 
1999), middle ear reconstruction (Geyer 1999, Meijer et al. 2002) and repair of orbital 
fractures (Tanner et al. 1994). Recently, a pilot study has been conducted to examine the 
feasibility of thin sheets for the outer ear canal (Zanetti et al. 2001). The bone grows up 
to the composite and establishes a bond with the low resorbable HAp particles. 

The low elastic modulus of composites has been used to lower the stress level 
around implants. Such polymer-hydroxylapatite coatings have been successfully manu- 
factured by thermal spraying (Sun et al. 2002). Finite element analysis has illustrated that 
a coating at the neck of a dental implant lowers the stress gradient at the coating-bone 
interface and the stress level in the surrounding bone (Abu-Harnmad et al. 2000). 

Resorbable polymer composites can be used when bone health is sufficient for 
remodeling to rebuild the bone. Bone can reclaim the empty space and adapt to the new 
loading conditions as the material resorbs. The polymer systems used for this approach 
include polylactic acid (Ignatovic et al. 2001), collagen (John et al. 2001), starch (Mano 
et al. 1999) , chitosan (Ito et al. 1999), and polyglycolic acid (Durucan and Brown 2000). 
A polylactic acid-hydroxylapatite composite has been successfully used for repair of the 
rib cage in a child (Watanabe et al. 1989). Alternatively, porous apatite containing bodies 
may be used for drug delivery (Yamashita et al. 1998). 

Resorbable polymers are also used in the construction of porous scaffolds for tissue 
engineering (Laurencin et al. 1996). Stem cells are seeded onto the scaffold, which 
multiply and fill the pore volume as the material resorbs. The porous network serves to 
transport nutrients and remove the degradation products from the degrading scaffold. 
Inclusion of HAp as a filler in these resorbable polymers has provided a means of 
conducting tissue growth inside the pore system (Ma et al. 2001, Laurencin et al. 1999, 
Thomson et al. 1998, Devin et  al. 1996). Furthermore, the dissolution of HAp minimizes 
the fall in pH associated with degradation of the polylactic/glycolic acid composites 
(Agrawal and Athanasiou 1997, Ignatius and Claes 1996). Porous scaffolds for stem cell 
growth are presently receiving immense interest from the commercial and scientific 
communities. 

SINTERING OF DENSE CERAMICS 

The sintering process involves calcination, and compaction at room temperature 
followed by heating at high temperatures. Calcination is performed at 600-900°C for 
apatites intended for high temperature processing. Adsorbed moisture, carbonates and 
chemicals remaining from the synthesis stage, such as ammonia and nitrates in some 
specific reactions, are removed as gaseous products. The removal of these' gases 
facilitates the production of dense materials during sintering. These chemical changes are 
accompanied by a concurrent increase in crystal size and a decrease in the specific 
surface area. Apatites with a Ca/P molar ratio less than 1.67 will .form beta tricalcium 
phosphate (as opposed to alpha tricalcium phopshate stable at high temperatures), but 
calcium rich compositions, with a Ca/P molar ratio greater than 1.67, will form calcium 
oxide. Thus, phase identification by X-ray diffraction after heating can be used to 
determine if the CdP ratio was above or below 1.67. 

Apatite ceramics are consolidated by uniaxial or biaxial pressing (Rodriguez- 
Lorenzo et al. 2001a), cold isostatic pressing for a more homogeneous green density 
(Akimov et al. 1994), slip casting for complex shapes (Nordstrom and Karlsson 1990, 
Shareef et al. 1993, Toriyama et al. 1995, Rodriguez-Lorenzo et al. 2001b), or injection 
moulding (Cihlar and Trunec 1996). Some press-sintered ceramics are shown in Figure 4. 
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Figure 4. Sintered hydroxylapatite as powder, granules, pellets and 
other forms for implantation into bone and soft tissue. 

Sintering of un-calcined powders produces lower shrinkage upon heating. The high 
surface area of the submicron crystallites leads to a lower fluidity and powder 
compaction is not very effective, but densification is greater on heating (Juang and Hon 
1996, Landi et al. 2000). Densification occurs at the nanoscale between the individual 
crystallites within the particles and between the individual particles. 

Chemically substituted apatites 

Substituent elements and chemical groups play an important role in producing phase 
pure apatite ceramics. Sintering of HAp requires high temperature stability of the source 
powder and must avoid additions that decrease the stability at high temperatures. A 
desired powder will retain the apatite structure and not decompose to tricalcium 
phosphate and tetracalcium phosphate. The apatite structure can be destabilized by 
magnesium (Baravelli et al. 1984), carbonate (Ellies. et al. 1988, Merry et al. 1998), and 
partial substitution with fluorine ions (Zhang et al. 2001). Manganese as a trace element, 
readily detected by a color change to blue by oxidation upon heating, is often present (Li 
et al. 1993b). The black color in teeth recovered from archeological sites suggests that 
manganese may also lead to black apatite (Stermer et al. 1996). The presence of silicon, 
replacing calcium ions, does not alter the thermal stability. Full substitution of hydroxyl 
groups by fluorine ions improves the thermal stability. More on the location of these 
substituent elements is available in Pan and Fleet (this volume). 

A partial vapor pressure of water is needed to retain the structural OH- at 
temperatures greater than 900°C (Riboud 1973); however this has also been noted to 
decrease the densification rate. Dehydroxylation in HAP produces an oxy-hydroxylapatite 
(Kijima and Tsutsumi 1979). The inclusion of peroxide ions (Zhao et al. 2000) is 
expected to decrease the diffusion and, hence, also slow ,densification at high 
temperatures. 

Stoichiometry, described by the C d P  molar ratio, has a major influence on the 
physical properties of the apatite and, hence, its application. For calcium-deficient 
hydroxylapatite, a decrease in surface area starting at 700°C leads to a lower shrinkage 
(8% less for a powder with CajP of 1.64 relative to stoichiometric HAp at 1200°C) 
(Raynaud et al. 2002b). Low shrinkage in the final sintered product is usually accom- 
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panied by porosity that leads to low mechanical strength. Tricalcium phosphate formed 
from the decomposition of the calcium deficient apatite decreases the sinterability. In Ca- 
rich hydroxylapatites, densification is again lower in comparison to stoichiometric 
hydroxyl-apatite (Slosarczyk et al. 1996). 

Sintering additives 

Densification is promoted by incorporating given chemical groups into the crystal 
lattice. Carbonate, when substituted for phosphate, promotes sintering to a higher density 
at lower temperatures (Ellies et al. 1988, Doi et al. 1993, Merry et al. 1998) achieving full 
density in an atmosphere of wet carbon dioxide (Barralet et al. 2000). No change in 
sintering is observed when carbonate substitutes for the hydroxyl group. Densification 
increases with sodium (Correia et al. 1996), lithium (Fanovich and Lopez 1998), fluoride 
(Senarnaud et al. 1997), but is lowered with potassium and magnesium (Fanovich and 
Lopez 1998). These individual influences may be compounded. Use of sodium hydrogen 
carbonate in the synthesis of HAp has been shown to hrther accelerate the sintering 
process (Suchanek et al. 1997). 

Chemical additives such as Mn02 (Muralithran and Ramesh 2000a), lithium 
phosphate (Vaz et al. 1999) and sodium phosphate (Suchanek et al. 1997) may be used 
solely to improve densification and remain either at grain boundaries or included in the 
crystal structure. Particulate additives including zirconia, alumina, silicon nitride, silicon 
carbide (Ruys et al. 1993, Suchanek et al. 1997), stainless steel and titanium (Knepper et 
al. 1998) may be included to improve the mechanical strength. Suchanek et al. (1 997) 
reviews processing aspects of HAp with an emphasis of improving strength. The affect of 
sintering additives, both chemical and particulate, after dissolution in the human body 
and the effect on normal cell function is presently unknown (Ballestri et al. 2001). 

Another approach to enhance the sintering kinetics is to take advantage of the high 
surface area of ultrafine powders. Higher surface area powders can be sintered at 150°C 
lower than powders with a low surface area (Gibson et al. 2001). These particles can be 
incorporated into an emulsion to enable ease of movement between the crystallites in the 
particles and produce a high compacted and sintered density (Murray et al. 1995). 

Sin tering temperatures 

Sintering of HAp is usually conducted at an average temperature of 1200 k 100°C 
for periods up to three hours (Jarcho et al. 1976, Peelen et al. 1978, Akao et al. 198 1, de 
With et al. 198 1, Kondo et al. 1984, Wang and Chaki 1993, Puajindenetr et al. 1994, van 
Landuyt et al. 1995, Lu et al. 1998, Muralithran and Ramesh 2000b). The development of 
microstructure, as observed from the decrease in porosity in fractured ceramics, shows an 
increase in density upon sintering at high temperatures (Fig. 5). The densification rate 
depends on the atmosphere, decreasing as the environment is changed fiom vacuum to air 
to moist air for hydroxylapatite (Wang and Chaki 1993). Grain growth requires an 
activation energy of 235 kJIKmol (Jarcho et al. 1976). Grain growth can be minimized 
with other techniques such as microwave sintering (Fang et al. 1994), -hot pressing 
(Halouani et al. 1994), or gel casting (Varma and Sivakumar 1996). At higher 
temperatures the decomposition to tetracalcium phosphate and tricalcium phosphate 
degrades the properties of the sintered body, the exact temperature depending on the 
synthesis technique employed and the impurities present. 

The bending strength of HAp in three point bending is between 40 and 200 MPa 
(Jarcho et al. 1976, Akao et al. 198 1) depending upon the surface finish and composition. 
It can be further noted that the three-point bend test intrinsically demonstrates a wide 
variability in results. Fracture strength reaches a maximum at a Ca/P ratio of 1.60-1.65 
and decreases outside of this CaIP range (Royer et al. 1993, SMsarczyk et al. 1996, 
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Figure 5. Fracture surface of hydroxylapatite sintered for one hour at: 
(a) 1 1 50°C, (b) 1 200°C, (c) 1250°C. 

aynaud et al. 2002~).  Mechanical mixtures of tricalcium phosphate and HAp suggest 
iat tricalcium phosphate is beneficial up to '30 mol % in increasing the composite 
:rength (Toriyama et al. 1987). This may be attributed to the higher bending strength of 
icalcium phosphate sintered at the same temperatures (Akao et al. 1984). At high 
ntering temperatures tricalcium phosphate assists densification by liquid phase 
ntering. Tricalcium phosphate can also be included as a submicron powder by the 
=composition of a calcium deficient apatite into hydroxylapatite and tricalcium 
~osphate. This approach leads to a larger decrease in surface area of the powder at 
.mperatures below 800°C and a resulting lower sinterability at higher temperatures 
lsada et al. 1988). The reader is directed to Suchanek et al. (1 997) for more information 
I mechanical properties. 

z vitro and animal studies of sintered apatites 

Materials implanted into bone are modified by degradation and the action of 
fferent cell types. Degradation occurs by dissolution and the action of osteoclasts. 
steoclasts are very effective in material removal and provide a material resorption 
echanism at the surface of the ceramic and particulate removal by phagacytosis 
leymann et al. 2001). Degradation of calcium phosphates as obtained from in vitro 
udies employing cells or animal studies has been discussed in several reviews 
'rayssinet et al. 1993, Le Geros 1993, Heymann et al. 1999). 

Hydroxylapatite in the sintered form is less soluble than biologically formed HAp in 
me and teeth, attributable to the fine crystal size and substituent elements. The 
llubility of sintered hydroxylapatite is increased with additions of strontium 
histoffersen et al. 1997, Okayama et al. 199 1) and carbonate (Nelson 198 1, Doi et al. 
198), but lowered with zinc (Mayer and Featherstone 2000) and fluorine. A discussion 
' dissolution mechanisms is available in a review by Dorozhkin (Dorozhkin 2002). The 
gher solubility of apatites may be linked to increased osteoclastic resorption, as found 
th carbonated apatite (Doi et al. 1999). 

Bioactivity is determined by the ability of a material to invoke a crystallized 
rbonated apatite layer from a physiological fluid. Silica incorporation in HAp promotes 
rly crystallization and a higher rate of osteoblastic cell proliferation on sintered 
3terials. This response has not been isolated from the effects of different CaIP ratio, 
rface area, and presence of other calcium phosphate phases (Best et al. 1997). Such 
mparative information on the influence of different substituent elements on the 
)activity still remains to be developed. In assessing the cell growth on apatites, it is 

- 
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important to separate the effects of the topology from the composition. Bodies fired at 
1200°C to create a low surface porosity, have exhibited a higher cell growth (Frayssinet 
et al. 1997). 

Sintered HAp particles are remodeled by the host tissue when implanted into bone. 
Implantation into the cortical bone of the femur of sheep has revealed that stoichio- 
metrically pure HAp resorbs by several microns after 18 months with dissolution 
occurring mainly at the grain boundaries (Benhayoune et al. 2000). The tensile strength 
of bone from the tibia of a rabbit onto a HAp cylinder is 0.85 MPa after 3 months 
(Edwards et al. 1997). 

Clinical studies 

The ability of hydroxylapatite to accept foreign ions into its structure and onto the 
surface has been used to incorporate radionuclides. Radioactive samarium and rhenium 
have been incorporated into hydroxylapatite microspheres sized at 20-40 pm and injected 
into knee joints to treat rheumatoid joint synovitis (Chino1 et al. 1993). Clinical studies 
have shown that hydroxylapatite particles are easily labeled with radionuclides, exhibit 
low leakage of radioactive species, and provide a reduced inflammation of the synovium 
and restored joint motion to the patient (Clunie et al. 1996). 

Where hydroxylapatite is used in the powder form for orthopaedic or dental 
applications, the particles are normally immobilized by mixing with collagen (Sugaya et 
al. 1989), gelatin (Nagase et al. 1989), or fibrin glue (Wittkampf 1988). This limits the 
application to bone graft onlay applications. The mixture of collagen and HAP, known as 
collagraftB (Collagen Corporation, Palo Alto, California, USA) has been shown to be an 
effective aid in fracture healing (Cornell 1992). 

Fully densiiied bodies of hydroxylapatite have been employed for reconstruction of 
the middle ear (Shinohara et al. 2000), dental root implants (Ogiso 1998) and skull 
reconstruction (Koyama et al. 2000). 

Large complex shapes require computer aided design and computer-aided 
manufacturing to fit the anatomical constraints. Mechanical strength has been optimized 
in terms of curvature, thickness, width, and porosity (Ono et al. 1998) and further 
employed for large complex cranial bone defects (Ono et al. 1999). The porosity serves 
the purpose for bone ingrowth, as explained in the next section. 

Bioresorbable p-tricalcium phosphate is occasionally used in conjunction with 
hydroxylapatite to improve solubility (Klein et al. 1984, Yarnada et al. 1997) and hence 
the osteoconductivity. Applications include nose reconstruction (Abe et al. 2001), fusion 
of the backbone (Ueda et al. 2001), and use as a bone graft (Fujibayashi et al. 2001). 

POROUS APATITE BODIES 

Implantation of "inert" ceramics with non-connecting cylindrical channels has shown 
that bone is capable of growing into pores larger than 100 pm. Bone growth occurs at 20 
pm/week in a 100 pm pore and 70 pmlweek in a 200 micrometer pore (Ravaglioli and 
Krajewski 1992). A porous surface provides mechanical fixation in addition to providing 
sites on the surface that allow chemical bonding between HAp and bone. The inclusion of 
pores increases the solubility at the expense of mechanical properties. Various types of 
pore geometries have been introduced into HAP, e.g., pore morphologies, which are both 
closed and open. An interconnecting pore network offers circulation of nutrients and 
facilitates deeper bone penetration. As bone grows into the porous network, the solubility 
of the filled pores decreases and the strength of the implant is improved by a mechanism 
of natural reinforcement. 
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Artificial porous structures 

Pores can be created by a variety of techniques. In keeping with the sintering 
methodology, pores can be created by control of crystallite morphology (Nakahira et al. 
2000) or sintering parameters (Liu 1996) to obtain a different degree of particle 
coalescence. These pores are small and cannot accommodate bone ingrowth. The process 
can be modified7by including a foaming agent prior to heating (Dong et al. 2001), or by 
the evolution of gases from hydrogen peroxide (Peelen et al. 1978) or organic compounds 
such as napthalene (Monroe et al. 1971), polyvinylacrylate (Vaz et al. 1999) or starch 
(Rodriguez-Lorenzo et al. 2002b) during the heating cycle. Pore size and content can be 
further increased by adding the foaming step prior to removal of organics during the 
heating stage (Engin and Tas 1999). Gel-casting of HAp produces bodies with sufficient 
strength for shaping of porous bodies before the firing process (Sepulveda et al. 2000). 
Porosity leads to a decrease in elastic modulus and fracture toughness, i.e., to 100 GPa 
compared to 160 GPa and 1.1 ~ ~ a - m ' ~  compared to 1.8 ~ ~ a . m "  for 100% dense 
materials (Rodriguez-Lorenzo et al. 2002). 

Biologically architectured porous materials 

The pore architecture of naturally occurring porous networks have been adapted for 
implantation. The exoskeleton of coral is a material with small crystallites of aragonite 
and pore connectivity (Fig. 6). Porites and Goniopora are coral species with a pore size 
range of 140 to 160 and 200 to 1000 pm, respectively. Coral skeletal material can be 
converted to carbonate-hydroxylapatite by hydrothermal exchange with di-ammonium 
hydrogen phosphate at 275°C and 82.7 MPa (Roy and Linnehan 1974). The pseudo- 
hexagonal structure of aragonite facilitates ease of conversion to the hexagonal unit cell 
of HAP. Conversion of calcite, another polymorph of calcium carbonate, under the same 
conditions produces tricalcium phosphate (Zaremba et al. 1998). This process preserves 
the interconnecting porosity and produces a carbonated, strontium enriched HAp along 
with magnesium-substituted p-tricalcium phosphate (Le Geros et al. 1995). The carbonate 
and beta-tricalcium phosphate increases the material derived solubility in addition to the 
increase in surface area from the pores. The stimulation of bone growth by strontium 
shown in other studies improves the integration of converted corals in bone. Recent 
work has revealed that hydrothermal processing in the presence of a potassium 
dihydrogen phosphate can cause a complete transformation to an apatite (Xu et al. 
2001). 

Trabecular bone from a bovine source already possesses the desired interconnected 
porosity (Hing et al. 1999) and can be used as a suitable porous body after removal of the 
organic fraction by heating (Joschek et al. 2000). Large pores allow bone remodeling and 
trabecular bone formation within the pores (Chang et al. 2000). 

Clinical applications of porous apatites 

Porous HAp is used in a broad range of applications including filling bone defects 
(Yarnamoto et al. 2000), facial reconstruction (Hobar et al. 2000), orbital implants in eyes 
(Jordan and Bawazeer 2001), hand surgery (Baer et al. 2002), correction of scoliosis 
(Delecrin et al. 2000) and drug delivery (Jain and Panchagnula 2000, Netz et al. 2001). 
The pore size and solubility are important aspects to promote osteoconduction (Kurioka 
et al. 1999). These porous bodies may be modified with tricalcium phosphate to enhance 
the solubility or may be enriched by the addition of biological species. The addition of a 
human osteogenic protein that adsorbs onto the surface of the porous body has been a key 
element in providing more complete bone growth inside a porous hydroxylapatite 
(Ripamonti et al. 2001). 
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COATINGS 

The mechanical properties of sintered apatites has limited their application to low 
stress areas in the body. To overcome this difficulty, apatites .are applied as coatings on 
the surface of metallic implants where high loads on the implant are expected. Various 
coating options are available including thermal spraying, sputter deposition, pulsed laser 
deposition, sol-gel deposition, electrophoretic coating, electrodeposition, and biomimetic 
deposition. These are discussed in turn. 
Thermal spraying 

Thermal spraying is the most widely used technology to manufacture a coating on 
implants (Fig. 7). Thermal spray was chosen as a candidate technology due to its high 
deposition rate. While conventional ceramics are delivered to the thermal heating zone at 
a rate of 5-10 kg/hr, hydroxylapatite powder is transported at lkg/hr. The first clinical 
studies in the early 1980s revealed the greatly improved prosthetic bone performance of 
plasma sprayed coatings. Application of a coating minimizes the release of metallic ions 
from the underlying metal substrate (Sousa and Barbosa 1996, Browne and Gregson 
2000, Finet et al. 2000, Ektessabi et al. 2001), provides a stimulus for bone growth, and a 
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surface for bone to establish a strong bond. Thermal spraying involves concurrent heating 
and propulsion of feedstock though a thermokinetic medium to produce a melted particle 
traveling at high speeds. Hydroxylapatite has been sprayed with plasma spraying, 
vacuum plasma spraying (Chang et al. 1998, Heimann and Vu 1997, Ha et al. 1998, 
Cabrini et al. 1997, Bellemans 1999), high velocity oxy-fuel spraying (Oguchi et al. 
1992, Wolke et al. 1992, Matsui et al. 1994, Haman et al. 1995, Li et al. 2000, Knowles 
et al. 1996, Brown et al. 1994), and the detonation gun process (Erkmen 1 999, Gledhill et 
al. 1999). These processes all use powder as a feedstock material, sized between 10 and 
150 pm, and subject the powder to different thermal and kinetic environments. 
Suspension plasma spraying is a unique technique in that an atomized suspension of HAp 
is fed into a radio-frequency plasma (Bouyer et al. 1997). The slow velocity allows the 
liquid to be vaporized and the remaining solid then melts. This technique avoids the high 
processing costs normally associated with drying, calcining, spheroidising, and particle 
sizing before injection into a plasma or a flame. Plasma spraying, also known as air 
plasma spraying, is the main method of choice, followed by vacuum plasma spraying. 

Figure 7. Hydroxylapatite plasma sprayed on various femoral stems (top) and 
a femoral component of the knee prosthesis showing hydroxylapatite on the 
internal surface (bottom). 

Plasma spraying. The plasma spray process is controlled by a multitude of 
processing parameters, all of which influence the quality of the sprayed coating. The heat 
available for melting of the powder can be controlled by a selection of plasma gases. 
Plasma gas combinations used for depositing apatite coatings include Ar/H2, N2M2, 
Ar/N2 and Ar/He. Powder injected into the heat source is rapidly heated over the melting 
temperature. Overheating can lead to decomposition into tetracalcium phosphate, 
tricalciurn phosphate and calcium oxide (Lugscheider et al. 1991 a, Radin and Ducheyne 
1992, Palka et al. 1993, Yang et al. 1995, McPherson et al. 1995, Vogel et al. 1999, 
Tufekci et al. 1999). The particle characteristics such as particle morphology, particle 
size, inherent porosity, and crystallite size all influence the heat conduction and, hence, - 
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the thermal chemistry and particle melting at high temperatures. 

Crystallinity of coatings. The molten droplets are impacted onto roughened 
substrates. The heat from the droplet is rapidly removed providing a quench rate of about 
10' OC/sec (Gross et al. 1998d). The brief time at which the chemical species are mobile 
within the droplet during cooling is insufficient for crystallization. Crystallization of 
melted regions is further impeded due to the loss of structural water in the shell of the 
particles. Plasma spraying is thus programmed by a choice of spray conditions (Weng et 
al. 1995) to produce melting of the outer shell that upon deposition will predominantly 
form an amorphous calcium phosphate. The crystallinity of coatings is adjusted by 
controlling the amount of heat input into the powder. This is conducted by changing the 
spray conditions or the particle size; smaller size produces lower crystallinity (Klein et al. 
1994, Tong et al. 1996, Gross et al. 1998d). 

The relative location of the amorphous phase has been shown in coatings (Chen et al. 
1994, Gross et al. 1997), and the location of the possible decomposition phases proposed 
in a model (Gross et al. 1998b). Crystalline areas within a coating can be viewed in terms 
of thermal changes within a droplet during particle traverse within the plasma, heat 
conduction within the coating as successive molten droplets release their heat to the 
already deposited material, and post-deposition heating operations. A typical 
microstructure of a coating showing crystalline regions'is shown in Figure 8. 

Figure 8. Cross-section of hydroxyl- 
apatite plasma-sprayed coating exhib- 
iting small crystalline islands. The 
vertical bar represents 20 microns. 

There may be three distinct regions identified within a HAp droplet. These arise 
from (1) dehydroxylated amorphous calcium phosphate on the outer periphery of a 
particle that may transform into oxyapatite (Gross et al. 1998c), (2) hydroxylated 
amorphous calcium phosphate inside the droplet that forms HAp where sufficient heat is 
conducted to promote crystallization (Zyman et al. 1994, Gross et al. 1998e), and (3) 
regions in the particle core which are insufficiently heated and remain in their original 
crystalline state. Crystalline regions can form during droplet deposition as successive 
droplets release their heat and crystallize underlying amorphous regions. Finally, 
crystallinity can be further increased after thermal spraying with an appropriate heat 
treatment between 500 and 700°C (Filiaggi et al. 1993, Ji and Marquis 1993, Brossa et al. 
1 994, Wang et al. 1995, Gross et al. 1 998e, Burgess et al. 1999)' but, as will be discussed 
in a latter section, post depositional processing influences the coating adhesion because 
the residual stresses of the material system are altered. 

Powders for spraying. A range of powder compositions have been examined for use 
in plasma spraying. Amorphous calcium phosphate (Liu et al. 1994), biologically derived 
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(Joshi et al. 1993) and calcium deficient (Ellies et al. 1992) HAps have been shown to be 
unsuitable for plasma spray processing since they decompose. A biphasic calcium 
phosphate has been chosen as one coating preference for the improved dissolution 
characteristics imparted by the addition of tricalcium phosphate (Burr et al. 1993, Tisdel 
et al. 1994, Lee et al. 2001). Fluorapatite is more thermally stable than hydroxylapatite 
and accordingly produces higher crystallinity coatings when comparable plasma spray 
conditions are selected (Lugscheider et al. 1991b, Rocca et al. 1998, Overgaard et al. 
1998). Regulatory bodies have proposed standards to limit the range in decomposition 
and loss in crystallinity, structural factors that can in part be linked to the purity of the 
spray material. 

Powder agglomeration techniques such as spray drying (Lugscheider et al. 1992: 
Luo and Nieh 1996, Kweh et al. 1999), freeze drying (Hattori et al. 1987, Lu et al. 1998, 
Itatani et al. 2000), spray pyrolysis (Aizawa et al. 1996, Osaka et al. 1997, Vallet-Regi et 
al. 1994, Inoue and Ono 1987), or sintering and crushing can be used for developing a 
desired particle size range for thermal spray operations. Of these, spray drying is the most 
commonly used agglomeration process. 

Implant materials for coating. Prosthetic materials coated with HAp include 
titanium, Ti-6Al-4V, stainless steel, Co-Cr-Mo, and alumina (Jiang and Shi 1998). These 
materials are roughened by grit blasting for a mechanical interlock between the melted 
component of the particle and the substrate. The Ti-6A1-4V and Cr-Co-Mo alloys are the 
most common. Ideally, the elastic modulus and co-efficient of thermal expansion of the 
substrate and the coating material will be matched to minimize any residual stresses at the 
interface. Hydroxylapatite (E = 100 GPa and a = 12 x 1 0-6 "c-' (Perdok et al. 1987)) is 
well matched to the titanium alloy (E = 1 10 GPa and a = 10 x 1 o - ~  "c-') and is coated 
directly onto the prepared surface. 

Cr-Co alloys are known for their high strength and wear resistance. Despite these 
benefits, there is a concern about the adverse biocompatibility of chromium and cobalt 
ions, whereas other studies have indicated that chromium promotes the crystallization of 
HAp (Wakarnura et al. 1997) and, therefore, might be an important contributing factor 
leading to good fixation in bone. 

A bond coat, used to promote adhesion between the coating and the substrate, has 
been employed for a variety of purposes in biomedical applications. A rough titanium 
bond coat provides a porous surface for bone attachment after the calcium phosphate 
coating has dissolved. A titania (Ti02) ceramic bond coat can decrease the quenching rate 
of deposited molten droplets and, thus, produce a crystalline coating (Heimann et al. 
1999). An alumina (A1203) base layer between the Ti-6A1-4V substrate and the calcium 
phosphate coating has also been used (Labat et al.. 1999). Ceramic bond coats have not 
been used commercially for apatite coatings. 

Surface preparation and bonding. Diffusion has been proposed to occur between 
titanium and HAp to produce a calcium titanate (de Groot 1987). Sintering studies 
between titanium and HAp have confirmed this diffusion (Lacout et al. 1984, Chai et al. 
1993, Knepper et al. 1998) with another study suggesting incorporation of titanium into 
the HAp structure (Weng et al. 1994). Titanium oxide (Ti02) is an essential component of 
this diffusion reaction, and improved bond strength on oxidized substrates has been 
reported (Ueda et al. 2000). 

The surface of the implant or prosthesis is grit blasted not only to establish a 
mechanical bond between the substrate and the coating, but also to establish a stronger 
mechanical bond with bone once the HAp has been resorbed. A surface roughness, R, as 
little as 1 pm can lead to a twofold increase in the removal torque of an implant from 
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bone (Carlsson et al. 1988). The roughness for bonding of thermally sprayed HAp to the 
substrate is usually two to five fold higher (Yankee et al. 1991). Various types of 
macrotexturing or porosity have been designed to further improve bone attachment 
(Kienapfel et al. 1999). An implant surface may contain vacuum plasma sprayed porous 
titanium (Nakashima et al. 1997), sintered mesh (Wilke et al. 1993), or sintered beads 
(Moroni et al. 1994). A coating placed on top of the porous surface provides high bone to 
implant interfacial contact (Bloebaum et al. 1993). Grooves may also be placed on the 
surface of an implant to provide mechanical resistance against torsion of the hip 
prosthesis. Grooves 1 mm deep provide improved biological fixation and earlier fixation 
compared to porous coated implants (Hayashi et al. 1999). A comparison of the shear 
strength between the different macrostructured surfaces with bone, using the same 
implant site, is not a\ lilable. 

Coating thickness and residual stress. A coating thickness of 50 pm has been 
determined to provide good fatigue resistance with good resorption and bone attachment 
characteristics in orthopedic applications (Geesink et al. 1987). In comparison, a 200-pm 
thick coating produced a 50% decrease in bonding strength (Wang et al. 1993a). Animal 
studies have shown that fracture occurs at the coating-bone interface for 50 p thick 
coatings but within the coating for the 2 0 0 - p  thick coatings (Wang et al. 1993b). The 
fracture mode can be described as "cohesive" in the latter case. At a low residual stress, 
failure occurs within the coating, but at higher values is shifted toward the coating-Ti 
alloy substrate (Yang et al. 2001). The lower bond strength can be related to the residual 
stress that reaches a maximum at the interface and exhibits larger values for thicker 
coatings (Yong et al. 2001). Real-time residual stress measurement during spraying 
reveals that the stress is tensile in nature and increases in value upon cooling (Tsui 
et al. 1998). Yang et al. (2000) has shown a higher residual stress with well-melted 
particles. 

It can be assumed that coatings forrned from lower crystallinity particles exhibit low 
residual stress because feedstock also has inherent porosity that would tend to relieve 
process-induced stresses. A comparison of the high velocity oxy-fuel and plasma spray 
processes has revealed that the residual stress is lower in the former process (Knowles et 
al. 1996). Heat treatment at temperatures of 800°C can minimize these process-induced 
stresses (Brown et al. 1994). Despite the large influence of thickness on coating strength, 
no difference in bone apposition has been found for 50 p and 100 pm coatings. 

Strength of coatings. Plasma sprayed coatings contain process-induced porosity, 
partially molten particles, and a range of grain sizes. The pancake structure of the 
flattened particles produces a higher population of pores parallel to the surface of the 
implant. Fracture toughness of these coatings is low and is attributed to the pore content 
in these coatings. Mancini et al (2001) have indicated that this pore level can vary 
between 2 and 10%. Attempts at improving the fracture mechanical properties of these 
coatings have involved incorporation of a second phase. Examples of the second phase 
include titanium (Zheng et al. 2000), titanium alloy (Khor et al. 2000), titania (Ramires et 
al. 2001), alumina (Morimoto et al. 1988), and zirconia (Chou and Chang 1999). The 
faster resorption time of plasma sprayed coatings in comparison to sintered apatites can 
potentially lead to the release of the non-resorbable particulate and possibly lead to 
implant loosening from an overload of particulate in bone. The inclusion of crack healing 
additives, such as glass, may improve the fracture toughness. Some initial work with 
calcium phosphate glass has indicated that other aspects such as the wetting, surface 
charge, and resorbability need to be considered to produce a coating that would integrate 
easily with bone (Ferraz et al. 2001). The mechanical performance of coatings is 
available in a review by Sun et al. (2001). 
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Bioactivity of coatings. Immersion of HAp plasma sprayed coating into a buffered 
solution or a simulated body fluid leads to partial coating dissolution, the extent of which 
depends upon the phase composition, surface area and residual stress. The solubility of 
the calcium phosphate phases increases in the order HAP, tricalcium phosphate, 
oxyapatite, tetracalcium phosphate and amorphous calcium phosphate (Ducheyne et al. 
1990, Le Geros et al. 1995) (Fig. 9). Dissolution of plasma sprayed coatings depends 
primarily on the coating crystallinity (Leali Tranquilli et al. 1994, Klein et al. 1994, 
Fazan and Marquis 2000). Coating loss occurs by (1) dissolution which is dominated by 
the amorphous calcium phosphate, and (2) particle release (Gross et al. 1997, Ogiso et al. 
1998b). The loss of amorphous calcium phosphate is very clearly identified by a change 
in the surface morphology (Fig. 10). Despite the importance of crystallinity, other factors 
can contribute to a five-fold change in dissolution rate (Paschalis et al. 1995).The 
presence of protein in the testing solution can lead to faster initial calcium ion release 
(Bender et al. 2000). Afler the surrounding solution is saturated with respect to calcium 
and phosphate ions, reprecipitation occurs on the surface of the coating (Fig. 11). Fine 
crystallites form preferentially in recessed areas such as pores and cracks (Gross 1991, 
Weng et al. 1997). Low crystallinity coatings produce a higher concentration of dissolved 
ions in solution (Chou et al. 1999) and, hence, have a shorter induction time before 
precipitation of the carbonated apatite (Anselme et al. 1997). Cell proliferation on these 
surfaces has been difficult to compare, since cells are more sensitive to topographical 
variation preferentially depositing on smooth areas (Lurnbikanonda and Sarnrnons 2001). 

A comparison in bone bonding to sintered HAp and HAp plasma sprayed coatings 
has revealed higher attachment strength of bone to the coating (Ogiso et al. 1998a). The 
higher bioactivity of the plasma sprayed coatings provides earlier fixation. The propen- 
sity for bone bonding is highlighted by the bonding that occurs during early loading of 
coated hip prostheses (Overgaard et al. 1998). 

Clinical performance. The lifetime of these coatings extends up to several years 
depending upon the coating characteristics, prosthesis design, and the implantation site. 
Hydroxylapatite coatings placed in trabecular bone maintain bone contact and, thus, 
prevent high dissolution that could occur from the physiological fluids (Caulier et al. 
1995, Lind et al. 1999). The design of the implant plays an important role. Areas of the 
implant receiving the most loading from the bone, such as the tip of dental root implants 
(Finet et al. 2009, the apical edges of blade implants (Baltag et al. 2000) and the thread 
tips of a collar on a femoral stem (Gross et al. 1998a) have been observed to produce the 
most coating resorption. 
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Figure 10. A surface view of a hydroxylapatite plasma sprayed coating revealing (a) smooth areas 
more commonly associated with the amorphous calcium phosphate and (b) a change in surface 
topography due to the loss of the amorphous phase after immersion in 0.1 M potassium acetate at pH 
6 for 2 days. 

Figure 11. Precipitate formed on a plasma- 
sprayed coating exhibiting the small crystal- 
lite size associated with the newly deposited 
apatite layer. 

The rate of coating loss is further dictated by the physical activity of the implant 
recipient. Higher loading on the prosthesis has been found to produce more active bone 
remodeling and result in more rapid coating loss (Tonino et al. 1999). Loading on the 
coating can, in part, be influenced by the amount of coating coverage on a femoral stem. 
Examination of radiographs has revealed that a coating shifts the load transfer distally for 
uncoated prostheses to the proximal region in a fully coated prosthesis (Abraharns and 
Crothers 1992). A coating placed on the upper half of the stem may further shift the 
loading to the surrounding bone in the proximal region and, thus, alter the applied stress 
distribution on the coating. 
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Hydroxylapatite plasma sprayed coatings have been used in total hip arthroplasties 
(Jaffe and Scott 1996), dental implants (Ong and Chan 1999), knee replacements, ankle 
arthroplasties (Zerahn et al. 2000), orthopaedic screws (Magyar et al. 1997), and spinal 
implants. The most widely used application is the femoral stem where 11 year clinical 
results show slightly better performance than cemented prostheses (Havelin et al. 2000). 

Biomimetic processing 

The biological response to metals can be improved by modifications to the surface 
composition of an implantable metal alloy. This follows from the work on bioactive 
glasses which, when implanted into the body, produce a modified surface that facilitates 
apatite precipitation (Hench 1998a). Various chemical enrichment treatments have been 
proposed to aid the precipitation of a carbonate apatite. 

The most commonly used approach involves transforming the oxide layer of a metal 
surface that is rich in hydroxyl ions. Titanium soaked in sodium hydroxide and then heat- 
treated produces an amorphous sodium titanate layer. The minimum concentration found 
to create a layer of sodium titanate hydrogel is 0.5 M at 60°C for 24 hours (Kim et al. 
1997). After immersion in simulated body fluid, sodium ions released from the layer are 
exchanged with hydronium ions ( ~ ~ 0 ~ )  to form a hydrated titanium layer. Formation of a 
hydrated layer incorporates calcium and phosphate ions from the fluid to form an 
amorphous calcium phosphate. It is thought that the gel takes on a positive charge that 
attracts phosphate ions into the structure resulting in a Ca/P ratio of 1.40. The release of 
sodium increases the pH and ionic activity in the solution, thus creating a supersaturated 
environment for apatite precipitation (Jonasova et al. 2002). Crystallization of the layer 
incorporates more calcium from solution to increase the CdP ratio to 1.65, similar to the 
value of bone mineral (Takadama et al. 2001a,b). The layer grows at 0.5 to 7 pm per day 
(Hata et al. 1995). 

Li et al. (1993a) indicated that a silica gel induced an apatite layer on the surface. 
The precipitated crystal shape changed from a plate-like morphology to flakes by 
increasing the pH from 7.2 to 7.4. Crystals formed as rods in the presence of magnesium, 
and needles where fluorine ions were present. Studies on titania and alumina gels 
indicated that apatite precipitation can be induced on the surface of other gel 
compositions (Li et al. 1994). Noble metals such as tantalum and niobium have illustrated 
this capacity through an alkali treatment. Zirconia, alumina and silica can also be 
transformed to possess a bioactive surface. Hydroxylation of metals, zirconia (Uchida et 
al. 2001), tantalum (Miyazaki et al. 2001), zirconium (Uchida et al. 2002), and niobium 
(Kokubo et al. 2000), provides faster apatite formation on the surface. Such a treatment 
lowers the contact angle and facilitates spreading of neutrophils and osteoblasts (Lim et 
al. 2001). At four weeks, alkali modified titanium implanted into the femur of a rabbit 
exhibits a bond with bone that is eight times stronger (2.4 to 4.5 MPa) compared to 
untreated titanium (0.3 to 0.6 MPa). At 12 weeks, the superior bond strength is 
maintained, while the bonding between bone with titanium improves two-fold 
(Nishiguchi et al. 2001). 

Precipitation has also been shown to occur on modified polymeric surfaces. An 
example of this includes Ca(I1) containing hybrids of gelatin and 3-(glycidoxy- 
propy1)trimethoxysilane (Ren et al. 2001). Silanol groups on silicone (Oyane et al. 1999), 
poly (ethylene terephthalate), polyether sulfone and polyethylene (Kokubo 1998), 
polymethylmethacrylate (PMMA), polyamide 6, and polyethersulfone (PESF) (Tanahashi 
et al. 1994) can also provide sites for apatite formation. 

An alternative method lies in ion implantation of the alkali ion into the metal surface 
(Pham et al. 2000). Fluorine (Ellingsen 1995) and calcium ion (Feng et al. 2002) 
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enrichrneni of titanium alloys have also shown to promote apatite precipitation. 

Sol-gel deposition 

Sol-gel technology offers a chemically homogeneous and pure product and has been 
used for HAp production since 1988 (Masuda et al. 1990). A calcium alkoxide mixed 
with an organic phosphate undergoes various intermediate states before a stoichiometric 
composition is obtained. This chemical process requires an aging time (Chai et al. 1998). 
Use of an intermediate phosphate composition eliminates the aging step (Ben-Nissan et 
al. 2001). A coating can be applied by dipping or by spinning followed by a heat 
treatment to remove the organics (Weng and Baptista 1998). The small grain size permits 
sintering of dense apatite compositions at temperatures less than 900°C to avoid the 
phase transformation in the parent titanium alloy (Gross et .al. 1 998f, Lopatin et al. 1998, 
Cheng et al. 2001). Furthermore, this coating can be solidified during a rapid thermal 
processing schedule of 1 OO°C/min (Russell et al. 1996). 

Electrophoretic deposition involves movement of synthesized particles under the 
influence of an electrical field. The implant is placed as an electrode upon which the 
particles collect. Particle shape, composition, electric field and stirring conditions 
influence the deposit characteristics (Zhitomirsky and Galor 1997). After coating by this 
method the implant needs to be dried and sintered. Sintering requires temperatures 
greater than 1000°C to produce a dense coating layer. Cracking may evolve during the 
cooling stage due to the difference in thermal expansion substrate and the newly formed 
interlayer. This process has been useful in coating porous surfaces (Ducheyne et al. 
1990). Electrocrystallization represents a low temperature process whereby calcium and 
phosphate in an electrolyte migrate to an electrode where crystals are formed. A heat 
treatment at 125°C followed by calcination at 425°C can densify an apatite. Carbonated 
and fluoridated apatites with a thickness of 50 pm have been produced in one how 
(Shirkhanzadeh 1 995). 

Vacuum deposition 

Sputtering was introduced as a possible coating technique alongside thermal spray 
processes in the late 1980s. This technique involves displacing atoms from a target 
material with high-energy ions and transfer to a flat substrate under vacuum conditions. 
Addition of another gas such as carbon dioxide to the plasma forrning gas can modify the 
composition to a carbonated calcium phosphate (Yamashita et al. 1996). Use of a 
magnetron produces a deposition rate of 1 micrometer/hour. Such films produce an 
amorphous phase when deposited on a cold substrate and an oriented columnar HAp at 
higher temperatures. An increase in discharge power leads to a crystalline coating (van 
Dijk et al. 1995). The dense layer formed during magnetron sputtering creates a residual 
stress that, along with crystallinity (Wolke et al. 1998), influences the dissolution 
behavior due to the residual stress (Burke et al. 2001). 

Pulsed laser deposition ablates a target material that results in transfer of a droplet 
onto the substrate to be coated. This process occurs under vacuum and like sputtering 
produces an amorphous phase at low substrate temperatures, and a crystalline phase at 
higher temperatures (Cotell et al. 1992). 

In vitro cell culture studies on HAp coatings produced by plasma spraying, sol-gel 
and sputtering revealed that the sol-gel coating exhibited the highest cell growth 
(Massaro et al. 2001). The difference in purity, density, grain size, surface roughness, and 
contaminant phases of the various coatings makes it difficult to isolate the characteristic 
that enables a better in vitro response. 
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FUTURE WORK 

While calcium phosphates are currently widely used as implants in the body, 
more detailed work on the role of chemically enriched apatites on the biological response, 
characterization of apatites and microstructural control will reveal the optimal 
characteristics of an apatite for clinical application. 

The rich elemental substitution (Pan and Fleet this volume) of apatites can lead to 
a wide variety of biomaterials with differences in processing, resulting microstructure and 
tissue bonding behavior. This is an area of active research and the outcome can produce 
tissue-bonding maps similar to those established for bioactive calcium phosphate glasses 
developed by Hench (1 998b). Such maps can indicate how substituent elements enhance 
the tissue bonding response and can serve as useful guides for selecting the appropriate 
apatite composition for implantation into different types of bone. 

An important chemical aspect of apatites for biomedical use is the CdP  molar 
ratio. Synthesized apatites may be calcium deficient or rich and yet display an X-ray 
diffraction pattern typical of apatite. Those apatites that are subjected to low temperature 
processing such as cements and biomimetically processed coatings require a wet 
chemical analysis for determination of the C d P  molar ratio. With the new interest in 
chemically modified apatites, the CaIP molar ratio, the impurity elements according to 
present standards (ASTM 1998) and the major substituent elements will need to be 
reported to provide a better understanding of the apatites being investigated for 
biomedical applications. 

Hydroxylapatite is typically subjected to heating during processing. Heat 
treatment creates a stoichiometric apatite along with a secondary phase for non- 
stoichiometric compositions. For example, a calcium deficient apatite will lead to the 
formation of tricalcium phosphate upon heating, and quantitative phase analysis can be 
used to determine the Ca/P molar ratio (Toth et al. 1991; Ishikawa et al. 1993). Recently, 
Rietveld analysis has been'proposed as a useful and fast alternative to time consuming 
solution techniques for the determination of Ca/P ratios (Raynaud et al. 2001). The X-ray 
diffraction can also provide information such as contaminant phase identification, 
crystallite size, and crystal orientation, which are very useful when dealing with complex 
material systems such as coatings produced by plasma spray techniques (Keller 1995; 
Keller et al. 2000). Further work will need to develop methods for ascertaining the 
location of substitutional elements within the apatite lattice. 

The detection of different phases and their chemistry is presently limited. This, in 
part, is attributed to the small size, low concentration or the presence of numerous phases. 
X-ray diffraction is limited, since the very small 'grain size produces significant peak 
broadening, and the small quantity of phases is at the limit of detection. The best 
technique would provide viewing of the microstructure while an analysis is conducted. 
Raman microprobe data exhibit peak overlapping and, therefore, distinction between a 
tricalcium phosphate and an amorphous calcium phosphate is difficult (Tudor et al. 
1993), however useful data can be obtained from interface studies with bone (Walters.et 
al. 1991). Cathodoluminescence microscopy has been developed to distinguish between 
the amorphous calcium phosphate and HAP (Gross et al. 19980). Transmission electron 
microscopy remains the only reliable technique for detection of chemical phases in very 
small quantities. For complicated microstructures, such as those produced in thermal 
spraying, the preparation of large areas will be necessary to view the location of the 
different chemical phases. 

Recent studies reveal that microstructural surface features possibly influence the 
cell response to implanted synthetic apatites. The roughness is an important aspect of cell 

w. 
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adhesion, but can influence the spreading of cells. A comparison of sputtered, sol-gel and 
plasma sprayed coatings has indicated that sol-gel coatings provide the best surface for 
cell multiplication and proliferation (Massaro et al. 2001). It is not clear, whether, this 
behavior can be attributed to the high chemical purity or low surface roughness of sol-gel 
coatings. Another study has shown that cells prefer to spread over smooth areas of 
plasma sprayed coatings that represent well melted areas (Lumbikanonda and Sarnmons 
2001). HAp powder is not completely melted during the plasma spray process and thus 
rough areas on the coating surface are expected from unrnolten particle segments. To 
improve the smoothness of plasma sprayed coatings, it would be necessary to increase the 
melting of the particle, that would produce a lower crystallinity, or improve the thermal 
stability of HAp powders, and thus retain a high crystallinity within the coating. Such 
modifications would provide good cell spreading in addition to retaining the 
osteoconductivity and good bone bonding achievable with present coatings. 

The charge state of apatites has recently been found to be important in the 
integration into bone. Sintered apatite poled at high temperature to produce a negative 
charge has been shown to (i) induce earlier precipitation (Ohgaki et al. 2000), (ii) 
promote the formation of osteoblast-like cells (Ohgaki et al. 2001), and (iii) enhance bone 
bonding (Kobayashi et al. 2001). The long-term bone bonding ability remains to be 
assessed. 

Apatites presently used in clinical applications are utilized solely for their ability 
to either bond to tissue or promote bone growth. The next stage of development will 
involve the optimization of the microstructure to allow incorporation of biological or 
chemical species that can be released for stimulation or therapy. Such work presently is 
being focused on microspheres (Paul et al. 2002; Sivakurnar and Rao 2002). 

The solubility of apatites is becoming more important as emphasis is being placed 
on biomaterials for regeneration of tissues (Hench 1998b). Where apatites are 
incorporated with resorbable polymers for tissue engineering applications, it will become 
necessary to match the solubility rate of the inorganic and organic components within the 
composite. 

APPENDIX 1 

CHEMICAL FORMULAS FOR INORCAN~C COMPOUNDS 

Alumina 
Calcium acetate 
Calcium carbonate 
Calcium chloride 
Calcium deficient hydroxylapatite 
Calcium hydrogen phosphate 
Calcium hydroxide 
Calcium sulphate 
Calcium nitrate 
Carbonated hydroxy lapatite 

Diarnmonium hydrogen phosphate 
Dicalcium phosphate dihydrate 
Fluorapati te 
Hydrogen peroxide 
~ ~ d r o x y  lapatite 

A1203 

CH3(COOCa)2'H20 
CaC03 
CaC12 
Calo-x(~P04),(P04)6-x(oH)2-x where 0 5 x 5 2 
CaHP04 (also known as monetite) 
Ca(OH)2 
CaS04'2H20 
Ca(N03)2 4H20 
Ca l o-xN~x(P~~)~-x (CO~)X(OH)~  @-type) 
Cal0( P04)6(CO3)x(OH)2-2~ (A-ty~e) 
mH4)2HP04 

CaHP04.2H20 (also known as brushite) 
Calo(PO4)6F2 
H 2 0 2  

Calo(P04)6(0H)2 
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Lime 
Lithium phosphate 
Manganese oxide 
Octacalcium phosphate 
Orthophosphoric acid 
Oxyapatite 
Phosphorous trichloride 
Potassium di hydrogen phosphate 
Silica 
Silicon carbide 
Silicon nitride 
Silica 
Sodium fluoride 
Sodium hydroxide 
Sodium hydrogen carbonate 
Sodium hydrogen phosphate 
Sodium phosphate 
Tetracalci um phosphate 
Titania 
Tricalcium phosphate 
Zirconia 

CaO 
Li3P04 
Mn02  
C ~ ~ H Z ( P O ~ ) ~ ' ~ H ~ O  
h P 0 4  
Calo(P04)60 
P C I ~  
KH2P04 
Si02 
S i c  
Si3N4 
Si02 
NaF 
NaOH 
NaHC03 
Na2HP04 
Na3P04 
Ca4p209 
Ti02 
ca3(po4)2 (exists in a, ti and p crystal forms) 

zfl2 

ACKNOWLEDGMENTS 

The authors are grateful' for the fracture surfaces of sintered hydroxylapatite and 
various forms of sintered hydroxylapatite supplied by Mr. V. Gross, Commonwealth 
Scientific Industrial Research Organisation, Australia. We thank David Williams and 
Serena Best for their careful reviews of this chapter. 

REFERENCES 
Abe T, Matsumoto K, Kushima M (2001) Reconstruction of the sellar floor during transnasal pituitary 

surgery using ceramics composed of a combination of hydroxylapatite and tricalciumphosphate. 
Neurol Surg 29:5 1 1-505 

Abrahams TG, Crothers OD (1 992) Radiographic analysis of an investigational hydroxylapatite-coated 
total hip replacement. Investig Radio1 27:779-784 

Abu Bakar MS, Cheang P, Khor KA (1999) Thermal processing of hydroxylapatite reinforced 
polyetherketone composites. J Mater Proces Techno1 90:462-466 

Abu-Hammad OA, Harrison A, Williams D (2000) The effect of a hydroxylapatite-reinforced polyethylene 
stress distributor in a dental implant on compressive stress levels in surrounding bone. Intl J Oral 
Maxillofac implants 15559-564 

Agrawal CM, Athanasiou KA (1997) Technique to control pH in vicinity of biodegradable PLA-PGA 
implants. J Biorned Mater Res 38: 105- 1 14 

Aizawa M, ltatani K, Howell FS, Kishioka A (1996) Effects of starting materials on properties of 
hydroxylapatite powders prepared by spray-pyrolysis technique. J Ceram Soc Japan 104: 126-1 32 

Akao M, Aoki H, Kato K (1981) Mechanical properties of sintered hydroxylapatite for prosthetic 
applications. J Mater Sci 16:809-8 12 

Akao M, Miura N, Aoki H (1984) Fracture toughness of sintered hydroxylapatite and beta-tricalciurn 
phosphate. Yogyo-Kyokai-Shi 92:672-4 

Akimov GY, Timchenko VM, Arsenev PA (1994) Mechanical properties of hydroxylapatite samples 
produced by cold isostatic pressing. Ogneupory 5: 19-2 1 

Albee FH, Morrison HF (1920) Studies in bone growth-triple calcium phosphate as a stimulus to 
osteogenesis. Ann Surg 71:32-39 

Anselme K, Sharrock P, Hardouin P, Dard M (1997) In vitro growth of human adult bone-derived cells on 
hydroxylapatite plasma-sprayed coatings. J Biomed Mater Res 34:247-259 

Aoki H (1 973) Synthetic apatite as an effective implant material. J Stomatol Soc 40:277 (in Japanese) 

- 



658 
f 

Gross & Berndt 
,-, 

Aoki H, Akao M, Shin Y, Tsuji T, Togawa T (1987) Sintered hydroxylapatite for percutaneous devices and 
its clinical application. Med Progr Techno1 12:2 13 

Asada M, Oukami K, Nakamura S, Takahashi K (1988) Microstructure and mechanical properties of non- 
stoichiometric apatite ceramics and sinterability of raw powder. J Ceram Soc Jap 96595-598 

ASTM (1988). Standard specification for composition of ceramic hydroxylapatite for surgical implants. 
FI 185-88,415. 

Baer W, Schaller P, Carl HD (2002). Spongy hydroxylapatite in hand surgery-A five-year follow-up. 
J Hand Surg 27B: 10 1 - 103 

Ballestri M, Baraldi A, Gatti AM, Furci L, Bagni A, Loria P, Rapana RM, Carulli N, Albertaui A (2001) 
Liver and kidney foreign bodies granulomatosis in a patient with maloclussion, bruxism, and worn 
dental prostheses. Gastroenterology 12 1 : 1234- I238 

Baltag I, Watanabe K, Kusakari H, Tagushi N, Miyakawa 0, Kobayashi M, Ito N (2000) Long-term 
changes of hydroxylapatite-coated dental implants. J Biomed Mater Res-Appl Biomater 53:76-85 

Banas MD, Baier RE (2000) Accelerated mineralization of prosthetic heart valves. Molec Cryst Liq Cryst 
354:837-855 

Baravelli S, Bigi A, Ripamonti A, Roveri N, Foresti E (1984) Thermal behavior of bone and synthetic 
hydroxylapatites submitted to magnesium interaction in aqueous medium. J lnorg Biochem 20: 1-1 2 

Barralet J, Best S, Bonfield W (1998) Carbonate substitution in precipitated hydroxylapatite: an 
investigation into the effects of reaction temperature and bicarbonate ion concentration. J Biomed 
Mater Res 4 1 :79-86 

Barralet JE, Best SM, Bonfield W (2000) Effect of sintering parameters on the density and microstructure 
of carbonated apatite. J Mater Sci: Mater in Med 1 1:719-724 

Bellemans J (1 999) Osseointegration in porous coated knee arthroplasty. The influence of component 
coating type in sheep. Acta Orthop Scand 288: 1-35 

Ben Abdelkader S, Khattech 1, Rey C, Jemal M (2001) Synthesis, characterization and thermochemistry of 
calcium-magnesium hydroxylapatite and fluorapatite. Thermochim Acta 376:25-36 

Bender SA, Bumgardner JD, Roach MD, Bessho K, Ong JL (2000) Effect of protein on the dissolution of 
HA coatings. Biomaterials 2 1 :299-305 

Benhayoune H, Jallot E, Laquerriere P, Balossier G, Bonhomme P, Fraysinet P (2000) lntegration of dense 
HA rods into cortical bone. Biomaterials 21 :235-242 

Ben-Nissan B, Chai CS, Evans L (1995) Crystallographic and spectroscopic characterisation and 
morphology of biogenic and synthetic apatites. /n Encyclopedic handbook of biomaterials and 
bioengineering. Vol 2. Wise DL, Tarantalo DJ, Altobelli DE, Yaszemski MJ, Gresser JD, Schwartz ER 
(eds) Marcel Dekker, p 19 1-222 

Ben-Nissan B, Green DD, Kannangara GSK, Chai CS, Milev A (2001) p3' NMR studies of diethyl 
phosphite derived nanocrystalline hydroxylapatite. J Sol-Gel Sci Techno12 1 :27-37 

Berndt CC, Haddad GN, Farmer AJD, Gross KA (1990) Thermal spraying for biocerarnic applications- 
A review. Materials Forum 14: 16 1-1 73 

Best SM, Sim B, Kayser M, Downes S (1 997) The dependence of osteoblastic response on variations in the 
chemical composition and physical properties of hydroxylapatite. J Mater Sci: Mater in Med 8:97-103 

Bigi A, Foresti E, Gandolfi M, Gazzano M, Roveri N (1995) Inhibiting effect of zinc on hydroxylapatite 
crystallization. J Inorg Biochem 58:49-58 

Bloebaum RD, Bachus KN, Rubman MH, Dorr LD (1993) Postmortem comparative analysis of titanium 
and hydroxylapatite porous-coated femoral implants retrieved from the same patient. A case study. 
J Arthroplasty 8:203-2 1 1 

Blokhuis TJ, Termaat MF, den Boer FC, Patka P, Bakker FC, Haarrnan HJTM (2000) Properties of calcium 
phosphate ceramics in relation to their in vivo behavior. J Trauma 48: 179- 189 

Blom EJ, Klein-Nulend J, Klein CPAT, Kurashina K, van Waas MAJ, Burger EH (2000) Transforming 
growth factor-beta1 incorporated during setting in calcium phosphate cement stimulates bone cell 
differentiation in vitro. J Biomed Mater Res 50:67-74 

Bohner M (200 1) Physical and chemical aspects of calcium phosphates used in spinal surgery. Eur Spine J 
S114-S121 

Bohner M, Lemaitre J, van Landuyt P, Zambelli PY, Merkle HP, Gander B (1997) Gentamicin-loaded 
hydraulic calcium phosphate bone cement as antibiotic delivery system. J Pharmaceut Sci 86565-572 

Bonfield W, Grynpas MD, Tully AE, Bowman J, Abram J (1981) Hydroxylapatite reinforced polyethylene 
-a mechanically compatible implant material for bone replacement. Biomaterials 2: 185-1 86 

Bouyer E, Gitzhofer F, Boulos MI (1997) The suspension plasma spraying of bioceramics by induction 
plasma. J Metals 58-62 

Boyde A (1997) Microstructure of enamel. In: Dental Enamel, Ciba Foundation Symposium. Vol 205. 
Wiley, New York, p 18-3 1 



Biomedical Application of Apatites 

Brossa F, Cigada A, Chiesa R, Paracchini L, Consonni C (1994) Post-deposition treatment effects on 
hydroxylapatite vacuum plasma spray coatings. Biomaterials 5:855-857 , 

Brown CD, Mealey BL, Nummikoski PV, Bifano SL, Waldrop TC (1 998) Hydroxylapatite cement implant 
for regeneration of periodontal osseous defects in humans. J Periodontol 69: 146-1 57 

Brown PW, Fulmer M (1996) The effects of electrolytes on the rates of hydroxylapatite formation at 25 and 
388OC. J Biomed Mater Res 3 1 :395-400 

Brown SR, Turner IG, Reiter H (1 994) Residual stress measurement in thermal sprayed hydroxylapatite 
coatings. J Mater Sci: Mater in Med 5:756-759 

Brown WE, Chow LC (1 983) A new calcium phosphate setting cement. J Dent Res 63:672 
Browne M, Gregson PJ (2000) Effect of mechanical surface pretreatment on metal ion release. 

Biomaterials 2 1 :385-392 
Burgess AV, Story BJ, La D, Wagner WR, Le Geros JP (1999) Highly crystalline Mp-1 TM hydroxylapatite 

coating. Part I: In vitro characterization and comparison to other plasma-sprayed hydroxylapatite 
coatings. Clin Oral Implants Res 10:245-256 

Burke EM, Haman JD, Weimer JJ, Cheney AB, Rigsbee JM, Lucas LC (2001) Influence of coating strain 
on calcium phosphate thin-film dissolution. J Biomed Mater Res 57:41-47 

Burr DB, Mori S, Boyd RD, Sun TC, Blaha JD, Lane L, Pam J (1993) Histomorphometric assessment of 
the mechanisms for rapid ingrowth of bone to HAITCP coated implants. J Biomed Mater Res 27: 
645-653 

Cabrini M, Cigada A, Rondelli G, Vicentini B (1997) Effect of different surface finishing and of 
hydroxylapatite coatings on passive and corrosion current of Ti6A14V alloy in simulated physiological 
solution. Biomaterials 18:783-787 

Carlsson L, Rostlund T, Albrektsson B, Albrektsson T (1988) Removal torques for polished and rough 
titanium implants. lntl J Oral Maxillofac Implants 3:21-24 

Caulier H, van der Waerden JPCM, Paquay YCGJ, Wolke JGC, Kalk W, Naert I, Jansen JA (1995) Effect 
of calcium phosphate (Ca-P) coatings on trabecular bone response: A histological study. J Biomed 
Mater Res 29: 106 1 - 1069 

Chai C, Ben-Nissan B (1993) Interfacial reactions between titanium and'hydroxylapatite. J Aust Ceram Soc 
29:7 1-80 

Chai CS, Gross KA, Ben-Nissan B (1 998) Critical ageing of hydroxylapatite sol-gel solutions. Biomaterials 
1 9:229 1 -2296 

Chang BS, Lee CK, Hong KS, Youn HJ, Ryu HS, Chung SS, Park KW (2000) Osteoconduction at porous 
hydroxylapatite with various pore configurations. Biomaterials 2 1 : 129 1 - 1298 

Chang C, Shi J, Huang J, Hu Z, Ding C (1998) Effect of power level on characteristics of vacuum plasma 
sprayed hydroxylapatite coating. J Thermal Spray Techno1 7:484-488 

Chaung HM, Hong CH, Chiang CP, Lin SK, Kuo YS, Lan WH, Hsieh CC (1996) Comparison of calcium 
phosphate cement mixture and pure hydroxide as direct pulp-capping agents. J Formoson Med Assoc 
95:545-550 

Chen J, Wolke JGC, de Groot K (1994) Microstructure and crystallinity in hydroxylapatite coatings. 
Biomaterials 15:396-399 

Cheng K, Shen G, Weng WJ, Han GR, Ferreira JMF, Yang J (2001) Synthesis of hydroxyl- 
apatite/fluorapatite solid solution by a sol-gel method. Mater Lett 5 1 :37-4 1 

Cherng AM, Chow LC, Takagi S (2001) In vitro evaluation of a calcium phosphate cement root canal 
fillerlsealer. J Endodontics 27:613-615 

Chino1 M, Vallabhajosula S, Goldsmith SJ, Klein MJ, Deutsch KF, Chinen LK, Brodack JW, Deutsch EA, 
Watson BA, Tofe AJ (1 993) Chemistry and biological behavior of samarium-1 53 and rhenium-1 86- 
labeled hydroxylapatite particles: Potential radiopharmaceuticals for radiation synovectomy. J Nucl 
Med 34: 1536-1 542 

Chou BY, Chang E (1999) Microstructural characterization of plasma-sprayed hydroxylapatite-10 wt % 
ZrOz composite coating on titanium. Biomaterials 20: 1823-1 832 

Chou L, Marek B, Wagner WR (1999) Effects of hydroxylapatite coating crystallinity on biosolubility, cell 
attachment efficiency and proliferation in vitro. Biomaterials 20:977-985 

Chow LC, Markovic M, Takagi S (1999) Formation of hydroxylapatite in cement systems: Effect of 
phosphate. Phosph Sulf Silicon and Rel Elements 146: 129-1 32 

Christoffersen J, Christoffersen MR, Kolthoff N, Barenholdt 0 (1 997) Effects of strontium ions on growth 
and dissolution of hydroxylapatite and on bone mineral detection. Bone 20:47-54 

Cihlar J, Trunec M ( 1  996) Injection moulded hydroxylapatite ceramics. Biomaterials 17: 1905-1 9 1 1 
Clunie G, Lui D, Cullum I, Ell PJ, Edwards JC (1996) Clinical outcome afier one year following samarium- 

153 particulate hydroxylapatite radiation synovectomy. Scand J Rheumatol25:360-366 
Cornell CN (1 992) Initial experience with the use of Collagrafi as a bone graft substitute. Tech Orthop 

7:55-62 

*-.. 
I 



v 

660 Gross & Berndt ... 
Correia RN, Magalhaes MCF, Marques PAAP, Senos AMR (1996) Wet synthesis and characterisation of 

modified hydroxylapatite powders. J Mater Sci: Mater in Med 7501-505 
Cotell CM, Chrisey DB, Grabowski KS, Sprague JA, Gosset CR (1992) Pulsed laser deposition of 

hydroxylapatite thin films on Ti6A14V. J Appl Biomater 3237-93 
Daubree A (1 85 1 )  Exp6riences sur la production artficielle de I'apatite, de la topza, et de quelques sutres 

metaux fiuorifieres. Compt Rend Acad Sci Paris 32:625 
de Groot K (1980) Bioceramics consisting of calcium phosphate salts. Biomaterials 1 :47-50 
de Groot K, Geesink R, KIein CPAT, Serekian P (1987) Plasma sprayed coatings of hydroxylapatite. 

J Biomed Mater Res 2 1 : 1375- I38 1 
de Groot K, Wolke JGC, Jansen JA (1998) Calcium phosphate coatings for medical implants [Review]. 

Proc lnst Mech Eng Part H - J Eng in Med 2 12: 137- 147 
de With G, van Dijk HJA, Hattu N, Prijs K (1981) Preparation, microstructure and mechanical properties of 

dense polycrystalline hydroxy apatite. J Mater Sci 16:1592-1598 
Deb S, Wang M, Tanner KE, Bonfield W (1996) Hydroxylapatite polyethylene composites-Effect of 

grafting and surface treatment of hydroxylapatite. J Mater Sci: Mater in Med 7: 19 1 - 193 
Deiwick M, Glasmacher B, Pettenazzo E, Hammel D, Castellon W, Thiene G, Reul H, Berendes E, Scheld 

HH (2001) Primary tissue failure of bioprostheses: new evidence from in vitro tests. Thoracic 
Cardiovascular Surgeon 49:78-83 

Delecrin J, Takahashi S, Gouin F, Passuti N (2000) A synthetic porous ceramic as a bone graft substitute in 
the surgical management of scoliosis: a prospective, randomized study. Spine 25563-569 

Devin JE, Attawia MA, Laurencin CT (1 996) Three-dimensional degradable porous polymer-ceramic 
matrices for use in bone repair. J Biomater Sci Polymer Edn 7:661-669 

Dhert WJA (1 994) Retrieval studies on calcium phosphate-coated implants. Med Prog Techno1 20: 143-54 
Doi Y, Koda T, Wakamatsu N, Goto T, Karnemizu H, Moriwaki Y, Adachi M, Suwa Y (1993) Influence of 

carbonate on sintering of apatites. J Dent Res 72: 1279- 1284 
Doi Y, Shibutani T, Moriwaki Y, Kajimoto T, lwayama Y (1998) Sintered carbonate apatites as 

bioresorbable bone substitutes. J Biomed Mater Res 39:603-610 
Doi Y, lwanaga H, Shibutani T, Moriwaki Y, Iwayama Y (1999) Osteoclastic responses to various calcium 

phosphates in cell culture. J Biomed Mater Res 47:424-433 
Dong J, Kojima H, Uemara T, Tateishi T, Tanaka J (2001) In vivo evaluation of a novel porous 

hydroxylapatite to sustain osteogenesis of transplanted bone marrow-derived osteoblastic cells. 
J Biomed Mater Res 57:208-216 

Dorozhkin SV (2002) A review on the dissolution models of calcium apatites [Review]. Progr Crystal 
Growth Charact Mater 44:45-6 1 

Driessens FC (1988) Physiology of hard tissues in comparison with the solubility of synthetic calcium 
phosphates. [Review] Ann NY Acad Sci 523: 13 1-1 36 

Driessens FCM, Verbeeck RMH (1990) Biominerals. CRC Press, Boca Raton, Florida 
Driskell TD (1994) Early history of calcium phosphate materials and coatings. Characterization and 

Performance of Calcium Phosphate Coatings for Implants. ASTM, Philadelphia, p 1-8 
Ducheyne P, Radin S, Heughebaert M, Heughebaert JC (1990) Calcium phosphate ceramic coatings on 

porous titanium: effect of structure and composition on electrophoretic deposition, vacuum sintering 
and in vitro dissolution. Biomaterials 22:244-254 

Ducheyne P, van Raemdonck W, Heughebaert JC, Heughebaert M (1986) Structural analysis of hydroxyl- 
apatite coatings on titanium. Biomaterials 7:97- 103 

Ducy P, Schinke T, Karsenty G (2000) The osteoblast: A sophisticated fibroblast under central 
surveillance. Science 289: 150 1 - 1504 

Durucan C, Brown PW (2000) Low temperature formation of calcium-deficient hydroxylapatite- 
PLNPLGA composites. J Biomed Mater Res 51 :717-725 

Edwards JT, Brunski JB, Higuchi HW (1997) Mechanical and morphologic investigation of the tensile 
strength of a bone-hydroxylapatite interface. J Biomed Mater Res 36:454-468 

Ektessabi A, Shikine S, Kitamura N, Rlakkum M, Johansson C (2001) Distribution and chemical states of 
iron and chromium released from orthopaedic implants into human tissues. X-ray Spectrometry 30: 
44-48 

Ellies LG, Nelson DGA, Featherstone JDB (1988) Crystallographic structure and surface morphology of 
sintered carbonated apatites. J Biomed Mater Res 22% 1-553 

Ellies LG, Nelson DGA, Featherstone JDB (1992) Crystallographic changes in calcium phosphates during 
plasma-spraying. Biomaterials 13:3 13-3 16 

Elliot JC (1994) Structure and chemistry of the apatites and other calcium orthophosphates. Studies in 
Inorganic Chemistry 18. Elsevier Science, Amsterdam 

Elllingsen JE (1995) Pre-treatment of titanium implants with fluoride improves their retention in bone. 
J Mater Sci: Mater in Med 6:749-753 



Biomedical Application of Apatites 

Engin NO, Ta- AC (1999) Manufacture of macroporous calcium hydroxylapatite bioceramics. J Eur Ceram 
SOC 1 9: 1269- 1272 

Erkmen ZE (1999) The effect of heat treatment on the morphology of D-gun sprayed hydroxylapatite 
coatings. J Biomed Mater Res 48:861-868 

Fang Y. Agrawal DK, Roy DM, Roy R (1994) Microwave sintering of hydroxylapatite ceramics. J Mater 
Res 9: 180-1 87 

Fanovich MA, Lopez JMP (1998) Influence of temperature and additives on the microstructure and 
sintering behavior of hydroxylapatites with different CdP ratios. J Mater Sci: Mater in Med 91 53-60 

Fazan F, Marquis PM (2000) Dissolution behavior of plasma-sprayed hydroxylapatite coatings. J Mater 
Sci: Mater in Med 1 1 :787-792 

Feng B, Chen JY, Qi SK, He L, Zhao JZ, Zhang XD (2002) Carbonate apatite coating on titanium induced 
rapidly by precalcification. Biomaterials 23: 173- 179 

Fernandez E, Planell JA, Best SM (1999) Precipitation of carbonated apatite in the cement system 
a-Ca3(P04)2-Ca(H2P04)2-CaC03. J Biomed Mater Res 47:466-471 

Ferraz MP, Monteiro FJ, Serro AP, Sararnago B, Gibson IR, Santos JD (2001) Effect of chemical 
composition on hydrophobicity and zeta potential of plasma sprayed HA/CaO-P205 glass coatings. 
B iomaterials 22:3 1 05-3 1 12 

Filiaggi MJ, Pilliar RM, Coombs NA (1993) Post-plasma-spraying heat treatment of the HA coatingITi- 
6A1-4V implant system. J Biomed Mater Res 27: 19 1-1 98 

Finet B, Weber G, Cloots R (2000) Titanium release from dental implants: an in-vivo study on sheep. Mater 
Lett 43: 159-1 65 

Frame JW, Browne RM, Brady CL (1981) Hydroxylapatite as a bone substitute in jaws. Biomaterials 2: 
19-22 

Fratzl P, Fratzl-Zelman N, Klaushofer K, Vogl G, Koller K (1991) Nucleation and growth of mineral 
crystals in bone studies by small-angle X-ray scattering. Calcif Tissue Intl48:407-4 13 

Frayssinet P, Rouquet N, Tourenne F, Fages J, Hardy D, Bonel G (1993) Cell-degradation of calcium 
. phosphate ceramics [Review]. Cells Materi 3:383-394 

Frayssinet P. Rouquet N. Fages J. Durand M. Vidalain PO. Bonel G (1997) The influence of sintering 
temperature on the proliferation of fibroblastic cells in contact with HA-bioceramics J Biomed Mater 
Res 35:337-347 

Frayssinet P, Roudier M, Lerch A, Ceolin JL, Depres E, Rouquet N (2000) Tissue reaction against a self- 
setting calcium phosphate cement set in bone or outside the organism. J Mater Sci: Mater in Med 

. 11:811-815 
Friedman CD, Costantino PD, Takagi S, Chow LC (1998) Bonesource hydroxylapatite cement: A novel 

biomaterial for craniofacial skeletal tissue engineering and reconstruction. J Biomed Mater Res 
53:428-432 

Fujibayashi S, Shikata J, Tanaka C, Matsushita M, Nakamura T (200 1) Lumbar posterolateral fusion with 
biphasic calcium phosphate ceramic. J Spinal Disord l4:2 14-22 1 

Fulmer MT, Brown PW (1998) Hydrolysis of dicalcium phosphate dihydrate to hydroxylapatite. J Mater 
Sci: Mater in Med 9: 197-202 

Geesink RGT, de Groot K, Klein CPAT (1987) Chemical implant fixation using hydroxylapatite coatings. 
The development of a human total hip prosthesis for chemical fixation to bone using hydroxyl-apatite 
coatings on titanium substrates. Clin Orthop 225: 147-1 70 

Geesink RG (2002) Osteoconductive coatings for total joint arthroplasty [Review]. Clin Orthop Rel Res 
395:53-65 

Geyer C (1999) Materials for middle ear reconstruction. HNO 47:77-91 
Gibson IR, Best SM, Bonfield W (1999) Chemical characterization of silicon-substituted hydroxylapatite J 

Biomed Mater Res 44:422-28 
Gibson IR, Ke S, Best SM, Bonfield W (2001) Effect of powder characteristics on the sinterability of 

hydroxylapatite powders. J Mater Sci: Mater in Med 12: 163-1 71 
Ginebra MP, Rilliard A, Fernandez E, Elvira C, San Roman J, Planell JA (2001) Mechanical and 

rheological improvement of a calcium phosphate cement by the addition of a polymeric drug. J 
Biomed Mater Res 57: 1 13-1 18 

Gledhill HC, Turner IG, Doyle C (1999) Direct morphological comparison of vacuum plasma sprayed and 
detonation gun sprayed hydroxylapatite coatings for orthopedic applications. Biomaterials 20:3 15-322 

Graham S, Brown PW (1996) Reactions of octacalcium phosphate to form hydroxylapatite. J Crystal 
Growth 165: 106-1 15 

Greenspan DC (1999) Bioactive ceramic implant materials. Cum Opin Solid State Mater Sci 4:389-393 
Gross KA (1991) Surface modification of prostheses. M Eng Science thesis. Monash University. 
Gross KA, Berndt CC, Goldschlag DD, Iacono VJ (1 997) In-vitro changes of hydroxylapatite coatings. Intl 

J Oral Maxillofac Implants 12589-597 



662 
t 

Gross & Berndt 
11) 

Gross KA, Berndt CC (1 998) Thermal processing of hydroxylapatite for coating production. J Biomed 
Mater Res 39580-587 

Gross KA, Phillips M (1998) Identification and mapping of the amorphous phase in plasma sprayed 
hydroxylapatite coatings using scanning cathodoluminescence microscopy. J Mater Sci: Mater in Med 
9:797-802 

Gross KA, Ben-Nissan B, Walsh WR, Swam E (1998a) Analysis of retrieved hydroxylapatite coated 
orthopaedic implants. Thermal Spray: Meeting the Challenges of the 21st Century, ASM International, 
1133-1 138. 

Gross KA, Berndt CC, Dinnebier R, Stephens P (1998~) Oxyapatite in hydroxylapatite coatings. J Mater 
Sci 33:3985-399 1 

Gross KA, Berndt CC, Herman H (1998d) Formation of the amorphous phase in hydroxylapatite coatings. 
J Biomed Mater Res 39:407-4 14 

Gross KA, Gross V and Berndt CC (1998e) Thermal analysis of the amorphous phase in hydroxylapatite 
coatings. J Am Cerarn Soc 8 1 : 1 06- I 12 

Gross KA, Hanley L, Chai CS, Kannangara K, Ben-Nissan B (1998f) Thin hydroxylapatite coatings via sol 
gel synthesis. J Mater Sci: Mater in Med 92339-843 

Gross KA, Ezerietis E (2002) Juniper wood as an implant material. J Biomed Mater Res (in press) 
Ha SW, Reber R, Eckert KL, Petitmermet M, Mayer J, Wintermantel E, Baerlocher C, Gruner H (1998) 

Chemical and morphological changes of vacuum plasma sprayed hydroxylapatite coatings during 
immersion in simulated physiological solutions. J Am Ceram Soc 8 1 :8 1-88 

Halouani R, Bernache-Assolant D, Champion E, Ababou A (1 994) Microstructure and related mechanical 
properties of hot pressed hydroxylapatite ceramics. J Mater Sci: Mater in Med 5563-568 

Haman JD, Lucas LC, Crawmer D (1 995) Characterisation of high velocity oxy-fuel combustion sprayed 
hydroxylapatite. Biomaterials 16:229-237 

Hata K, Kokubo T, Nakamura T, Yamarnuro T (1995) Growth of a bonelike apatite layer on a substrate by 
a biomimetic process. J Am Ceram Soc 78(4): 1049- 1053 

Hattori T, Iwadate Y, Inai H, Sato K, Imai Y (1987) Preparation of hydroxylapatite powder using a freeze- 
drying method. J Cerarn Soc Japan 95:825-827 

Havelin LI, Engesaeter LB, Espehaug B, Furnes 0, Lie SA, Vollset SE (2000) The Norwegian arhroplasty 
register-l 1 years and 73,000 arthroplasties. Acta Orthop Scand 71 :337-353 

Hayashi K, Mashima T, Uenoyama K (1999) The effect of hydroxylapatite coating on bony ingrowth into 
grooved titanium implants. Biomaterials 20: 1 1 1-1 19 

Heijlijers HI, Driessens FC, Verbeeck RM (1979) Lattice parameters and cation distribution of solid 
solutions of calcium and strontium hydroxylapatite. Calcif Tiss Intl29:127-13 1 , 

Heimann RB, Vu TA (1997) Low-pressure plasma-sprayed (LPPS) bioceramic coatings with improved 
adhesion strength and resorption resistance. J Thermal Spray Technol6: 145-149 

Heimann RB, Vu TA, Wayman ML (1997) Bioceramics coatings: State-of-the-art and recent development 
trends. Eur J Mineral 9597-5 15 

Heimann RB, Hemachandra K, ltiravivong P (1999) Material engineering approaches towards advanced 
bioceramic coatings on Ti6A14V implants. J Met Mater Mineral 8:25-40 

Hench LL (1 998a) Bioceramics [Review]. J Am Ceram Soc 8 1 : 1705- 1728 
Hench LL (1 998b) Biomaterials - A forecast for the future. Biomaterials 19: 14 1 9-23 
Heymann D, Pradal G, Benahmed M (1999) Cellular mechanisms of calcium phosphate ceramic 

degradation [Review]. Histol Histopath l4:87 1-877 
Heymann D, Guicheux J, Rouselle AV (2001) Ultrastructural evidience in vitro of osteoclast-induced 

degradation of calcium phosphate ceramic by simultaneous resorption and phagacytosis mechanisms. 
Histol Histopath 16:37-44 

Hing KA, Best SM, Tanner KE, Bonfield W, Revell PA (1999) Quantification of bone ingrowth within 
bone-derived porous hydroxylapatite implants of varying density. J Mater Sci: Mater in Med 10: 
663-670 

Hlavac J (1999) Ceramic coatings on titanium for bone implants [Review]. Ceramics-Silikaty 43:133-139 
(in Czech) 

Hobar PC, Pantaloni M, Byrd HS (2000) Porous hydroxylapatite granules for alloplastic enhancement of 
the facial region. [Review] Clin Plast Surg 27557-569 

Honda T, Takagi M, Uchida N, Saito K, Uematsu K (1990) Post-composition control of hydroxylapatite in 
an aqeous medium. J Mater Sci: Mater in Med 1:114-117 

lgnatius AA, Claes LE (1 996) In vitro biocompatibility of bioresorbable polymers-poly(L,DL-lactide) and 
poly(L-lactide-co-glycolide). Biomaterials 17:83 1-839 

lgnjatovic N, Savic V, Najman S, Plavsic M, Uskokovic D (2001) A study of HApIPLLA composite as a 
substitute for bone powder, using FT-IR spectroscopy. Biomaterials 22571 -575 



Biomedical Application of Apa tites 

Ikeuchi M, Yamamoto H, Shibata T, Otani M (2001) Mechanical augmentation of the vertebral body by 
calcium phosphate cement injection. J Orthop Sci 6:39-45 

lnoue S, Ono A (1987) Preparation of hydroxylapatite by spray-pyrolysis technique. J Ceram Soc Japan 
95:759-763 

lshikawa K, Ducheyne P, Radin S (1993) Determination of the Ca/P ratio in calcium-deficient 
hydroxylapatite using X-ray diffraction analysis. J Mater Sci: Mater in Med 4: 165-168 

Ishikawa K, Miyamoto Y, Kon M, Nagayama M, Asaoka K (1995) Non-decay type fast-setting calcium 
phosphate cement: composite with sodium alginate. Biomaterials 16527-532 

ltatani K, Iwafune K, Howell FS, Aizawa M (2000) Preparation of various calcium-phosphate powders by 
ultrasonic spray freeze-drying technique. Mater Res Bull 35574-85 

Ito M, Hidaka Y, Nakajima M, Yagasaki H, Kafrawy AH (1999) Effect of hydroxylapatite content on 
physical properties and connective tissue reactions to a chitosan-hydroxylapatite composite membrane. 
J Biomed. Mater Res 45:204-208 

Jaffe WL, Scott DF (1996) Total hip arthroplasty with hydroxylapatite-coated prostheses [A review]. 
J Bone Joint Surg 78A: 191 8- 1934 

Jain AK, Panchagnula R (2000) Skeletal drug delivery systems. Intl J Pharmaceut 206: 1 - 12 
Jansen JA, de Wijn JR, Wolters-Lutgerhorst JML, van Mullern PJ (1985) Ultrastructural study of epithelial 

cell attachment to implant materials. J Dent Res 64:891-896 
Jarcho M, Bolen CH, Thomas MB, Bobick J, Kay JF, Doremus RH (1976) Hydroxylapatite synthesis and 

characterization in dense polycrystalline form. J Mater Sci 1 1 :2027-2035 
Jarcho M, Kay JF, Gumaer KI, Doremus RH, Drobeck HP (1977) Tissue, cellular and subcellular events at 

a bone-ceramic hydroxylapatite interface. J Bioeng 1 :79-92 
Jha LJ, Best SM, Knowles JC, Rehman I, Santos JD, Bonfield W (1997) Preparation and characterization 

of fluoride-substituted apatites. J Mater Sci: Mater in Med 8: 185-1 9 1 
Ji H, Marquis PM (1993) Effect of heat treatment on the microstructure of plasma-sprayed hydroxylapatite 

coating. Biomaterials 14:64-68 
Jiang G, Shi D (1998) Coating of hydroxylapatite on highly porous alumina substrate for bone substitutes. 

J Biomed Mater Res: Appl Biomater 43:77-8 1 
Johanssen E (1 964) Microstructure of enamel and dentin. J Dent Res 43: 1007- 1009 
John A, Hong L, Ikada Y, Tabata Y (2001) A trial to prepare biodegradable collagen-hydroxylapatite 

composites for bone repair. J Biomater Sci Polym Ed 12:689-705 
Jonasova L, Muller FA, Helebrant A, Strnad J, Greil P (2002) Hydroxylapatite formation on alkali-treated 

titanium with different content of Na+ in the surface layer. Biomaterials 24 (in press) 
Jordan DR, Bawazeer A (2001) Experience with 120 synthetic hydroxyapatite implants. Ophthal Plast 

Reconstruct Surg 1 7: 184-90 
Joschek S, Nies B, Krotz R, Goepferich A (2000) Chemical and physicochemical characterization of 

porous hydroxylapatite ceramics made of natural bone. Biomaterials 21 : 1645-1 658 
Joshi SV, Srivasta MP, Pal A, Pal S (1993) Plasma spraying of biologically derived hydroxylapatite on 

implantable materials. J Mater Sci: Mater in Med 4:25 1-255 
Juang HY, Hon MH (1996) Effect of calcination on sintering of hydroxylapatite. Biomaterials 17: 

2059-2064 
Kamerer DB, Hirsch BE, Snyderman CH, Costantino P, Friedman CD (1994) Hydroxylapatite cement: a 

new method for achieving watertight closure in transtemporal surgery. Am J Otology 15:47-49 
Keller L (1995) X-ray powder diffraction patterns of calcium phosphates analyzed by the Rietveld method. 

J Biomed Mater Res 29: 1403-1413 
Keller L, Dollase WA (2000) X-ray determination of crystalline hydroxylapatite to amorphous calcium- 

phosphate ratio in plasma sprayed coatings. J Biomed Mater Res 49:244-249 
Khor KA, Dong ZL, Quek CH, Cheang P (2000) Microstructure investigation of plasma sprayed 

HA/Ti6A14V composites by TEM. Mater Sci Engineer A281 :22 1-228 
Kienapfel H, Sprey C, Wilke A, Griss P (1999) Implant fixation by bone ingrowth [A review]. 

J Arthroplasty 14:355-368 
Kijima T and Tsutsumi M (1979) Preparation and thermal properties of dense polycrystalline 

oxyhydroxylapatite. J Am Ceram Soc 62:455-460 
Kim HM (200 1) Bioactive ceramics: challenges and perspectives. J Ceram Soc Japan 109:S49-S57 
Kim HM, Miyaji F, Kokubo T, Nakamura T (1997) Apatite-forming ability of alkali-treated Ti metal in 

body environment. J Cerarn Soc Japan 105: 1 1 1-1 16 
Kim TN, Fen QL, Kim JO, Wu J, Wang H, Chen GC, Cui FZ (1998) Antimicrobial effects of metal ions 

( ~ g ' ,  Cu', h 2 + )  in hydroxylapatite. J Mater Sci: Mater in Med 9:129-134 
Klein CPAT, Driessen AA, de Groot K (1 984) Relationship between the degradation behaviour of calcium 

phosphate ceramics and their physical chemical characteristics and ultrastructural geometry. 
Biomaterials 5: 157- 160 



664 ' Gross & Berndt 
.. 

Klein CPAT, Wolke JGC, de Blieck-Hogervorst JMA, de Groot K (1994) Features of calcium phosphate 
plasma-sprayed coatings: An in vitro study. J Biomed Mater Res 28:961-967 

Knepper M, Milthorpe BK, Moricca S (1998) Interdiffusion in short-fibre reinforced hydroxylapatite 
ceramics. J Mater Sci: Mater in Med 9589-596 

Knowles JC, Gross K, Berndt CC, Bonfield W (1996) Structural changes of thermally sprayed 
hydroxylapatite investigated by Rietveld Analysis. Biomaterials 17:639-645 

Kobayashi T, Nakamura S, Yamashita K (2001) Enhanced osteobonding by negative surface charges of 
electrically polarized hydroxylapatite. J Biomed Mater Res 57:477-484 

Kokubo T (1998) Apatite formation on surfaces of ceramics, metals and polymers in body environment. 
Acta Materialia 46:25 19-27 

Kokubo T, Kim HM, Kawashita M, Takadama H, Miyazaki T, Uchida M, Nakamura T (2000) Nucleation 
and growth of apatite an amorphous phases in simulated body fluid. Glass Sci Technol 73:247-254 

Kon M, Miyamoto Y, Asaoka K, Ishikawa K, Lee HH (1998) Development of calcium phosphate cement 
for rapid crystallization to apatite. Dental Mater J 17:223-232 

Kondo K, Okuyama M, Ogawa H, Shibata Y, Abe Y (1984) Preparation of high strength apatite ceramics. 
J Am Ceram Soc 67:222-223 

Konjiki T, Sudo T, Kohyama N (1980) Mineralogical notes of apatite in urinary calculi. Calc Tiss lntl 
3O:lOl-107 

Koyama J, Hongo K, lwashita T, Kobayashi S (2000) A newly designed key-hole button. J Neurosurg. 
93:506-508 

Kurioka K, Umeda M, Teranobu 0 ,  Komori T (1999) Effect of various properties of hydroxylapatite 
ceramics on osteoconduction and stability. Kobe J Med Sci 45:149-163 

Kweh SWK, Khor KA, Cheang P (1999) The production and characterization of hydroxylapatite (HA) 
powders. J Mater Proc Technol 9:373-377 

Labat B, Demonet N, Rattner A, Aurelle JL, Rieu J, Frey J, Chamson A (1999) Interaction of a plasma- 
sprayed hydroxylapatite coating in contact with human osteoblasts and culture medium. J Biomed 
Mater Res 46:33 1-336 

Lacout JL, Assarane J, Trombe JC (1984) Fixation of titanium by phosphate minerals. C R Acad Sci 
298: 173- 175 

Ladizesky NH, Ward IM, Bonfield W (1997) Hydroxylapatite high-performance polyethylene fiber 
composites for high-load-bearing bone replacement materials. J Appl Polymer Sci 65:1865-1882 

Landi E, Tampieri A, Celotti G, Sprio S (2000) Densification behaviour and mechanisms of synthetic 
hydroxylapatites. J Europ Ceram Soc. 20:2377-2387 

Landis WJ, Hodgens KJ, Arena J, Song MJ, McEwen BF (1996) Structural relations between collagen and 
mineral in bone as determined by high voltage electron microscopic tomography. Microscopy Res and 
Technique. 33: 192-202 

Laurencin CT, Attawia MA, Elgendy HE, Herbert KM (1996) Tissue engineered bone-regeneration using 
degradable polymers: The formation of mineralized matrices. Bone 19:S93-S99 

Laurencin CT, Ambrosio AMA, Borden MD, Cooper JA (1999) Tissue engineering: Orthopaedic 
applications. Ann Rev Biomed Eng 1 : 19-46 

Le Geros RZ (1 965) Effect of carbonate on the lattice parameters of apatite. Nature 206:403-404 
Le Geros RZ, Miravite MA, Quirolgico GB, Curzon ME (1 977) The effect of some trace elements on the 

lattice parameters of human and synthetic bone. Calc Tiss Res 22:362-367 
Le Geros RZ, Bonel B, Le Geros R (1978) Types of H20 in human enamel and in precipitated apatites. 

Calcif Tiss Intl26: 1 1 1-1 18 
Le Geros RZ (1991) Calcium phosphates in oral biology and medicine. Monographs in Oral Science 

Volume 15. Karger, Basel 
Le Geros RZ (1993) Biodegradation and bioresorption of calcium phosphate ceramics [Review]. Clin 

Materials 14:65-88 
Le Geros RZ, LeGeros JP, Daculsi G, Kijkowska R (1995) Calcium Phosphate Biomaterials: Preparation, 

Properties, and Biodegradation. In: Encyclopedic handbook of biomaterials and bioengineering. Voi 2. 
Wise DL, Tarantalo DJ, Altobelli DE, Yaszemski MJ, Gresser JD, Schwartz ER (eds) Marcel Dekker, 
p 1429-1463 

Le Geros RZ (1999) Calcium phosphates in demineralization/remineralization processes J Clin Dent 10: 
65-73 

Leali Tranquilli P, Merolli A, Palmacci 0 ,  Gabbi C, Cacchiolo A, Gonizzi G (1994) Evaluation of different 
preparation of plasma-spray hydroxylapatite coating on titanium alloy and duplex stainless steel in the 
rabbit. J Mater Sci: Mater in Med 5:345-349 

Lee TM, Wang BC, Yang YC, Chang E, Yang CY (2001) Comparison of plasma-sprayed hydroxylapatite 
coatings and hydroxylapatite/tricalcium phosphate composite coatings: An in vivo study. J Biomed 
Mater Res 55:360-367 



Biomedical Application of Apatites 

Leroux L, Lacout JL (2001a) Synthesis of calcium-strontium phosphate fluor-hydroxylapatites by 
neutralisation. Phosph Sulf Sil Rel Elements 173:27-38 

Leroux L, Lacout JL (2001 b) Preparation of calcium strontium hydroxylapatites by a new route involving 
calcium phosphate cements. J Mater Res 16: 171- 178 

Li H, Khor KA, Cheang P (2000) Effect of powder's melting state on the properties of HVOF sprayed 
hydroxylapatite coatings. Mater Sci Eng 293A:71-80 

Li P, Nakanishi K, Kokubo T, de Groot K (1993a) Induction and morphology of hydroxylapatite, 
precipitated from metastable simulated body fluids on sol-gel prepared silica. Biomaterials 14:963-968 

Li YB, Klein CPAT, Zhang XD, de Groot K (1993b) Relationship between the colour change of 
hydroxylapatite and the trace element manganese. Biomaterials 14:969-972 

Li P, Ohtsuki Ch, Kokubo T, Nakanishi K, Soga N, de Groot K (1994) The role of hydrated silica, titania, 
and alumina in indicing apatite on implants. J Biomed Mater Res 28:7-15 

Lim YJ, Oshida Y, Andres CJ, Barco MT (2001) Surface characterizations of variously treated titanium 
materials. Intl J Oral Maxillofac Implants 16:333-342 

Lim TH, Brebach GT, Renner SM, Kim WJ, Kim JG, Lee RE, Andersson GBJ, An HS (2002) 
Biomechanical evaluation of an injectable calcium phosphate cement for vertebroplasty. Spine 
27: 1297-1 302 

Lind M, Overgaard S, Bunger C, Soballe K (1999) Improved bone anchorage of hydroxylapatite coated 
implants compared with tricalcium-phosphate coated implants in trabecular bone in dogs. Biomaterials 
20:803-808 

Liu C, Shen W, Gu Y, Hu L (1997) Mechanism of the hardening process for a hydroxylapatite cement. 
J Biomed Mater Res 35:75-80 

Liu DM (1996) Control of pore geometry on influencing the mechanical property of porous hydroxylapatite 
bioceramic. J Mater Sci Lett 15:4 19-42 1 

Liu DM, Chou HM, Wu JD, Tung MS (1994) Hydroxyl apatite coating via amorphous calcium phosphate. 
Mater Chem Phys 37:39-44 

Lopatin CM, Pizziconi V, AIford TL, Lauisen T (1998) Hydroxylapatite powders and thin films prepared 
by a sol-gel technique. Thin Solid Films 326:227-232 

Lovice DB, Mingrone MD, Toriumi DM (1999) Grafts and implants in rhinoplasty and nasal reconstruction 
[Review]. Otolaryngol Clin North America 32: 1 13ff 

Lu H, Qu Z, Zhou YC (1998) Preparation and mechanical properties of dense polycrystalline 
hydroxylapatite through freeze-drying. J Mater Sci: Mater in Med 9583-587 

Lugscheider E, Weber Th, Knepper M ('1991a) Production of biocompatible coatings by atmospheric 
plasma spraying. Mater Sci Eng 139A:45-48 

Lugscheider E, Weber Th F, Knepper M (1991 b) Processability of fluorapatite through atmospheric plasma 
spraying technology. Metalloberflache 45: 129- 132 

Lugscheider E, Knepper M, Gross KA (1992) Production of spherical apatite powders-The first step for 
optimized thermal-sprayed apatite coatings. J Thermal Spray Techn 1 :2 15-223 

Luklinska ZB, Bonfield W (1 997) Morphology and ultrastructure of the interface between hydroxylapatite- 
polyhydroxybutyrate composite implant and bone. J Mater Sci: Mater in Med 8:379-383 

Lumbikanonda N, Sammons R (2001) Bone cell attachment to dental implants of different surface 
characteristics. intl J Oral Maxillofac Implants 16:627-636 

Luo P, Nieh TG (1996) Preparing hydroxylapatite powders with controlled morphology. Biomaterials 
17: 1959-1 964 

Ma PX, Zhang R, Xiao G, Franceschi R (2001) Engineering new bone tissue in vitro on highly porous poly 
(alpha-hydroxyl acids)/hydroxylapatite composite scaffolds. J Biomed Mater Res 54:284-293 

Macdonald A, Moore BK, Newton CW, Brown CE (1994) Evaluation of an apatite cement as a root end 
filling material. J Endodontics 20:598-604 

Magyar G, Toksvig-Larsen S, Moroni A (1997) Hydroxylapatite coating of threaded pins enhances 
fixation. J Bone Joint Surg 79B:487-489 

Mancini CE, Berndt CC, Sun L, Kucuk A (2001) Porosity determinations in thermally sprayed 
hydroxylapatite coatings. J Mater Sci 36:389 1-3896 

Manjubala I, Sivakumar M, Najma Nikkath S (2001) Synthesis and characterisation of hydroxylfluorapatite 
solid solutions. J Mater Sci: Mater in Med 365481-5486 

Mano JF, Vaz CM, Mendes SC, Reis RL, Cunha AM (1999) Dynamic mechanical properties of 
hydroxylapatite-reinforced and porous starch-based degradable biomaterials. J Mater Sci: Mater in 
Med 1 0:857-862 

Marie PJ, Ammann P, Boivin G, Rey C (2001) Mechanisms of action and therapeutic potential of strontium 
in bone. Calcif Tiss lntl69: 12 1 - 129 

Martin RB, Burr DB (1 989) Structure, function and adaptation of compact bone. Raven Press, 30 p 



666 Gross & Berndt 
.'* 

Massaro C, ~ a k e r  MA, Cosentino F, Ramires PA, Klose S, Milella E (2001) Surface and biological 
evaluation of hydroxylapatite-based coatings on titanium deposited by different techniques. J Biomed 
Mater Res 58:65 1-657 

Masuda Y, Matubara K, Sakka S (1  990) Synthesis of hydroxylapatite from metal alkoxides through sol-gel 
technique. J Ceram Soc Japan 98:84-95 

Matkovic V (1991) Calcium metabolism and calcium requirements during skeletal modeling and 
consolidation of bone mass. Am J Clin Nutr 54:245S-2608 

Matsui Y, Ohno K, Michi K, Yamagata K (1994) Experimental study of high-velocity flame sprayed 
hydroxylapatite coated and noncoated titanium implants. Intl J Oral Maxillofac Implants 9:397-404 

Matsuya S, Takagi S, Chow LC (2000) Effect of mixing ratio and pH on the reaction between Ca4(P04)20 
and CaHP04. J Mater Sci: Mater in Med 1 1 :305-3 1 1 

Mayer I, Apfelbaum F, Featherstone JDB (1994) Zinc ions in synthetic carbonated hydroxylapatites. Arch 
Oral Biol 39:87-90 

Mayer I, Shlam R, Featherstone JDB (1997) Magnesium-containing carbonate apatites. J Inorg Biochem 
66: 1-6 

Mayer I. Featherstone JDB (2000) Dissolution studies of Zn-containing carbonated hydroxylapatites. 
J Cryst Growth 2 19:98- 10 1 

McConnell D (1965) Crystal chemistry of hydroxylapatite. Its relation to bone mineral. Arch Oral Biol 
10:421-431 

McPherson R, Gane N, Bastow TJ (1  995) Structural characterization of plasma-sprayed hydroxylapatite 
coatings. J Mater Sci: Mater in Med 6:327-334 

Meijer AGW, Segenhout HM, Albers EWJ, van de Want HJL (2002) Histopathology and biocompatible 
hydroxylapatite-polyethylene composite in ossiculoplasty. J Oto-Rhino-Laryngol Rel Specialit 64: 
173-1 79 

Merry JC, Gibson lR, Best SM, Bonfield W (1998) Synthesis and characterisation of carbonate 
hydroxylapatite. J Mater Sci: Mater in Med 9:779-783 

Miyamoto Y, lshikawa K, Fukao H, Sawada M, Nagayama M, Kon M, Asaoka K (1995) In vivo setting 
behaviour of fast-setting calcium phosphate cement. Biomaterials 16:885-60 

Miyazaki T, Kim HM, Kokubo T, Kato H, Nakarnura T (2001) Induction and acceleration of bonelike 
apatite formation on tantalum oxide gel in simulated body fluid. J Sol-Gel Sci Techno121 :83-88 

Monma H, Kayima T (1987) Preparation of hydroxylapatite by the hydrolysis of brushite. J Mater Sci 
22:4247-4250 

Monroe ZA, Votawa W, Bass DB, McMullen J (1971) New calcium phosphate ceramic material for bone 
and tooth implants. J Dent Res 50:860 

Morimoto K, Kihara A, Takeshita F, Akedo H, Suetsugu T (1988) Differences between the bony interfaces 
of titanium and hydroxylapatite-alumina plasma-sprayed titanium blade implants. J Oral Implant01 
14:3 14-324 

Moroni A, Caja VL, Egger EL, Trinchese L, Chao EYS (1994) Histomorphometry of hydroxylapatite 
coated and uncoated porous titanium bone implants. Biomaterials 15:926-930 

Muralithran G, Ramesh S (2000a) Effect of Mn02 on the sintering behaviour of hydroxylapatite. Biomed 
Eng Appl Basis Comm 12:43-48 

Muralithran G, Rarnesh S (2000b) The effects of sintering temperature on the properties of hydroxylapatite. 
Ceram lntl26:22 1-230 

Murray MGS, Wang J, Ponton CB, Marquis PM (1995) An improvement in processing of hydroxylapatite 
ceramics. J Mater Sci 30:3061-3074 

Nagase M, Chen R, Asada Y, Nakajima T (1989) Radiographic and microscopic evaluation of 
subperiosteally implanted blocks of hydroxylapatite-gelatin mixture in rabbits. J Oral Maxillofac Surg 
47:40-45 

Nakahira A, Sakamoto K, Yamaguchi S, Kijima K, Okazaki M (1999) Synthesis of hydroxylapatite by 
hydrolysis of alpha-TCP. J Cerarn Soc Japan 107:89-91 

Nakahira A, Tamai M, Sakamoto K, Yarnaguchi S (2000) Sintering and microstructure of porous 
hydroxylapatite. J Ceram Soc Japan 1 O8:99- 104 

Nakashima Y, Hayashi K, Inadome T, Uenoyama K, Hara T, Kanemaru T, Sugioka Y, Noda 1 (1 997) 
Hydroxylapatite-coating on titanium arc sprayed titanium implants. J Biomed Mater Res 35:287-298 

Nancollas GH, Mohan MS (1970) The growth of hydroxylapatite crystals. Arch Oral Biol 15:73 1-745 
Narasaraju TSB, Phebe DE (1 996) Some physico-chemical aspects of hydroxylapatite [Review]. J Mater 

Sci 31:l-21 
Negami S (1 988) Histological observations on muscle tissue reactions to porous hydroxyapatite sintered 

bodies in rats. J Japan Orthop Assoc 62:85-94 
Nelson.DGA (1 981) The influence of carbonate on the atomic structure and reactivity of hydroxylapatite. 

J Dent Res 60: I62 1 - 1629 



Biomedical Application of Apatites 667 

Nelson DGA, Featherstone JDB (1982) Preparation, analysis and characterization of carbonated apatites. 
Calcif Tiss Intl34:S69-S8 1 

Neo M, Kotani S, Fujita Y, Nakamura T, Yamamuro T, Bando Y, Ohtsuki C, Kokubo T (1 992) Differences 
in ceramic-bone interface between surface-active ceramics and resorbable ceramics: a study by 
scanning and transmission electron microscopy. J Biomed Mater Res 26:255-267 

Netz DJA, Sepulveda P, Padnolfelli VC, Sparado ACC, Alencastre JB, Bentley MVLB, Marchetti JM 
(2001) Potential use of gelcasting hydroxylapatite porous ceramic as an implantable drug delivery 
system. lntl J Pharmaceut 2 13: 1 17-125 

Nishiguchi S, Kato H, Fujita H, Oka M, Kim HM, Kokubo T, Nakamura T (2001) Titanium metals form 
direct bonding to bone after alkali and heat treatments. Biomaterials 22:2525-2533 

Nordstrom EG, Karlsson KH (1990) Slip-cast apatite ceramics. Ceram Bull 69:824-827 
Ogiso M (1998) Reassessment of long-term use of dense HA as dental implant: case report. J Biomed 

Mater Res 43:3 18-320 
Ogiso M, Yamamura M, Kuo PT, Borgese D, Matsumoto T (1998a) Comparitive push-out test of dense 

HA implants and HA-coated implants: Findings in a canine study. J Biomed Mater Res 39:364-372 
Ogiso M, Yamashita Y, Matsumoto T (1998b) The process of physical weakening and dissolution of the 

HA-coated implant in bone and soft tissue. J Dent Res 77: 1426- 1434 
Oguchi H, Ishikawa K, Ojima S, Hirayama Y, Seto K, Eguchi G (1992) Evaluation of a high-velocity 

flame-spraying technique for hydroxylapatite. Biomaterials 13:471-477 
Ohgaki M, Kizuki T, Katsura M, Yamashita K (2001) Manipulation of selective cell adhesion and growth 

by surface charges of electrically polarized hydroxylapatite. J Biomed Mater Res 57:366-373 
Ohgaki M, Nakamura S, Okura T, Y amashita K (2000) Enhanced mineralization on electrically polarized 

hydroxylapatite ceramics in culture medium. J Ceram Soc Japan 108: 1037-1 040 
Okayama S, Akao M, Nakamura S, Shin Y, Higashikata M, Aoki H (1991) The mechanical properties and 

solubility of strontium-substituted hydroxylapatite. Biomed Mater Eng 1 : 1 1-1 7 
Okazaki M (1 988) Magnesium-containing fluoridated apatites. J Fluor Chem 41 :45-52 
Okazaki M, Takahashi J (1 997) Heterogeneous iron-containing fluoridated apatites. Biomaterials 18: 1 1 - 14 
Ong JL, Chan DCN (1 999) Hydroxylapatite and their use as coatings in dental implants: A review. Crit Rev 

Biomed Engin 28:667-707 
Ono I, Tateshita T, Nakajima T, Ogawa T (1998) Determinations of strength of synthetic hydroxylapatite 

ceramic implants. Plast Reconstruct Surg 102:807-8 13 
Ono 1, Tateshita T, Satou M, Sasaki T, Matsumoto M, Kodama N (1999) Treatment of large complex 

cranial bone defects by using hydroxylapatite ceramic implants. Plast Reconstruct Surg 104:339-349 
Orlovskii VP, Barinov SM (2001) Hydroxylapatite and hydroxylapatite-matrix ceramics: A survey 

[Review]. Russ J Inorg Chem 46: S 129-S 149 
Osaka A, Miura Y, Takeuchi K, Asada M, Takahashi K (1991) Calcium apatite prepared from calcium 

hydroxide and orthophosphoric acid. J Mater Sci: Mater in Med 2 5  1-55 
Osaka A, Tsuru K, Iida H, Ohtsuki C, Hayakawa S, Miura Y (1997) Spray pyrolysis preparation of apatite- 

composite particles for biological application. J Sol-Gel Sci Technol 8:655-61 
Otsuka M, Matsuda Y, Suwa Y, Fox JL, Higuchi WI (1995) Effect of particle size of metastable calcium 

phosphates on mechanical strength of a novel self-setting bioactive calcium phosphate cement. 
J Biomed Mater Res 29:25-32 

Overgaard S, Lind M, Josephsen K, Maunsbach AB, Bunger C, Soballe K (1998) Resorption of 
hydroxylapatite and fluorapatite ceramic coatings on weight-bearing implants: A quantitative and 
morphological study in dogs. J Biomed Mater Res 39: 14 1 - 152 

Oyane A, Nakanishi K, Kim HM, Miyaji F, Kokubo T, Soga N, Nakamura T (1999) Sol-gel modification 
of silicone to induce apatite-form ing ability. Biomaterials 20:79-84 

Palka V, Brezovsky M, Zeman J, Cepera M (1993) Phase changes after plasma spraying hydroxylapatite. 
Met Mater 3 1 :49 1-498 

Paschalis EP, Zhao Q, Tucker BE, Mukhopadhayay S, Bearcroft JA, Beak NB, Spector M, Nancollas GH 
( 1 995) Degradation potential of plasma-sprayed hydroxylapatite-coated titanium implants. J Biomed 
Mater Res 29: 1499- 1505 

Paul W, Nesamony J, Sharma CP (2002) Delivery of insulin from hydroxyapatite ceramic microspheres: 
Preliminary in vivo studies. J Biomed Mater Res 61 :660-662 

Peelen JGJ, Rejda BV, de Groot (1 978) Preparation and properties of sintered hydroxylapatite. Ceram Intl 
4:7l-74 

Perdok WG, Christoffersen J, Arends J (1987) The thermal lattice expansion of calcium hydroxylapatite. 
J Crystal Growth 80: 149-1 54 

Pham MT, Maitz MF, Matz W, Reuther H, Richter E, Steiner G (2000) Promoted hydroxylapatite 
nucleation on titanium ion-implanted with sodium. Thin Solid-Films 37950-56 



668 ' Gross & Berndt 
,.5 

Pineda C A Y  Rodgers AL, Prozecky VM, Przybylowicz WJ (1996) Microanalysis of calcium-rich human 
kidney stones at the NAC nuclear microprobe. Cellular and Mol Biol42: 119-126 

Pioletti DP, Takei H, Lin T, van Landuyt P, Ma OJ, Kwon SY, Sung KL (2000) The effects of calcium 
phosphate cement particles on osteoblast functions. Biomaterials 21: 1 103-1 1 14 

Power ML, Heaney RP, Kalkwarf HJ, Pitkin RM, Repke JT, Tsang RC, Schulkin J (1999) The role of 
calcium in health qnd disease. Am J Obstetrics Gynaecol 18 1 : 1560-1 569 

Puajindenetr S, Best SM, Bonfield W (1 994) Characterisation and sintering of precipitated hydroxylapatite. 
Brit Ceram Trans 93:96-99 

Radin SR, Ducheyne P (1992) Plasma-spraying induced changes of calcium phosphate ceramic 
characteristics and the effect on in vitro stability. J Mater Sci: Mater in Med 3:33-42 

Rarnires PA, Romito A, Cosentino F, Milella E (2001) The influence of titanidhydroxylapatite composite 
coatings on in vitro osteoblasts behaviour. Biomaterials 22: 1467-1474 

Ravaglioli A, Krajewski A (1992) Bioceramics: Materials, Properties, Applications. Chapman and Hall, 
London 

Raynaud S, Champion E, Bernache-Assolant D, Lava1 JP (2001) Determination of calcium/phosphorus 
atomic ratio of calcium phosphate apatites using X-ray diffiactometry. J Am Ceram Soc 84:359-366 

Raynaud S, Champion E, Bernache-Assolant D, Thomas P (2002a) Calcium phosphate apatites with 
variable CalP atomic ratio 1. Synthesis, charcterisation and thermal stability of powders. Biomaterials 
23: 1065-1 072 

Raynaud S, Champion E, Bernache-Assolant D (2002b) Calcium phosphate apatites with variable Ca/P 
atomic ratio I I. Calcination and Sintering. Biomaterials 23: 1073- 1080 

Raynaud S, Champion E, Lafon JP, Bernache-Assolant D (2002~) Calcium phosphate apatites with variable 
Ca/P atomic ratio 111. Mechanical properties and degradation in solution of hot pressed ceramics. 
Biomaterials 23: 108 1 - 1089 

Ren L, Tsuru K, Hayakawa S, Osaka A (2001) Sol-gel preparation and in vitro deposition of apatite on 
porous gelatin-siloxane hybrids. J Non-Crystal Solids 285: 1 16-122 

Riboud PV (1973) Composition and stability of apatite phases in the system CaO-P205-iron oxide-H20 at 
high temperature. Ann Chim Fr 8:381-390 (In French) 

Ripamonti U, Crooks J, Rueger DC (2001) Induction of bone formation by recombinant human osteogenic 
protein- 1 and sintered porous hydroxylapatite in adult primates. Plast Reconstruct Surg 107:977-988 

Rocca M, Orienti L, Stea S, Moroni A, Fini M, Giardino R (1998) Comparison among three different 
biocoatings for ortho-paedic prostheses - An experimental animal study. Intl J Artifical Organs 21: 
553-558 

Rodriguez-Lorenzo LM, Vallet-Regi M (2000) Controlled crystallization of calcium phosphate apatites. 
Chem Mater 12:2460-2465 

Rodriguez-Lorenzo LM, Vallet-Regi M, Ferreira JMF (2001a) Fabrication of hydroxylapatite bodies by 
uniaxial pressing from a precipitated powder. Biomaterials 22583-588 

Rodriguez-Lorenzo LM, Vallet-Regi M, Ferreira JMF (2001b) Colloidal processing of hydroxylapatite. 
Biomaterials 22: 1847- 1852 

Rodriguez-Lorenzo LM, Vallet-Regi M, Ferreira JMF, Ginebra MP, Aparicio C, Planell JA (2002) 
Hydroxylapatite ceramic bodies with tailored mechanical properties for different applications. J 
Biorned Mater Res 60: 159-1 66 

Rodriguez-Lorenzo LM, Hart J, Gross KA (2003) Influence of fluorine in the synthesis of apatites. 
Synthesis of solid solutions of hydroxyfluorapatite. Submitted to J Mater Chem 

Roy D, Linnehan SK (1.974) Hydroxylapatite formed from coral skeletal carbonate by hydrothermal 
exchange. Nature 247:220-222 

Royer A, Viguie JC, Heughebaert M, Heughebaert JC (1993) Stoichiometry of hydroxylapatite: influence 
on flexural strength. J Mater Sci: Mater in Med 4:76-82 

Russell SW, Luptak KA, Suchicital CTA, Alford TL, Pizziconi VB (1996) Chemical and structural 
evolution of sol-gel derived hydroxylapatite thin films under rapid thermal processing. J Am Ceram 
SOC 792337-842 

Ruys AJ, Milthorpe BK, Sore11 CC (1993) Short-fibre reinforced hydroxylapatite: effects of processing on 
thermal stability. J Aust Cerarn Soc 29:39-5 1 

Sarkar MR, Wachter N, Patka P, Kinzl L (2001) First histological observations on the incorporation of a 
novel calcium phosphate bone substitute material in human cancellous bone. J Biomed Mater Res 
58:329-334 

Schildhauer TA, Bauer TW, Josten C, Muhr G (2000) Open reduction and augmentation of internal fixation 
with an injectable skeletal cement for the treatment of complex calcaneal fractures. J Orthop Trauma 
l4:3O9-3 17 

Selvig KA (1970) Periodic lattice images of hydroxylapatite crystals in human bone and dental hard 
tissues. Calc Tiss Res 6:227-238 



Biomedical Application of Apatites 

Senamaud N, Bernache-Assolant D, Champion E, Heughebaert M, Rey C (1997) Calcination and sintering 
of hydroxyfluorapatite powders. Solid State tonics 10 1 - 103: 1357-1 362 

Sepulveda P, Binner JGP, Rogero SO, Higa OZ, Bressiani JC (2000) Production of porous hydroxylapatite 
by the gel-casting of foams and cytotoxic evaluation. J Biomed Mater Res 50:27-34 

Shareef MY, Messer PF, van Noort R ( 1  993) Fabrication, characterisation and fracture study of machinable 
hydroxylapatite ceramic. Biomaterials 14:69-75 

Shimoda S, Aoba T, Moreno EC, Miake Y (1990) Effect of solution composition on morphological and 
structural features of carbonated calcium apatites. J Dent Res 69: 1 73 1 - 1740 

Shinohara T, Gyo K, Saiki T, Yanagihara N (2000) Ossiculoplasty using hydroxylapatite prostheses: long 
term results. Clin Otolaryngol25:287-292 

Shirkhanzadeh M (1995) Calcium phosphate coatings prepared by electrocrystallization from aqueous 
electrolytes. J Mater Sci: Mater in Med 6:90-93 

Silva VV, Lameiras FS, Domingues RZ (2001) Evaluation of stoichiometry of hydroxylapatite powders 
prepared by coprecipitation method. Key Eng Mater 1 89-1 9 1 :79-84 

Silver IA, Deas J, Erecinska M (2001) Interactions of bioactive glasses with osteoblasts in vitro: Effects of 
45% Bioglass, 58s and 77s bioactive glasses on metabolism, intracellular ion concentrations and cell 
viability. Biomaterials 22: 175-1 85 

Sivakumar M, Rao KP (2002) Preparation, characterization and in vitro release of gentamicin from 
coralline hydroxyapatite-gelatin composite microspheres. Biomaterials 23:3 175-8 1 

- 16sarczyk A, Stobierska E, Paskiewicz Z, Gawlicki M (1 996) Calcium phosphate materials prepared from 
precipitates with various calcium:phosphorus molar ratios. J Am Ceram Soc 79:2539-2544 

Smith DK (1994) Calcium phosphate apatites in nature. In: Hydroxyapatite and Related Materials. Brown 
PW, Constantz B (eds) CRC Press, London, p 29-45 

Sousa SR, Barbosa MA (1996) Effect of hydroxylapatite thickness on metal ion release from Ti6A14V 
substrates. Biomaterials 17:397-404 

Stermer EM, Risnes S, Fischer PM (1996) Trace element analysis of blackish staining on the crowns of 
human archeological teeth. Eur J Oral Sci 104:253-261 

Suchanek W, Yoshimura M (1 998) Processing and properties of hydroxylapatite-based biomaterials for use 
as hard tissue replacement implants [Review]. J Biomed Mater Res 13:94-117 

Suchanek W, Yashima M, Kakihana M, Yoshimura M (1997) Hydroxylapatite ceramics with selected 
sintering additives. Biomaterials 1 8:923-933 

Sugaya A, Minabe M, Tamura T, Hori T (1989) Effects on wound healing of hydroxylapatite-collagen 
complex implants in periodontal osseous defects in the dog. J Periodontal Res 24:284-288 

Sun L, Kucuk A, Berndt CC, Gross KA (2001) Material fundamentals and clinical performance of plasma 
sprayed hydroxylapatite coatings: A Review. J Appl Biomater Res 58570-592 

Sun L, Berndt CC, Gross KA (2002) Hydroxylapatite-polymer composite flame sprayed coatings foi bone 
bonding. J Biomed Mater Res [In press] . 

Suwanprateeb J, Tanner KE, Turner S, Bonfield W (1995) Creep in polyethylene and hydroxylapatite 
reinforced polyethylene composites. J Mater Sci: Mater in Med 6:804-807 

Tagai H, Aoki H (1980) Preparation of synthetic hydroxylapatite and sintering of apatite ceramics. In: 
Mechanical Properties of Biomaterials. GW Hastings, DF Williams (eds) John Wiley and Sons, New 
York, p 477-488 

Takadama H, Kim HM, Kokubo T, Nakamura T (2001a) An X-ray photoelectron spectroscopy study of the 
process of apatite formation on bioactive titanium metal. J Biomed Mater Res 55: 185-1 93 

Takadama H, Kim HM, Kokubo T, Nakamura T (2001b) TEM-EDX study of mechanism of bonelike 
apatite formation on bioactive titanium metal in simulated body fluid. J Biomed Mater Res 57:441-448 

Takagi S, Chow LC (2001) Formation of macropores in calcium phosphate cement implants. J Biomed 
Mater Res 12: 135-1 39 

Takagi S, Chow LC, Ishikawa K (1998) Formation of hydroxylapatite in new calcium phosphate cements. 
Biomaterials 19: 1593-1 599 

Takagi S, Chow LC, Markovic M, Friedman CD, Costantino PD (2001) Morphological and phase 
characterizations of retrieved calcium phosphate cement implants. J Biomed Mater Res 58:36-41 

Takechi M, Miyamoto Y, Ishikawa K, Nagayama M, Kon M, Asaoka Kenzo, Suzuki K (1998) Effects of 
added antibiotics on the basic properties of anti-washout-type fast-setting calcium phosphate cement. 
J Biomed Mater Res 39:308-3 16 

Tanahashi M, Yao T, Kokubo T, Minoda M, Miyamoto T, Nakamura T, Yamamuro T (1 994) Apatite 
coated on organic polymers by biomimetic process-improvement in its adhesion to substrate by 
NaOH treatment. J Appl Biomater 5:339-347 

Tanner KE, Downes RN, Bonfield W (1 994) Clinical applications of hydroxylapatite reinforced materials. 
Brit Cer Trans 93: 104-1 07 

Ten Cate AR (1 994) Oral Histology: Development, Structure and Function. 4th Edn. Mosby. 



670 Gross & Berndt 
--. 

Thomas KA 11 994) Hydroxylapatite coatings [Review]. Orthop 17:267-278 
Thomson RC, Yaszemski MJ, Powers JM, Mikos AG (1998) Hydroxylapatite fiber reinforced poly (alpha- 

hydroxy ester) foams for bone regeneration. Biomaterials 19: 1935-43 
Tisdel CL, Goldberg VM, Parr JA, Bensusan JS, Staikoff LS, Stevenson S (1994) The influence of a 

hydroxylapatite and tricalcium-phosphate coating on bone growth into titanium fiber-metal implants. 
J Bone Joint Surg 76A: 159- 171 

Tong WD, Chen JY, Li XD, Cao Y, Yang ZJ, Feng JM, Zhang XD (1 996) Effect of particle size on molten 
states of starting powder and degradation of the relevant plasma-sprayed hydroxylapatite coatings. 
Biomaterials 17: 1507- 15 13 

Tonino AJ, Therin M, Doyle C (1999) Hydroxylapatite-coated femoral stems. Histology and 
histomorphometry around five components retrieved at post mortem. J Bone Joint Surg 8 1 B: 148-1 54 

Toriyama M, Kawamura S, Shiba S (1987) Bending strength of hydroxylapatite ceramics containing a- 
tricalcium phosphate. Yogyo-Kyokai-Shi 95:92-94 

Toriyama M, Ravaglioli A, Krajewski A, Galassi C, Roncari E, Piancastelli A (1995) Slip casting of 
mechanochemically synthesized hydroxylapatite. J Mater Sci 30:32 16-322 1 

Toth JM, Hirthe WM, Hubbard WG, Brantley WA, Lynch KL (1991) Determination of the ratio of 
HAITCP mixtures by X-ray diffraction. J Appl Biomater 2:37-40 

Tsui YC, Doyle C, Clyne TW (1998) Plasma sprayed hydroxylapatite coatings on titanium substrates. Part 
1 : Mechanical properties and residual stress levels. Biomaterials l9:2O 15-2029 

Tudor AM, Melia CD, Davies MC, Anderson D, Hastings G, Morrey S, Domingos-Sandos J, Barbosa M 
(1 993) The analysis of biomedical hydroxylapatite powders and hydroxylapatite coatings on metallic 
implants by near-1R Fourier transform Raman spectroscopy. Spectrochim Acta 49A:675-680 

Tufekci E, Brantley WA, Mitchell JC, Foreman DW, Georgette FS (1 999) Crystallographic characteristics 
of plasma-sprayed calcium phosphate coatings on Ti-6AI-4V. lntl J Oral Maxillofac Implants 14: 
66 1-672 

Uchida M, Kim HM, Kokubo T, Miyaji F, Nakarnura T (2001) Bonelike apatite formation induced on 
zirconia gel in a simulated body fluid and its modified solutions. J Am Ceram Soc 84:2041-2044 

Uchida M, Kim HM, Miyaji F, Kokubo T, Nakamura T (2002) Apatite formation on zirconium metal 
treated with aqueous NaOH. Biomaterials 23:3 13-3 17 

Ueda R, lmai Y, Motoe A, Uchida K, Aso N (2000) Adhesion of hydroxylapatite layer prepared by thermal 
plasma spraying to titanium or titanium (IV) oxide substrate. J Ceramic Soc Japan 108:865-868 

Ueda K, Oba S, Omiya Y, Okada M (2001) Cranial-bone defects with depression deformity treated with 
ceramic implants and free-flap transfers. Brit J Plast Surg 54:403-408 

Vallet-Regi M, Gutierrezrios MT, Alonso MP, Defrutos MI, Nicolopoulos S (1994) Hydroxylapatite 
particles synthesized by pyrolysis of an aerosol. J Solid State Chem 11258-64 

Van Dijk K, Schaekien HG, Wolke JC, Maree CH, Habraken FH, Verhoeven J, Jansen JA (1995) Influence 
of discharge power level on the properties of hydroxylapatite film deposited on Ti6A14V with RF 
magnetron sputtering. J Biomed Mater Res 29:269-276 

van Landuyt P, Li P, Keustermans JP, Streydio JM and Delannay F (1995) The influence of high sintering 
temperature on the mechanical properties of hydroxylapatite. J Mater Sci: Mater in Med 6:8-13 

Varma HK, Sivakumar R (I 996) Dense hydroxylapatite ceramics through gel casting technique. Mater Lett 
29:57-61 

Vaz L, Lopes AB, Almedia M (1999) Porosity control of hydroxylapatite implants. J Mater Sci: Mater in 
Med 10:239-242 

Vignoles M, Bone1 G, Young RA (1987) Occurrence of nitrogeneous species in precipitated B-type 
carbonated hydroxylapatites. Calcif Tiss Intl40:64-70 

Vogel J, Russel C, Hartmann P, Vizethum JF, Bergner N (1999) Structural changes in plasma sprayed 
hydroxylapatite. CfiIBer. DKG 76:28-32 

Wakamura M, Kandori K, lshikawa T (1997) Influence of chromium (111) on the formation of 
hydroxylapatite. Polyhedron 16:2047-2053 

Walsh D, Tanaka J (2001) Preparation of a bone-like apatite foam cement. J Mater Sci: Mater in Med 
12:339-344 

Waiters MA, Blumenthal NC, Leung Y, Wang Y, Ricci JL, Spivak JM (1  991) Molecular structure at the 
bone-implant interface: A vibrational spectroscopic characterization. Calcif Tissue Intl48:368-369 

Wang BC, Chang E, Yang CY, Tu D, Tsai CH (1993a) Characteristics and osteoconductivity of three 
different plasma-sprayed hydroxylapatite coatings. Surf and Coatings Technol58: 107- 1 17 

Wang BC, Lee TM, Chang E, Yang CY ( 1  993b) The shear strength and the failure mode of plasma-sprayed 
hydroxylapatite coating to bone: the effect of coating thickness. J Biomed Mater Res 27: 13 15-1 327 

Wang BC, Chang E, Lee TM, Yang CY (1995) Changes in phases and crystallinity of plasma-sprayed 
hydroxylapatite coatings under heat treatment: A quantitative study. J Biomed Mater Res 29: 
1483- 1492 



Biomedica I Application of Apa tites 671 

Wang M, Joseph R, Bonfield W (1998) Hydroxylapatite-polyethylene composites forn bone substitution: 
effects of ceramic particle size and morphology Biomaterials 19:2357-2366 

Wang M, Ladizesky NH, Tanner KE, Ward lM, Bonfield W (2000) Hydrostatically extruded HAPEXTM. 
J Mater Sci 35: 1023-1 030 

Wang M, Yue CY, Chua B (2001) Production and evaluation of hydroxylapatite reinforced polysulfone for 
tissue replacement. J Mater Sci: Mater in Med 12:821-826 

Wang PE, Chaki TK (1993) Sintering behaviour and mechanical properties of hydroxylapatite and 
dicalcium phosphate. J Mater Sci: Mater in Med 4: 150-1 58 

Watanabe S, Nakamura T, Shimizu Y, Hitomi S, Ikada Y (1989) Traumatic sternal segment dislocation in a 
child. Chest. 96:684-686 

Weng J, Liu X, Zhang X, Ji X (1994) Thermal deposition of hydroxylapatite structure induced by titanium 
and its dioxide. J Mater Sci Lett 13: 159-161 

Weng J, Liu XG, Li XD, Zhang XD (1995) Intrinsic factors of apatite influencing its arnorphization during 
plasma-spray coating. Biomaterials 16:39-44 

Weng J, Liu W, Wolke JGC, Zhang XD, de Groot K (1997) Formation and characteristics of the apatite 
layer on plasma-sprayed hydroxylapatite coatings in simulated body fluid. Biomaterials 18: 1027-1 035 

Weng W, Baptista JL (1 998) Alkoxide route for preparing hydroxylapatite and its coatings. Biomaterials 
191125-131 

Wilke A, Orth J, Kraft M, Griss P (1993) Standardized infection model for examining the bony ingrowth 
dynamics of hydroxylapatite-coated and uncoated pure titanium mesh in the pig femur. Zeitschrifi 
Orthop Grenzgeb 1 3 1 :370-376 

Willmann G (1999) Coating of implants with hydroxylapatite - Material connections between bone and 
metal. Adv Engin Materials 1 :95-105 

Winter M, Griss P, de Groot K, Tagai H, Heimke G, van Dijk HJ, Sawai K (1981) Comparative 
histocompatibility testing of seven calcium phosphate ceramics. Biomaterials 2: 159- 160 

Wittkampf AR (1 988) Augmentation of the maxillary alveolar ridge with hydroxylapatite and fibrin glue. 
J Oral Maxillofac Surg 17: 1019-1021 

Wolff J, Maquet P, Furlong R (1 986) The Law of Bone Remodelling. Springer-Verlag, Berlin. 
Wolke JGC, de Blieck-Hogervorst JMA, Dhert WJA, Klein CPAT, de Groot K (1992) Studies on the 

thermal spraying of apatite bioceramics. J Thermal Spray Technol 1 :75-82 
Wolke JGC, de Groot K, Jansen JA (1  998) Dissolution and adhesion behaviour of radio-frequency 

magnetron-sputtered ~ a - ~ ' c o a t i n ~ s .  J Mater Sci 33:3371-3376 
Xu Y, Wang D, Yang L, Tang H (2001) Hydrothermal conversion of coral into hydroxylapatite. Mater 

Characterbation 47:83-87 
Yamada S, Heymann D, Bouler JM, Daculsi G (1997) Osteoclastic resorption of calcium phosphate 

ceramics with different hydroxylapatite beta-tricalcium phosphate ratios. Biomaterials 18: 1037- 104 1 
Yamamoto T, Onga T, Marui T, Mizuno K (2000) Use of hydroxylapatite to f i l l  cavities after excision of 

benign bone tumours. Clinical results. J Bone Joint Surg 82B: 1 1 17- 1 120 
Yamashita K, Yagi T, Umegaki T (1996) Bonelike coatings onto ceramics by reactive magnetron 

sputtering. J Amer Ceram Soc 79:33 13-33 16 
Yamashita Y, Uchida A, Yamakawa T, Shinto Y, Araki N, Kato K (1998) Treatment of chronic 

osteomyelitis using calcium hydroxylapatite ceramic implants impregnated with antibiotic. Intl Orthop 
22:247-25 1 

Yang CY, Wang BC, Chang E, Wu, JD (1995) The influence of plasma spraying parameters on the 
characteristics of hydroxylapatite coatings: a quantitative study. J Mater Sci: Mater in Med 6:249-257 

Yang YC, Chang E (2001) Influence of residual stress on bonding strength and fracture of plasma-sprayed 
hydroxylapatite coatings on Ti-6AI-4V substrate. Biomaterials 2211 827-1 836 

Yang YC, Chang E, Hwang BH, Lee SY (2000) Biaxial residual stress states of plasma-sprayed 
hydroxylapatite coating on titanium alloy substrate. Biomaterials 2 1 : 1327-1 337 

Yankee SJ, Pletka BJ, Salsbury RL (1991) Quality control of hydroxylapatite coatings: The surface 
preparation stage. Proc. 41h National Thermal Spray Conference ASM International 475-479 

Yong H, Kewei X, Jian L (2001) Dissolution response of hydroxylapatite coatings to residual stresses. 
J Biomed Mater Res 55:596-602 

Yoshikawa M, Toda T (2000) Reconstruction of alveolar bone defect by calcium phosphate compounds. 
J Biomed Mater Res 53:430-437 

Yoshimura M, Suda H (1994) Hydrothermal processing of hydroxylapatite: Past, present and future. In: 
Hydroxylapatite and related materials. Brown PW, Constantz B (eds.) CRC Press, Boca Raton, 
Florida, p 45-72 

Young RA, Holcomb DW (1 982) Variability of hydroxylapatite preparations. Calcif Tiss Intl 34:S17-S32 
Young RA, Holcomb DW (1984) Role of acid phosphate in hydroxylapatite lattice expansion. Calcif Tiss 

lntl26:60-63 



672 l Gross & Berndt 
....a 

Yuan H, Li Y, de Bruijn JD, de Groot K, Zhang X (2000) Tissue responses of calcium phosphate cement: 
A study in dogs. Biornaterials 2 1 : 1283- 1290 

Zanetti D, Nassif N, Antonelli AR (2001) Surgical repair of bone defects of the ear canal wall with flexible 
hydroxylapatite sheets: A pilot study. Otol Neurotol22:745-753 

Zaremba CM, Morse DE, Mann S, Hansrna PK, Stucky GD (1998) Aragonite-hydroxylapatite conversion 
in gastropod (abalone) nacre. Chern Mater 1 O:38 13-3824 

Zerahn B, Kofoed H, Borgwardt A (2000) Increased bone mineral density adjacent to hydroxy-apatite- 
coated ankle arthroplasty. Foot & Ankle lntl 2 1 :285-289 

Zhang Y, Fu T, Xu K, An H (2001) Wet synthesis and characterization of fluoride-substituted 
hydroxylapatite. J Biomed Eng 18: 173- 176 

Zhao HC, Li XD, Wang JX, Qu SX, Weng J, Zhang XD (2000) Characterization of peroxide ions in 
hydroxyapatite lattice. J Biomed Mater Res 52: 157-63 

Zheng X, Huang M, Ding C (2000) Bond strength of plasrna-sprayed hydroxylapatite/Ti composite 
coatings. Biornaterials 2 1 :84 1-849 

Zhitornirsky 1, Galor L (1997) Electrophoretic deposition of hydroxylapatite. J Mater Sci: Mater in Med 
8:2 13-2 19 

Zyrnan Z, CaO Y, Zhang Y (1994) Periodic crystallization effect in the surface layers of coatings during 
plasma spraying of hydroxylapatite. Biornaterials 14: 1 140-1 144 


