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Abstract The present contribution discusses critical

aspects of the thermal alteration that HAp particles undergo

when passing along the extremely hot plasma jet. This heat

treatment leads to dehydroxylated phases such as oxyhy-

droxylapatite/oxyapatite as well as thermal decomposition

products such as tri- and tetracalcium phosphates, and

quenched phases in the form of amorphous calcium phos-

phate (ACP) of variable composition. The contribution also

includes studying the influence bioinert TiO2 bond coats

have on adhesion, crystallinity, and composition of HAp

coatings. Moreover, the question is being addressed whe-

ther oxyapatite might exist as a (meta)stable phase or

whether its occurrence is merely an ephemeral event. In

addition, the article deals with the role that HAp coatings

are playing during in vitro interaction with simulated body

fluid (SBF) resembling the composition of extracellular

fluid (ECF). The biological and biomechanical advantages

of using HAp coatings for medical implants as well as

salient aspects of their biomineralization and osseointe-

gration will be discussed in some detail.

Keywords hydroxylapatite coatings � NMR spectroscopy �
osseoconductivity � osseoinductivity � oxyapatite � plasma

spraying � Raman spectroscopy

Introduction

About 50 years ago, synthetic hydroxylapatite (HAp) was

suggested as a biocompatible material for incorporation in

the human body, initially in a passive role to fill congenital

bone defects and trauma-induced cavities. Subsequently,

hydroxylapatite was introduced in the form of bioactive,

i.e., osseoconductive coatings. Their first clinical applica-

tion was limited to plasma-sprayed coatings for the roots of

metallic dental implants, then followed by coatings for the

stem of hip endoprostheses, designed to improve implant

integration with the surrounding cortical bone. Increas-

ingly, today HAp-based coatings are functionalized by

adsorption of non-collagenous bone growth-supporting

proteins and antimicrobial drugs to improve their biologi-

cal efficacy.

Hydroxylapatite (HAp) intended for biomedical pur-

poses has conceptually evolved through three different

generations, comprising first-generation crystalline bioin-

ert HAp with solely mechanical and/or space-filling func-

tions, second-generation bioactive and biodegradable

coatings to provide osseoconductive functionality to hip

and knee endoprostheses, and third-generation HAp

designed to stimulate specific cell responses at the molec-

ular level (Ref 1), concentrating on repair and regeneration

of damaged or lost tissue based on principles of osseoin-

duction. Third-generation HAp bioceramics rely on func-

tionalization of the surfaces by bone morphogenetic

proteins (BMPs) or other non-collagenous proteins such as

osteocalcin, osteopontin and osteonectin, as well as sily-

lated proteoglycans (see ‘‘Glossary’’). Such proteins pro-

vide biochemical signals to bone cells that trigger their

proliferation and enhance cell viability and spreading (Ref

2). The adsorption of antimicrobial ions such a silver at the

HAp surface is a powerful tool to fight peri- and
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postoperative infections with microbes such as methicillin-

resistant Staphylococcus aureus (MRSA). Drug-eluting

films adsorbed onto hydroxylapatite coatings deposited by

low temperature techniques on magnesium alloy-based

cardiovascular stents (Ref 3) are novel interventions to

prevent neointimal hyperplasia, the major cause of

restenosis following percutaneous coronary angioplastic.

Considering this wide and still extending range of

application, it is not surprising that hydroxylapatite,

Ca10(PO4)6(OH)2 (HAp) is among the most frequently

studied bioceramic materials in clinical use today. HAp is

a hydroxylated calcium orthophosphate with P63/m sym-

metry that is ubiquitously present in Nature as geological

phosphate carrier and building material of the shells of

marine organisms, and the bones and teeth of vertebrates.

However, despite the almost generally accepted notion

that the inorganic part of bone is composed of ‘hydroxy-

lapatite’, this is far from the truth as bone mineral contains

at most 15% of the amount of hydroxyl ions found in

mineralogical end-member hydroxylapatite, and some

6 mass% of carbonate anions and about 3 mass% of water

(Ref 4) as well as HPO4
2- moieties (Ref 5). Nature has

designed such calcium- and hydroxyl-deficient, carbon-

ated biological hydroxylapatite (CHAp) with an approxi-

mate formula of Ca10-x(HPO4)x(PO4)6-x (OH, O, F, Cl,

CO3)2-x�nH2O; 0\ x\ 1, 0\ n\ 2.5 (Ref 6) to provide

the mechanical strength and resilience of the gravity-de-

fying bony skeletons of all vertebrates as well as the

resistance of teeth to masticatory stresses. In addition to

mechanical function, the porous structure of biological

hydroxylapatite/collagen I composites allows exchanging

essential nutrients via small blood vessels within the

Haversian canal of the bone structure that supply blood to

osteocytes, i.e., the individual bone cells. Furthermore,

bone-like hydroxylapatite supports biologically compati-

ble resorption behavior by osteoclasts and precipitation by

osteoblasts under appropriate physical and chemical

conditions. And finally, CHAp is a reservoir of phos-

phorus that can be delivered to the body on demand (Ref

7). In conclusion, hydroxylapatite is of overwhelming

importance to sustain life (Ref 8).

To optimize hydroxylapatite with the aim to fulfill a

plethora of biological functions when incorporated into

the human body, novel developments abound including

computational modeling that is being applied to correlate

gene expression profiling known as genomics, with

combinatorial material design strategies known as mate-

riomics. This approach adds both high throughput capa-

bility and additional power to the analysis of biological

effects induced by salient biomaterials properties (Ref 9).

As a result, many novel material combinations can be

rapidly evaluated for their biological efficacy including

HAp coatings of targeted design and with various

adsorptive constituents.

Hydroxylapatite-based coatings are the workhorse of

modern biomedical implantology. An ever-increasing

number of patients receive large-joint reconstructive hip

and knee implants to repair the ambulatory knee-hip

kinematic. In addition, small-joint and spine implants as

well as iliac crest and cheek augmentation are target areas

of biomedical implantology using hydroxylapatite coatings

and space-filling devices. HAp coatings are being applied

for repair and replacement of diseased or missing bone,

targeted delivery vehicles of drugs including antimicrobial

agents, synthetic bone graft substitutes, and materials for

3D-printed scaffolds. Furthermore, hydroxylapatite-based

materials are utilized for edentulous alveolar ridge aug-

mentation, restoration of periodontal defects, and in

restorative and preventive dentistry. Recently, a compre-

hensive review has highlighted the significance of calcium

phosphate coatings for de novo bone formation (Ref 10).

During the last years, there has been substantially increased

interest in nanocomposite materials for biomedical appli-

cation. Nanocomposites consist of a combination of two or

more nanomaterials. By this approach, it is possible to

manipulate mechanical properties, such as strength and

modulus of the composites, to become closer to those of

natural bone (Ref 11). This is feasible by adding secondary

substitution phases, frequently of organic nature, that

require low temperature deposition techniques. For exam-

ple, hydroxylapatite/chitosan/carbon nanotubes (Ref 12)

and hydroxylapatite/collagen (Ref 13) nanocomposites

were deposited by electrophoretic deposition and sol–gel

spin coating, respectively.

Since the number of metallic, ceramic and polymeric

implants of all kinds supplied worldwide to needy patients

are in the range of 10 million annually, the global count of

orthopedic surgical interventions increases by 10-12%

annually. At present, the worldwide sales of hip and knee

orthopedic surgical joint replacement products are US$

16.7 billion, anticipated to reach US$ 33 billion by 2022

(Ref 14), approaching the range of monolithic electronic

ceramics.

The present contribution traces the reactions hydroxy-

lapatite powder particles undergo during plasma spraying

as well as structural aspects of the reconstruction of ther-

mal decomposition products in contact with simulated

body fluid in vitro. In-depth knowledge of these structural

changes is essential for successfully designing coating

properties with optimum performance in vivo. To explain

specific biological and biomedical terms, a glossary has

been added to assist the reader unfamiliar with medical

nomenclature to understand the complex processes of bone

remodeling.
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Deposition of Hydroxylapatite Coatings by Plasma
Spraying

Among a plethora of available deposition techniques,

atmospheric plasma spraying (APS) was and still is the

method of choice (Ref 15-20) to deposit hydroxylapatite

coatings. Much excellent and groundbreaking work in this

field has been performed by De Groot et al. (Ref 21),

McPherson et al. (Ref 22), Gross and Berndt (Ref 23),

Khor et al. (Ref 24), Ding et al. (Ref 25), and many others.

It is generally acknowledged that plasma-assisted

deposition techniques excel by a fast, well controlled,

economically advantageous, and, in its processing tech-

nology, mature way to coat almost any substrate with those

materials that exhibit a well-defined congruent melting

point (Ref 26). However, the requirement of congruent

melting must be relaxed in the present case since hydrox-

ylapatite melts incongruently, i.e., decomposes during

melting into tricalcium phosphate (Ca3(PO4)2, a- and b-

TCP) and tetracalcium phosphate (Ca4O(PO4)2, TTCP), or

even cytotoxic calcium oxide, CaO following evaporative

loss of P2O5. Moreover, a large proportion of the molten

powder material solidifies on contact with the relatively

cool implant surface to form easily soluble amorphous

calcium phosphate (ACP) of various compositions (Ref

27, 28). On the one hand, this amorphous calcium phos-

phate layer adjacent to the substrate interface reduces

coating adhesion to the implant surface in vivo. As it

constitutes a path of least energy parallel to the interface,

separation and coating delamination may easily occur,

jeopardizing the clinical success of the implant. On the

other hand, ACP is being involved in formation of sec-

ondary, bone-like apatite in vivo, owing to its pronounced

solubility in body fluid and thus, its ability to provide a

fertile environment for nucleation of HAp from the extra-

cellular fluid (ECF) supersaturated with respect to HAp.

Despite the advantages mentioned above, there are

serious disadvantages of using atmospheric plasma spray-

ing (APS) to deposit biomedical hydroxylapatite coatings.

First, owing to the compositional changes induced by rapid

heating of HAp powder to extremely high temperatures,

biomedical coatings deposited by thermal spray techniques

exhibit properties that differ substantially in chemical and

phase composition, crystallinity, crystallite size, and defect

density compared to natural bone-like apatite. Second,

conventional APS is unable to provide coatings with

thickness less than about 20 lm, a property that frequently

does not meet medical requirements. To achieve thinner

coating layers, recently suspension (SPS) and solution

precursor plasma spraying (SPPS) techniques were devel-

oped (Ref 29-31). Third, line-of-sight limitations render

coating of geometrically complex substrate shapes difficult

and inefficient, and undesirable local heating of the implant

substrate may affect its metallic microstructure. This per-

tains, for example, to the forced a/ß transition of alloyed

titanium at high temperature, i.e., in direct contact with the

hot plasma jet. Fourth, plasma spraying results in rather

dense coating layers that may be unable to satisfy

biomedical requirements calling for pore sizes in excess of

the 75 lm that are necessary to guarantee unimpeded

ingrowth of bone cells (Ref 32-34). Indeed, deposition of

dense, stoichiometric, and highly crystalline hydroxylap-

atite coating layers is, from a biomedical point of view,

frequently ineffective since those coatings tend to be

bioinert as they have lost their osseoconductive property

that is based on sufficient solubility. To remedy this

drawback, SPS can be applied, a novel coating technique

able to provide the degree of coating porosity required to

sustain adequate bone cell ingrowth and solubility (Ref

29, 30).

To introduce osseoconductive functionality, hydroxyla-

patite coatings need to have some degree of non-stoi-

chiometry, expressed by Ca deficiency caused by

substitution of Ca cations by metabolically important ele-

ments such as Mg, Sr, Na, K and others, as well as sub-

stitution of carbonate ions for orthophosphate (type-B

defect) or hydroxyl (type-A defect) anions (Ref 35, 36).

Such non-stoichiometric, substituted, disordered, and

sparingly soluble nano-crystalline carbonated hydroxylap-

atite (n-CHAp) closely resembles so-called ‘bone-like’

biological apatite with the approximate formula Ca10-x(-

HPO4)x(PO4)6-x (OH, O, Cl, F, CO3, h)2-x�nH2O;

0\ x\ 1; 0\ n\ 2.5 (Ref 37). Recently, Pasteris (Ref

4) has pointed out similarities and differences between

biological apatite and the calcium phosphate phases typi-

cally synthesized as biomaterials. From this, it is apparent

that there still is a discrepancy between existing spray

precursor materials and desired coating composition in

terms of chemical and mechanical properties, and their

biological efficacy.

Despite the shortcomings mentioned above, plasma

spraying is still the method of choice to deposit HAp

coatings on the stem of commercially supplied hip endo-

prostheses as well as the roots of dental implants. Cur-

rently, plasma spraying of hydroxylapatite powder particles

with diameters of tens to hundreds of micrometers is the

most popular and the only Food and Drug Administration

(FDA)-approved method to coat implant surfaces for

clinical use (Ref 38, 39). However, even though plasma

spray deposition of HAp coatings is regarded a mature and

well research-supported technique, there is a need to

address, research, and remedy several disadvantages and

obvious deficiencies. Consequently, today many attempts

are being made toward optimization of essential properties
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of osseoconductive bioceramic coatings, deposited by APS.

These properties include coating cohesion and adhesion,

phase composition, homogeneous phase distribution,

crystallinity, porosity and surface roughness, nano-struc-

tured surface morphology, residual coating stress, and

coating thickness (Ref 15, 40, 41). Comprehensive

accounts on optimizing deposition strategies of plasma-

sprayed hydroxylapatite coatings for medical implants

have been recently reviewed by the present author (Ref 18-

20).

Biological and Biomechanical Benefits
of Hydroxylapatite Coatings

Plasma-sprayed hydroxylapatite coatings, deposited on the

stem of hip endoprosthetic implants, have achieved long-

term survival in the human body, provided that require-

ments are met that include suitable selection of implant

type, appropriate choice of bearing surfaces based on the

patient’s age and life expectancy, state-of-the-art surgical

technique, and adequate bone quality (Ref 42). Chen et al.

(Ref 43) have provided a meta-analysis of twenty-one

follow-up studies, confirming that hydroxylapatite coatings

improved significantly the postoperative Harris hip score

(Ref 44) when compared to the long-term performance of

stems coated with porous titanium. Many clinical studies

and long-term statistical evaluation of the outcome of

periodontal and arthroplastic implantations are available

that show the positive effects of hydroxylapatite coatings

on osseointegration (Ref 45-52). However, there are also

dissenting views (Ref 53, 54).

Based on the clinical outcome of hundreds of total hip

replacement (THR) operations, HAp-coated implants are

still considered the current ‘gold standard’ in hip arthro-

plasty and dental restoration (Table 1). Such success is

achieved, in spite of the coating shortcomings elucidated

above, by careful design of coatings aimed at minimizing

the negative impacts on coating functionality and long-

evity. Important tools to optimize coatings are based on

principles of Statistical Design of Experiment strategies. In

addition, increased power of prediction of coating perfor-

mance can be gained from the application of artificial

neuronal networks, generic algorithms, and fuzzy logic

control validated either by key experiments or first-prin-

ciple calculations (Ref 55).

Among the major advantages of hydroxylapatite coat-

ings listed in Table 1 is the absence of a fibrillar layer of

connective tissue adjacent to the implant surface. This

ensures continuous and strong bone apposition with adhe-

sion strengths beyond 35 MPa (Ref 33) as clearly shown in

Fig. 1. The undesirable acellular connective tissue capsule

frequently forms around a metallic or ceramic implant

body in the absence of a mediating coating, thus impeding

a lasting osseointegration (Fig. 1a). In contrast to this,

Fig. 1(b) shows the advantageous biomedical function of a

hydroxylapatite coating that prevents formation of a con-

nective tissue layer, leading to strong and continuous

connection between implant and new bone.

Basic Aspects of Biomineralization
and Osseointegration of Hydroxylapatite Coatings

The process of biomineralization is characterized by a

sequence of complex interaction of inorganic solids such as

hydroxylapatite, calcite, and aragonite with organic struc-

ture-mediating template matrices and can be viewed as a

succession of four consecutive steps (Ref 60).

Initially, the organism provides an appropriate reaction

volume during a supramolecular pre-organization step.

Frequently, mineralization takes place in a macromolecular

network with properties akin to a gel-like structure. Within

this network, specific areas exist the molecular properties

of which trigger the deposition of biominerals via molec-

ular surface recognition. The third step is characterized by

nucleation and crystal growth during which size and ori-

entation of the crystals are being controlled by the structure

and molecular organization of the organic matrix template

(vectorial regulation). The simplest form of vectorial reg-

ulation is provided by the spatial limitation of the reaction

volume within which the process of biomineralization

occurs. More precisely, vectorial regulation is the result of

structuring of the extracellular matrix (ECM). Finally,

mesoscopic and macroscopic structural developments of

the products of biomineralization lead to more complex,

hierarchically organized solids such as shells, bones, and

teeth (cellular construction).

The remarkable mechanical properties of the products of

biomineralization such as high compressive and flexural

strength, elasticity, and fracture toughness are caused by

the controlled assembly of individual mineral segments to

form an organized superstructure (Ref 61), whereby the

specific action of the organic template matrix is the key to

understanding biomineralization. Bones and teeth are

heterogeneous, hierarchical, composite structures consist-

ing of biological hydroxylapatite and matrix proteins,

predominantly collagen I. Collagen macromolecules are

composed of three collagen polypeptide chains coiled into

a repeating triple-helical fibril and associated with non-

collagenous proteins such as osteocalcin, osteopontin and

bone sialoprotein. Human bones consist of a hierarchically

organized assembly of about 70% of nano-crystalline bio-

logical apatite, and 30% of microfibrils of collagen I.

Nanocrystals of biological apatite of about

30 9 50 9 2 nm3 size are arranged with their
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crystallographical c-axes parallel to the long axes of five

collagen I molecules consisting of triple-helical strands of

collagen fibers each to form a higher level microfibril.

These inorganic–organic composite microfibrils are bun-

dled together to form even larger fibrils that are grouped to

still larger mineralized fibers, eventually forming an

osteon, the smallest functional basic unit of a cortical bone.

The cellular regulation of the mineralization process

relies on specialized cell types such as osteoblasts, osteo-

cytes, chondrocytes, and odontoblasts that control the flux

of ions into the extracellular matrix (ECM), and register

signals that regulate the start and end of the mineralization

process. The ECM itself makes available an oriented sur-

face for deposition of bone mineral and controls, in concert

with non-collagenous proteins, the shape and size of the

nano-sized crystals of biological hydroxylapatite. Hence,

the ECM provides the required reaction volume, the ionic

functional groups of non-collagenous proteins influence

nucleation of biominerals, and the spatial organization of

the products of mineralization within the network supports

their meso- or macroscopic structure expression toward

higher hierarchical order.

The timeline of basic steps occurring at the interface

between implant and bone during osseointegration in the

presence of an osseoconductive hydroxylapatite coatings

can be summarized as follows: (1) formation of a thrombus

after approximately 2 days, (2) tissue reorganization by

formation of a callus after approximately 6 days, (3) phe-

notypical expression of undifferentiated cells toward

osteocytes, and (iv) bone remodeling within 4-6 months.

This requires that interface reactions of de novo osteoblasts

be influenced and partially controlled by intrinsic hydrox-

ylapatite coating properties such as phase composition,

degree of crystallinity, surface microstructure including

roughness and porosity, and the presence of metabolically

important trace elements and bone growth-supporting

proteins. The ability of hydroxylapatite-based bioceramic

materials to mediate some of the processes mentioned

above are generally attributed to five intrinsic coating

properties: (i) chemical composition resembling that of

biological apatite, (ii) micro- or nano-structured surface

topography, (iii) appropriate macro- and microporosity to

facilitate bone cell ingrowth and revascularization, (iv)

enhanced adhesion to the metallic implant substrate, and

(v) controllable dissolution kinetics to provide an envi-

ronment beneficial for advanced nucleation. Thus, calcium

phosphate osseogenicity relies on Ca2? and [PO4]3- ions

released from dissolving hydroxylapatite coatings during

Table 1 Advantages of hydroxylapatite coatings (Ref 15)

Mechanical properties Strong bonding between implant and bone with tensile strengths up to 100 MPa, depending on

coating thickness and microstructure

Thickness of coating can be selected between 50 and 250 lm, depending on application. Thinner

coatings below 20 lm can be deposited by suspension (SPS) or solution precursor plasma

spraying (SPPS)

Rarely problems with coating delamination or spalling in vivo

Chemical properties Reduction of release of cytotoxic metal ions from the coated implant surface

Limited protection of implant metal against corrosion by biofluid in vivo

Suitable resorption resistance of coatings in contact with biofluid

Design variability Variable metallic implant materials possible (Ti alloys, CoCrMo alloy, surgical austenitic steels)

Variable surface structures possible (mesh, artificial spongiosa, beaded Ti, roughened/micro-

patterned surfaces by etching or laser treatment)

Biological properties High biocompatibility

Superior bioactivity

Faster and improved osseointegration

Absence of fibrillar space-filling connective tissue surrounding the implant (see Fig. 1b)

Reduced incidence of femoral osteolysis

Osseointegration possible even during patient-induced micro-motion during healing phase

Coating supports ingrowth of bone cells, blood capillaries, and perivascular tissue into gap

between implant and bone (osseoconductivity)

In the presence of adsorbed bone growth-supporting proteins, high osseoinductive potential

Improved Harris hip score (HHS)

Satisfaction of patients Reduced incidence of thigh pain

Promotion of earlier implant loading after healing phase

Quality control Standards available according to ASTM F 1185-03 (Ref 56), ISO 13485 (Ref 57) and others (Ref

58) designations
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interaction with body fluid that profoundly affect the

migration, proliferation and differentiation of osteoblasts

during de novo bone formation. In addition, hydroxylap-

atite coatings appear to promote normal cell differentiation

in surrounding tissues by providing a fertile environment

for enhanced cell adhesion (Ref 62) and biocompatibility,

including reduction of bacterial adhesion in dental

implantology (Ref 63).

In addition to the precipitation kinetics, the morphology

of HAp micro- or nanocrystals, in particular their aspect

ratio, will be affected by epi- and/or topotactical adsorption

of organic constituents such as poly (amino acids) at

energetically favored lattice planes of HAp crystallites.

Adsorption of poly (L-lysine) on the {001} planes of HAp

causes formation of polycrystalline nanocrystals, whereas

adsorption of poly (L-glutamic acid) leads to large and flat

micron-sized single crystals (Ref 64). Similarly, the amino

acids glycine and glutamic acid were experimentally found

to lead to the formation of rod- and plate-like hydroxyla-

patite crystallites, respectively (Ref 65). Whereas the

amino acids adsorbed on {001} and {100} faces occupied

vacant Ca sites with their positive amino groups, their

negative carboxylate groups occupied vacant P or OH sites,

forming an ordered adsorption layer. Glutamic acid was

found to adsorb strongly to the {001} faces of HAp,

resulting in formation of plate-like crystallites. Conversely,

the degree of adsorption of proteins such as bovine serum

albumin (BSA) and lysozyme (LSZ) was found to be

strongly dependent on hydroxylapatite particle morphol-

ogy, i.e., plate- or rod-like particles provided different

adsorption sites of Langmuirian type and thus, specific

surface areas (Ref 66). In contrast to these findings

involving the action of biomolecules, aqueously precipi-

tated carbonated, hydrated, calcium- and hydroxyl-

deficient apatite without organic adsorbents showed also

the size and shape of typical biological apatite. Apparently,

carbonate incorporation into the HAp lattice suffices to

control the size and shape of crystals toward those of bone-

like apatite even without the mediating action of organics

(Ref 4).

The bone growth-stimulating function of hydroxylap-

atite coatings can further be expressed by the terms

osseoconductivity and osseoinductivity. On the one hand,

osseoconductivity is the ability of a biomaterial to support

the ingrowth of bone cells, blood capillaries, and perivas-

cular tissue into the operation-induced gap between

implant body and existing cortical bone bed. Intercon-

nected coating pores of 100-300 lm size foster the process

of osseogenesis and osseointegration, thus underscoring the

need to design, enhance and control pore sizes in plasma-

sprayed HAp coatings. On the other hand, ‘osseoinduc-

tivity’ refers to the ability to transform undifferentiated

mesenchymal precursor stem cells into osseoprogenitor

cells that precede endochondral ossification. This process

relies crucially on the action of non-collagenous proteins.

Hydroxylapatite will adsorb extracellular specific adhesion

molecules in a favorable conformation and thus, promote

the formation of focal adhesion centers. Bone growth

factors and cytokines will also be adsorbed at specific sites

of hydroxylapatite surfaces, thus further promoting

osseointegration.

Figure 2 shows an extremely simplified schematic rep-

resentation of osseoinduction, triggered by adsorption and

incorporation of cell membrane proteins into the bone-like

hydroxylapatite layer precipitated onto the dissolving cal-

cium phosphate coating. Increased concentrations of Ca2?,

PO4
3- and HPO4

2- ions stimulate chemotactical release of

chemokines from the cortical bone bed (Ref 67). With

Fig. 1 The in vivo function of hydroxylapatite-based implant coat-

ings after an observation time of 6 months. (a) An uncoated Ti6Al4V

cube (5 9 5 9 5 mm3), surgically implanted into the lateral condyle

of a canine femur, shows encapsulation by a thick non-adhering layer

of connective tissue (center) separating the implant (top) from the

cortical bone bed (bottom). The sample preparation-imposed gap

demonstrates the poor adhesion of the connective tissue layer to the

implant surface. (b) A hydroxylapatite-coated Ti6Al4V cube

(5 9 5 9 5 mm3), implanted into the same position as in (a), reveals

strong and continuous connection of implant (left) and cortical bone

(right) (Ref 59)
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time, bone growth-supporting proteins adsorbed at the

coating surface will give rise to osseointegration by pro-

liferation of stem cells and their differentiation toward

bone cells, revascularization, and eventual gap closure and

healing. Gap closure happens from two sides as new bone

grows into the gap from cortical bone as well as from the

implant surface.

On a cellular level, apatite precipitation is thought to start

with nucleation of calcium phosphate proto-nuclei from the

extracellular fluid (ECF), supersaturated with respect to

hydroxylapatite. Ab initio calculations by Onuma et al. (Ref

68) suggested that the first product of precipitation is com-

posed of so-called Posner’s clusters, {Ca3(PO4)2}3 with an

energetically most favored and hence, most stable configu-

ration. Carboxylate ligands such as citrate and oxalate

anions were found to delay the onset of HAp nucleation,

whereas non-collagenous proteins such as osteocalcin,

osteonectin and bone sialoprotein, and proteoglycans such

as hyaluronic acid and chondroitin sulfate favor enhanced

nucleation (Ref 69). Osteocalcin in particular shows high

affinity for HAp and appears to play a significant role in cell

signaling for bone formation (Ref 70).

The cellular origin of bone mineralization is rooted in cell-

derived matrix vesicles by major influx of calcium and

phosphate ions into the cells (Ref 71). Production of phos-

phatidylserine–calcium phosphate complexes (Ref 72) within

the plasma membrane of the vesicles is mediated by several

proteins including annexins, integrins, and alkaline phos-

phatase. These proteins cleave phosphate groups off phos-

phatidylserine and in this way act as preferential sites of

calcium phosphate precipitation. Hence, Ca2? cations bound

to phospholipids, and PO4
3- and HPO4

2- anions released

from phosphatidylserine and dissolving HAp, respectively,

combine to form initially amorphous calcium phosphate

(ACP) nuclei that subsequently grow to become nano-crys-

talline hydroxylapatite at specific sites of the vesicle mem-

brane (Ref 73). Then, matrix vesicles bud from the plasma

membrane during interaction with the extracellular matrix

(ECM), providing calcium and phosphate ions, lipids, and

proteins that act to nucleate apatite. This process is presum-

ably tightly controlled by the speciation of the phosphate

carrier: pyro [P2O7]4-- and polyphosphate [PnO3n?1](n?2)-

ions were found to inhibit mineralization, whereas hydrogen

phosphate [HPO4]2- ions appear to stimulate nucleation even

outside the matrix vesicles in the extracellular matrix and also

directly on the triple-helical collagen I strands that are part of

the composite structure of biological apatite.

Thermal Decomposition Reactions
of Hydroxylapatite During Plasma Spraying

Incongruent Melting of Hydroxylapatite

Hydroxylapatite powder particles subjected to the high

temperature of a plasma jet undergo, even during their very

short residence time of hundreds of microseconds to few

milliseconds, first dehydroxylation and subsequently,

thermal decomposition by incongruent melting. As shown

in Table 2, this thermal decomposition sequence occurs in

four consecutive steps.

Several models were developed (Ref 74-76) of the in-

flight evolution of individual calcium phosphate phases.

Figure 3 displays two models of thermally induced phase

transformation within a spherical hydroxylapatite particle

at various water partial pressures, considering a parabolic

temperature gradient according to Fourier’s Law (Ref 77).

During the short residence time of the particle in the

plasma jet, its core remains still at a temperature well

below 1550 �C, this being the result of the low thermal

diffusivity of hydroxylapatite of about 4.5 9 10-3 cm2/s at

1000 �C (Ref 78). Consequently, hydroxylapatite (HAp)

and oxyhydroxylapatite/oxyapatite (OHAp/OA) are the

only solid phases present (Table 2, steps 1 and 2).

At a high water partial pressure (Fig. 3, left), the shell

surrounding the solid core heated to a temperature above

the incongruent melting point of hydroxylapatite (1570 �C)

consists of a molten mixture of tri- and tetracalcium

phosphates (Table 2, reaction 3). The following outermost

Fig. 2 Schematics of the interaction between implant and living bone

cells, mediated by a thin calcium phosphate coating (adapted from

Ref 67). The local decrease of pH triggers partial dissolution of the

coating (right), thus effecting the concurrent release of chemotaxia

(agents promoting cell migration) from bone (left). Addition of Ca2?

and PO4
3- ions leads to increased supersaturation of the ECF with

respect to hydroxylapatite. This process results in nucleation and

precipitation of ‘bone-like’ biological apatite, and subsequent

adsorption of bone growth-supporting proteins (center). The gap

width between bone and implant shown here is highly exaggerated

and hence, not to scale
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spherical shell of the particle comprises solid CaO and melt

since evaporation of P2O5 or, more likely, loss of P gen-

erated by reduction of P2O5 in the H2-rich plasma plume

(Ref 80) shifts the composition along the liquidus curve

(Fig. 4, left) toward CaO-richer phases (Table 2, reac-

tion 4). The temperature increases to well beyond 1800 �C,

and the only unmelted composition is CaO. At low water

partial pressure (Fig. 3, right), the situation is different. As

experimentally shown by Dyshlovenko et al. (Ref 81),

solid-state dehydration transformation of HAp into TCP

and TTCP occurs between 1360 and 1570 �C (Fig. 4b).

Hence, the second shell heated to a temperature of

1360\ T\ 1570 �C, just below the incongruent melting

point of HAp, undergoes solid-state decomposition to a

mixture of a0-TCP and TTCP.

Figure 4 shows the binary phase diagram of the system

CaO-P2O5 with the region of particular interest around the

composition of apatite highlighted in shading (Ref 82).

The molten phase comprising the outermost shell of the

heated HAp particle (Fig. 3) is quenched on impact with

the comparatively cool substrate surface and thus will

solidify rapidly to produce ACP with various Ca/P ratios

(Ref 83-85). The force of impact of droplets accelerated to

supersonic velocity triggers a series of events that pro-

foundly affect the composition and the morphology of the

resulting coating. On impact, the neatly ordered succession

of spherical shells shown in Fig. 3 will be destroyed and

thus, will form a mixture of intermingled phases, i.e., ACP

in close vicinity to hydroxylapatite and oxyhydroxylapatite

(Fig. 5, right). Patches of ACP are being scattered

throughout the crystalline calcium phosphate phases as

shown in Fig. 5, right, in an SEM micrograph in

cathodoluminescence (CL) mode (Ref 86). This patchy

distribution of ACP is the result of the splashing of molten

or semi-molten droplets during impact at the substrate

surface whereby the ACP will be folded into the crystalline

Fig. 3 Schematic models of the thermal decomposition of a spherical hydroxylapatite particle during plasma spraying. Left: at high water partial

pressure of 65.5 kPa (Ref 79). Right: at low water partial pressure of 1.3 kPa (Ref 81)

Table 2 Thermal

decomposition sequence of

hydroxylapatite

Step 1 Ca10ðPO4Þ6ðOHÞ2
ðhydroxyapatiteÞ

! Ca10ðPO4Þ6ðOHÞ2�2xOxhx þ xH2O
ðoxyhydroxyapatiteÞ

Step 2 Ca10ðPO4Þ6ðOHÞ2�2xOxhx

ðoxyhydroxyapatiteÞ
! Ca10ðPO4Þ6Oxhx þ ð1 � xÞH2O

ðoxyapatiteÞ

Step 3 Ca10ðPO4Þ6Oxhx

ðoxyapatiteÞ
! 2Ca3ðPO4Þ2 þ Ca4OðPO4Þ2

ðtricalcium phosphateÞþ ðtetracalcium phosphateÞ

Step 4a Ca3ðPO4Þ2 ! 3CaO þ P2O5

Step 4b Ca4OðPO4Þ2 ! 4CaO þ P2O5
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Fig. 4 (a) Binary phase diagram CaO-P2O5 in the absence of water

(Ref 82). The inset shows the region of interest (incongruent melting

of HAp). (b) Binary phase diagram CaO-P2O5 at water partial

pressure of 65.5 kPa, showing the incongruent melting of HAp

beyond 1570 �C under formation of a-C3P (a-TCP) and C4P (TTCP).

The compositions are given in so-called cement notation: C = CaO,

P = P2O5

Fig. 5 SEM images in

backscattered electron (BSE)

mode (left) and

cathodoluminescence (CL)

mode (right) of a plasma-

sprayed HAp coating immersed

for 7 days in simulated body

fluid (HBSS). The dark areas are

predominantly composed of

ACP (Ref 86)

Fig. 6 Left: Linear decrease of HAp content with coating thickness.

Right: Exponential decrease of crystallinity of a plasma-sprayed HAp

coating with coating thickness. The coefficients of the exponential

decay equation were determined to be a = 128.3, and b = 14.3. The

data were obtained by conventional x-ray diffraction (8 keV, square)

and synchrotron radiation x-ray diffraction (11 keV, dot; 100 keV,

stars) (Ref 88) � With permission by Elsevier
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constituents. Scanning cathodoluminescence microscopic

microanalysis of coatings conducted by Gross and Phillips

(Ref 87) confirmed that the darker regions in polished cross

sections represent the amorphous phase as shown in Fig. 5,

right. The more intense cathodoluminescence emission

from the amorphous phase during electron beam irradiation

compared with the lighter appearing crystalline phase can

thus be used to distinguish between structurally ordered

(crystalline) and disordered (amorphous) areas within the

sample. By selecting the peak of the intrinsic electron

emission at 450 nm, it is possible to scan the surface with

the electron beam, producing a map of ACP in polished

sections. Hence, cathodoluminescence microscopy based

on the different light emission from the amorphous phase

and hydroxylapatite is a useful tool to identify and map the

ACP constituent in plasma-sprayed coatings (Ref 15).

In addition to the compositional inhomogeneity caused

by lateral splat spreading, the phase composition of the

coating also varies with coating depth. Depth-resolved

diffraction studies with both conventional x-ray and syn-

chrotron radiation energies revealed that the content of

hydroxylapatite decreases linearly with coating depth from

approximately 75 mass% at the free coating surface to

15 mass% at the coating-substrate interface (Fig. 6, left).

Moreover, at the free coating surface, the remainder of

crystalline phases were determined to be 15 mass% TTCP,

4 mass% ß-TCP, and 1.5 mass% CaO. These values

decrease to 3 mass% TTCP, and 0.5 mass% each of ß-TCP

and CaO at the substrate-coating interface. The balance is

thought to consist of amorphous calcium phosphate (ACP)

that reaches in excess of 80% at the substrate-coating

interface owing to rapid quenching of the arriving molten

droplets (Ref 88). This ACP layer forms immediately

adjacent to the metallic substrate (Fig. 7). Figure 6, right,

shows that the crystallinity of the hydroxylapatite coating

decreases exponentially with depth from about 93% at the

free coating surface to approximately 55% at the coating-

substrate interface.

Figure 7 shows a scanning transmission electron

microscopy (STEM) image of the cross section of a

plasma-sprayed calcium phosphate coating (right, positions

4, 6 and 7) on a Ti6Al4V substrate (left, positions 1 and 3).

Owing to the action of alumina grit blasting used to provide

a rough substrate surface, the Ti6Al4V underwent heavy

damage with fold-over of loosened surface particles (po-

sition 3), thereby trapping residual alumina grit particles

(position 2). The ACP layer shows an average Ca/P ratio of

1.38 (position 4: Ca/P = 1.38; position 6: Ca/P = 1.43;

position 7: Ca/P = 1.32). Adjacent to the ACP layer, there

is a fully crystalline region of close to stoichiometric HAp

(not shown in Fig. 7) with Ca/P * 1.67. Position 5 indi-

cates small crystallites of portlandite, Ca(OH)2, the product

of the reaction with atmospheric humidity of CaO formed

according to reactions 4a and b (Table 2).

The transformation of ACP to HAp occurs preferentially

along cracks suggesting that the crack energy released may

be a driving force for the solid-state transformation reac-

tion. The incongruent decomposition rate of HAp during

plasma spraying determines the relative amounts of TCP,

TTCP and CaO formed within the coating (Ref 83). A high

decomposition rate obtained at high plasma enthalpies

leads to large amounts of TCP ? TTCP ? ACP and

effects subsequent decomposition of TTCP into

CaO ? P2O5 (Table 2, reaction 4b). Since the TCP will

completely dissolve in the melt, the Ca/P ratio of the

solidifying melt will eventually approach 1.5. Conse-

quently, on cooling, crystallization of only ß-TCP occurs.

Conversely, a low decomposition rate achieved at lower

plasma enthalpy leads to a substantially reduced amount of

TCP ? TTCP ? ACP. Then, the Ca/P ratio of the melt

will approach 1.67 and, on cooling, HAp with some TTCP

and ß-TCP will crystallize (Fig. 17, left). This evolutionary

sequence has been experimentally confirmed by Gross

et al. (Ref 89) who showed that OH-bearing ACP with Ca/

P = 1.67 crystallizes on heating to a temperature as low as

510 �C to form stoichiometric HAp. However, since usu-

ally no OH- can be detected in ACP, its crystallization

may be associated with formation of OH- by the reaction

O2- ? H2O ? 2OH- (Ref 80). The assumed sequence of

phase formation is also corroborated by the results of

Fig. 7 Scanning transmission electron microscopy (STEM) image of

the substrate (left)-coating (right) interface of plasma-sprayed

hydroxylapatite. The electron-transparent sample was generated by

FIB (focused ion beam) cutting using Ga ions. The inset shows the

electron diffraction pattern of ACP, characterized by a diffuse single

ring with radius d = 0.809 nm that suggests short-range order (SRO)

configuration corresponding to (010) of hydroxylapatite. 1: Intact

Ti6Al4V substrate; 2: Residual alumina grit particles; 3: Ti6Al4V

interface damaged by grit blasting; 4: Amorphous calcium phosphate

(ACP, Ca/P = 1.38); 5: Crystalline portlandite, Ca(OH)2; 6: Amor-

phous calcium phosphate (ACP, Ca/P = 1.43); 7: Amorphous calcium

phosphate (ACP, Ca/P = 1.32) (Ref 85)
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Raman and NMR spectroscopy as shown in the following

sections.

Raman Spectroscopy

Raman microspectroscopy is a valuable tool to obtain

information on the distribution of various calcium phos-

phate phases within plasma-sprayed hydroxylapatite coat-

ings to assess their homogeneity. Indeed, this technique

provides unique information on both the microstructure

and crystallinity of coatings, being able to distinguish

among crystalline phases such as hydroxylapatite, oxyap-

atite, and tricalcium phosphate, and amorphous (ACP) or

short-range-ordered (SRO) calcium phosphates.

Figure 8, left, shows a laser-Raman spectrum

(k = 514.6 nm; 5 mW) of the surface of a plasma-sprayed

hydroxylapatite coating in the full spectral range between

250 and 1500 cm-1 comprising the four principal vibra-

tional modes of the PO4
3- tetrahedron. These modes con-

sist of (1) the high intensity symmetric stretching mode of

the P-O bonds m1 at 962 cm-1, (2) the doubly degenerate

O-P-O bending mode m2 at 433 cm-1, (3) the triply

degenerate asymmetric P-O stretching mode m3 at

1077 cm-1 as well as (4) the triply degenerate O-P-O

bending mode m4 at 590 cm-1 (Ref 90). These Raman

bands deviate in their frequencies somewhat from those

reported by Cusco et al. (Ref 91) that were obtained from

measurements on phosphate ions in aqueous solution. In

crystals such as hydroxylapatite, the crystal field induces

distortion of the PO4
3- tetrahedra, resulting in shifting and

splitting of the Raman signals of the normal modes as

shown in Fig. 8, left.

Figure 8 center shows that the m1 mode of the PO4
3-

tetrahedron is composed of a main contribution at

962 cm-1 typical for well-ordered HAp (Ref 91) and

Fig. 8 Left: Laser-Raman spectrum of a plasma-sprayed hydroxyla-

patite coating showing the four principal vibrational modes of the

PO4
3- tetrahedron. Center: The m1 Raman mode deconvolved by a

Gaussian–Lorentzian fit. The left shoulder at 949 cm-1 may be

associated with ACP, the right shoulder at 971 cm-1 originates from

ß-TCP. Right: Principal Raman spectra of as-received HAp powder

(a), HAp powder annealed at 1300 �C for 3 h (b) and a plasma-

sprayed HAp coating on a Ti6Al4V substrate (c). The OH stretching

vibrations at 3575 cm-1 are also shown, attesting to the consecutive

loss of OH during annealing and plasma spraying, respectively (Ref

92)

Fig. 9 Standard laser-Raman spectra of tetracalcium phosphate

(TTCP), ß-tricalcium phosphate (ß-TCP) and hydroxylapatite (HAp)

(Ref 90, 99)
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weaker signals centered on 949 and 971 cm-1 obtained by

fitting the composite Raman peak with a Gaussian–Lor-

entzian function. The signal at 949 cm-1 can be loosely

associated with ACP (Ref 93-95) as well as changes of the

environment around the orthophosphate tetrahedron caused

by OH- vacancies as typical for oxyhydroxylapatite (Ref

90). The vibrational band at 971 cm-1 (Ref 94) may be

related to tricalcium phosphate formed during thermal

decomposition of oxyapatite (Table 2, step 3). The inten-

sity of the m1 vibration, together with the relative intensities

of its side peaks, will give information on the degree of

ordering of the structure of crystalline hydroxylapatite.

Indeed, the intensity ratio I962/R(I949 ? I971) can be con-

sidered a crystallinity index that was found to be 1.72 for

HAp coatings without a bond coat but 2.52 for HAp

coatings with a TiO2 bond coat, confirming the notion that

bond coats promote the formation of crystalline HAp at the

expense of ACP. The decrease of the intensity of the OH

stretching vibration at 3575 cm-1 from as-received HAp

powder (a) to powder annealed at 1300 �C (b) to a plasma-

sprayed coating (c) is indicative of the consecutive loss of

OH ions with increased heat treatment (Fig. 8, right).

To determine the extent of thermal decomposition of

hydroxylapatite toward tri- and tetracalcium phosphates,

comparison with standard Raman spectra obtained from

phase-pure tetracalcium phosphate (TTCP), ß-tricalcium

phosphate (ß-TCP) and hydroxylapatite (HAp) can be used

(Fig. 9). The Raman spectrum of TTCP shows a bimodal

distribution with doublets at 942-947 and 957-963 cm-1

(Ref 96). The spectrum of ß-TCP is characterized by two

broad Raman bands centered at 947 and 970 cm-1. Finally,

the HAp spectrum shows only a single band centered at

962 cm-1. The Raman spectrum of an as-sprayed

hydroxylapatite coating without an adhesion-mediating

bond coat is shown in Fig. 10(a) that of an as-sprayed

hydroxylapatite coating with a TiO2 bond coat is shown in

Fig. 10(c). From the appearance of the spectra, it is evident

that the presence of a bond coat significantly alters the

Raman spectrum, showing predominantly well-crystallized

hydroxylapatite (band A2) with concurrent strong sup-

pression of the composite Raman band A1 (TTCP ? ß-

TCP ? ACP ? OHAp) centered around 950 cm-1 and

also some decrease of the intensity of the band A3 (ß-

TCP ? OHAp) centered around 972 cm-1. Similar shifts

in Raman band positions have been observed recently by

Demnati et al. (Ref 94). The increase in crystallinity of

hydroxylapatite in the presence of a bond coat is related to

the substantially decreased thermal diffusivity of the bond

coat material, allowing the deposited molten splats to

solidify more slowly and thus, providing time for nucle-

ation and crystal growth (Ref 97). Incubation of the two

types of coating for 12 weeks in r(evised)-SBF (Ref 98)

Fig. 10 Laser-Raman spectra of as-sprayed hydroxylapatite coatings

without a bond coat (left column; A as-sprayed; C incubated for

12 weeks in r-SBF) and with a TiO2 bond coat (right column; B as-

sprayed; D incubated for 12 weeks in r-SBF). Raman band A1:

TTCP ? ß-TCP ? ACP ? OHAp, Raman band A2: well-ordered

HAp, Raman band A3: ß-TCP ? OHAp (Ref 99)
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shows that the proportion of HAp in coatings without and

with a bond coat increases strongly to 75 and 80 mass%,

respectively (Table 3). It is significant that in the as-

sprayed state the amount of well-crystallized HAp has

increased by 50% in the presence of a bond coat. Hence,

immediately at first contact of the coated implant with

body fluid, resorption will commence at a much slower

rate, resulting in a significantly more stable situation as far

as the integrity of the osseoconductive coating is con-

cerned. More details will be provided in ‘‘Interaction of

Plasma-Sprayed Hydroxylapatite Coatings with Simulated

Body Fluid’’ section below.

Solid-State Nuclear Magnetic Resonance (NMR)

Spectroscopy

Even more detailed information on the degree of disorder

introduced by thermal treatment of hydroxylapatite during

plasma spraying can be obtained by solid-state nuclear

magnetic resonance (NMR) spectroscopy. The positions

and shifts of 1H-MAS and 31P-MAS NMR peaks are

indicative of the structural environment of the PO4
3-

tetrahedra in calcium orthophosphates and thus, allow

distinguishing between dehydroxylation (oxyhydroxylap-

atite/oxyapatite) and decomposition products (tricalcium

phosphate, tetracalcium phosphate) of hydroxylapatite.

Figure 11 and 12 show 1H- and 31P NMR spectra,

respectively, of as-sprayed hydroxylapatite (Ref

90, 99, 100). While the 1H-MAS NMR spectrum of stoi-

chiometric, highly crystalline hydroxylapatite shows only

one single narrow band position at - 0.1 ± 0.1 ppm

(Fig. 11; band L), in plasma-sprayed hydroxylapatite

coatings additional non-equivalent bands can be detected at

- 1.3 ± 0.3 ppm (band L*) and ? 5.2 ± 0.2 ppm (band

M). The main band L represents the proton band position of

crystalline stoichiometric hydroxylapatite, whereas the

weak isotropically shifted band L* can be attributed to

protons in distorted HAp short-range ordered (SRO)

structures such as oxyhydroxylapatite. The band M relates

to OH- positions missing only one neighboring OH- ion

and hence indicates the existence of isolated pairs of

strongly coupled protons (Ref 100). This band has been

assigned to water molecules existing in the channel struc-

ture of HAp (Ref 101, 102). The band G at about

? 1.3 ppm may belong to free, i.e., mobile water adsorbed

at the surface of HAp (Ref 99).

The features of the 31P-MAS (magic angle spinning)

NMR spectrum of plasma-sprayed hydroxylapatite are

even more complex and hence, open to discussion. Fig-

ure 12 shows the single band position A at

? 2.3 ± 0.1 ppm of the PO4
3- tetrahedra in well-ordered,

highly crystalline hydroxylapatite. In plasma-sprayed

hydroxylapatite, several additional non-equivalent band

positions can be discerned, neither of which can be

unequivocally attributed to the known chemical shifts of

thermal decomposition phases such as tricalcium phos-

phate or tetracalcium phosphate. Instead, they were related

to variously distorted PO4
3- groups as follows. Band D at

? 5.0 ± 0.2 ppm may belong to very strongly distorted

PO4
3- groups without associated OH- groups, band C at

? 3.0 ± 0.2 ppm is thought to be associated with distorted

PO4
3- groups with single or paired OH- groups, and band

B at ? 1.5 ± 0.2 ppm has been assigned to a strongly

distorted PO4
3- environment without neighboring OH-

(Ref 90, 100).

In addition, 2D-double quantum 31P-1H cross-polariza-

tion heteronuclear correlation (HETCOR) NMR spectra

shows more details of the thermal deterioration of

Fig. 11 Proton-MAS NMR spectrum of as-sprayed hydroxylapatite.

L highly stoichiometric HAp; L* oxyhydroxylapatite (?), G mobile

(free) water, M isolated pairs of strongly coupled protons in HAp

channels (Ref 90, 99, 100)

Table 3 Quantitative composition in mass% of hydroxylapatite coatings without and with a TiO2 bond coat as-sprayed and after incubation in

r-SBF for 1 and 12 weeks (based on Raman data) (Ref 99)

Composite Raman band Without bond coat With TiO2 bond coat

0 weeks 1 week 12 weeks 0 weeks 1 week 12 weeks

A1 (ACP) 44 35 22 23 21 20

A2 (HAp) 43 53 75 66 70 80

A3 (ß-TCP) 13 12 3 11 9 0
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hydroxylapatite during plasma spraying (Fig. 13, left). The

2D spectrum of the as-sprayed HAp coating is character-

ized by a rather broad A-L band assigned to more or less

stoichiometric hydroxylapatite and three weaker composite

NMR bands C-M, B-M and B-N. However, the presence of

a TiO2 bond coat substantially affects the 2D-NMR spectra

as shown in Fig. 13, right. The central A-L peak is some-

what sharper than that of a coating without a bond coat

owing to higher crystallinity and phase purity. There are no

C-M and B-N bands, and the much weaker B-M band

disappears completely after an incubation time of 4 weeks

(not shown) in accord with the notion that the easily sol-

uble distorted structures including oxyhydroxylapatite and

oxyapatite will be preferentially removed. Indeed, the

incubated coating in the presence of a bond coat consists to

more than 90% of well-ordered, highly crystalline HAp but

still contains sizeable amounts of TCP and TTCP after

incubation for 12 weeks (Table 4).

The result of quantitative evaluation of the 2D-HET-

COR spectra is shown in Table 4. As expected, incubation

in r-SBF causes, over time, dissolution of phases charac-

terized by the ‘distorted states’ 1 and 2 associated with

oxyhydroxylapatite, i.e., partially dehydroxylated SRO-

structured hydroxylapatite as well as dissolution of the

thermal decomposition products TTCP and TCP, but to a

lesser extent. Concurrently, the relative proportion of

crystalline well-ordered hydroxylapatite increases from a

low 46 mass% in an as-sprayed coating to a high

74 mass% in a coating incubated under physiological

conditions in r-SBF for 12 weeks. This nicely confirms the

quantitative phase composition obtained from Raman

spectroscopy shown above.

Fig. 13 2D-31P-1H HETCOR-CP-NMR spectra of a plasma-sprayed hydroxylapatite coating. Left: without a bond coat. Right: with a TiO2 bond

coat of about 15 lm thickness (Ref 99)

Fig. 12 31P-MAS NMR spectrum of as-sprayed hydroxylapatite.

A orthophosphate moieties in well-ordered HAp, B strongly distorted

environment lacking neighboring OH ions (oxyapatite ?), C distorted

orthophosphate moieties with single (or paired) OH ions (oxyhy-

droxylapatite ?), D very strongly distorted orthophosphate moieties

without nearby OH ions (TCP, TTCP) (Ref 90, 99, 100)
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The Oxyapatite Conundrum

Among the thermally altered calcium phosphate phases

observed during plasma spraying of hydroxylapatite, the

elusive oxyapatite phase takes on a specific significance.

Oxyapatite, Ca10(PO4)6Oxhx (OA) is the product of com-

plete dehydroxylation of hydroxylapatite and is known to

be able to convert back to stoichiometric hydroxylapatite in

the presence of water either during cooling of the as-

sprayed coating in moist air or by reaction with ECF

in vivo.

The oxyapatite question has a long and colorful but

controversial history (Ref 103). Oxyapatite as a

stable mineral was first proposed by Voelcker (Ref 104),

and this supposedly novel compound was subsequently

named voelckerite in his honor by Rogers (Ref 105).

However, the existence of pure oxyapatite stable at

ambient conditions was already discredited by Korber and

Trömel (Ref 106) and severely questioned by Bredig et al.

(Ref 107) who drafted one of the earliest CaO-P2O5 phase

diagrams in the absence of water. Instead, based on

experimental evidence, Bredig et al. were first to propose

the existence of ‘mixed’ apatite, i.e., oxyhydroxylapatite

Ca10(PO4)6X2-2nOn (X = OH, F; 0\ n\ 1). In addition,

they concluded that, for energetic reason, the X (c-axis

channel) position could not be left empty. In particular, by

x-ray analysis no superstructures were found that would

point to an ordered distribution of O2- ions in the c-axis

channel and associated vacancies. Indeed, a computational

investigation (Ref 108) confirmed that formation of oxygen

vacancies in the c-axis channels of hydroxylapatite is

thermodynamically unfavorable. Nevertheless, despite

these thermodynamic constraints, investigations by Alber-

ius-Henning et al. (Ref 109) into the structure of oxyapatite

suggested that there exists a linear chain of O2- ions par-

allel to the c-axis, each one followed by a vacancy (Fig. 14,

right). Apparently, by introduction of oxygen vacancies in

the c-channel, the symmetry element m (mirror plane) is

lost and the overall crystallographic symmetry lowered

from P63/m to P�6.

Subsequently, Calderin et al. (Ref 110) modeled the

oxyapatite structure by density-functional theory with

local-density approximation (DFT-LDA) and first-princi-

ples pseudo-potentials. These authors found several DOS

in the energy gaps of oxyapatite that are absent in

hydroxylapatite. The defect apatite structure appears to be

insensitive to the choice of the anion (OH-, F-, Cl-, O2-,

h) in the c-axis column. Attempts to remove the anions by

heating revealed that the overall structure remains largely

unchanged and at least metastable. Indeed, investigation by

Liao et al. (Ref 111) confirmed that during plasma spraying

even after a loss as high as 75% of the OH group in the

c-axis channel, the basic apatite structure will be main-

tained. However, it is significant that complete loss of OH

was never experimentally observed, meaning that a small

amount of OH needs to be present in the oxyapatite

structure to stabilize it.

The detection of oxyapatite by conventional x-ray

diffraction is considered problematic (Ref 23, 74, 84)

since the c-axis length of oxyapatite is only marginally

larger than that of hydroxylapatite (Ref 112, 113). This

accounts for only a small shift of the (002) interplanar

spacing toward smaller diffraction angles. Hence, very

accurate measurements are required using, for example,

single crystal x-ray diffraction by synchrotron radiation

or neutron diffraction techniques. The small lattice

expansion during dehydroxylation of HAp toward oxya-

patite alluded to in Fig. 14, right and Fig. 15, left, is

presumably caused by the larger Shannon crystal radius

of the O2- ion (135 pm) compared to that of the OH- ion

(118 pm).

Fig. 14 Left: Ball-and-spoke model of hydroxylapatite with space

group P63/m. The mirror planes m through z = � and � are shown

perpendicular to the screw axis 63. Right: Hypothetical structure of

oxyapatite with lower symmetry P�6 showing a chain of O2- ions

parallel to the polar hexagonal axis �6 separated by vacancies V

Table 4 Composition of

hydroxylapatite coatings

without and with a TiO2 bond

coat in mass% as-sprayed

(0 weeks), and incubated for 1

and 12 weeks in r-SBF (based

on NMR data) (Ref 99)

31P position (Fig. 12 and 14) Without bond coat With TiO2 bond coat

0 weeks 1 week 12 weeks 0 weeks 1 week 12 weeks

A (HAp) 46 68 74 63 81 92

B (distorted state 1) 21 14 11 15 6 1

C (distorted state 2) 15 7 5 15 6 …
D (TTCP ? TCP)? 18 11 10 7 7 7
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More recent investigation with high-resolution syn-

chrotron radiation (Ref 114) suggest that atmospheric

plasma spraying of stoichiometric hydroxylapatite results

initially in reversible dehydroxylation to form oxyhydrox-

ylapatite/oxyapatite with c0 = 0.6902(3) nm (Table 2, step

2). Further heating by the plasma jet causes thermal

decomposition under formation of tri- and tetracalcium

phosphate (Table 2, step 3) as well as amorphous calcium

phosphate (ACP). Figure 15, left, shows the high-resolu-

tion synchrotron x-ray diffraction pattern of (002) and

(004) of hydroxylapatite and oxyapatite, respectively. Data

for the scattering vectors Q of the (002) and (004) inter-

planar spacings obtained from the Powder Diffraction File

are given for comparison. They indicate that the scattering

vectors measured are between those of hydroxylapatite

(ICDD-PDF 9-432) and oxyapatite (ICDD-PDF 89-649),

suggesting the presence of oxyhydroxylapatite. From the

measured Q-values of 1.821 Å-1 (002) and 3.640 Å-1

(004), the c0-values of 0.6900(0) nm and 0.6904(6) nm,

respectively, were calculated, about 0.26% longer than c0

of hydroxyapatite (0.6881(4) nm). This is in accord with

earlier findings by Montel et al. (Ref 115). Figure 15, right,

shows the Gaussian–Lorentzian deconvolution of the

m1(PO4) Raman stretching domain of a low-energy plasma-

sprayed HAp coating reported by Demnati et al. (Ref 116).

The low intensity contribution of ACP centered on

950 cm-1 (position A) appears to be overlapped by the

strong signal of oxyapatite (position B) that has also been

identified by a second Raman band at 966-969 cm-1.

Curve fitting obtained two characteristic Raman bands for

oxyapatite at 950.43 ± 0.02 and 969.93 ± 0.01 cm-1.

However, the former might also be assigned to ACP and

the latter to ß-TCP (see Fig. 8, center; Fig. 9). Hence, more

sophisticated surface analytical methods must be employed

to establish (or refute) the real existence of oxyapatite.

In conclusion, it is still not clear whether oxyapatite can

be counted among the (meta)stable phases participating in

the complex conversion sequence from ACP to biological

apatite during osseoconduction processes or whether it is

just an ephemeral intermediate of no consequence (Ref

117).

Interaction of Plasma-Sprayed Hydroxylapatite
Coatings with Simulated Body Fluid

Incubation of hydroxylapatite in simulated body fluids

(SBFs) resembling the composition of extracellular fluid

(ECF) is a generally applied fingerprint technique to

determine the potential biocompatibility of biomedical

coatings. The observation that this treatment results fre-

quently in precipitation of bone-like, i.e., Ca-deficient

defect apatite is taken by many authors as a strong sign of

osseoconductivity. This, however, is in error as such pre-

cipitation is only a necessary but not a sufficient precon-

dition of osseoconductivity, the establishment of which

requires detailed study of cell viability and proliferation as

well as confirmation of upregulation of bone growth pro-

teins including osteocalcin (OC) and alkaline phosphatase

(ALP) levels.

Amorphous calcium phosphate (ACP), thermal decom-

position products such as ß-tricalcium phosphate (ß-TCP),

tetracalcium phosphate (TTCP) and calcium oxide (CaO)

as well as the dehydroxylation products oxyhydroxylapatite

Fig. 15 Left: Scattering vector Q = 4psinH/k of synchrotron radia-

tion diffraction profiles of three as-sprayed hydroxylapatite coatings

showing the vicinities of the (002) and (004) interplanar spacings of

hydroxyapatite and oxyapatite (Ref 114). Right: Gaussian–Lorentzian

deconvolution of the m1(PO4) Raman stretching domain of a low-

energy plasma-sprayed HAp coating. A amorphous calcium phosphate

ACP, B oxyapatite, C hydroxylapatite (Ref 116). � With permission

by Elsevier
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(OHAp) and/or oxyapatite (OA) show enhanced solubility

in human extracellular fluid (hECF) and simulated body

fluid (SBF) that follow the order (Ref 118)

CaO � b-TCP [ ACP [ TTCP [ OHAp/OA

� HAp:

ðEq 1Þ

In contrast, pure and well-crystallized hydroxylapatite is

remarkably stable in the presence of aqueous solutions

under standard condition, showing a solubility product

Kip = [Ca2?]5[PO4
3-]3[OH-] = 2.27 9 10-58 (Ref 119).

Moderately enhanced levels of Ca2? and HPO4
2- ions

released to the biofluid-occupied space at the interface

implant-tissue are required for bone remodeling (Ref 120).

However, excessive amounts of these ions released from

the readily dissolving decomposition products of HAp

drive up the local pH values with possibly cytotoxic effects

on living bone cells (Ref 121, 122). Consequently, release

of high concentrations of ions from dissolving calcium

phosphate phases must be kept at bay. This can be done by

several strategies aimed at optimizing the amount of well-

crystallized HA in the as-sprayed coating, including opti-

mizing the set of plasma spray parameters that significantly

influence the plasma enthalpy and in turn control the

thermal history of HAp (see for example Ref 63). In

addition, bioinert bond coats such as TiO2 or ZrO2 appear

to improve substantially the adhesion between HAp coat-

ing and metal substrate (Ref 123, 124) and, in addition, act

as thermal barriers that may aid enhanced crystallization of

HAp at the expense of ACP (see Fig. 10b).

Figure 16 displays cross-sectional SEM backscattered

images of an as-sprayed HAp coating with a TiO2 bond

coat (a) and a coating incubated for 56 days in protein-free

simulated body fluid (b) (Ref 86). After incubation, pro-

nounced zonation has developed with an inner zone of

rather homogenous hydroxylapatite and oxyhydroxylap-

atite/oxyapatite, respectively, with a Ca/P ratio between

1.60 and 1.64 (zone 1), typical for near-stoichiometric

hydroxylapatite formed adjacent to the Ti6Al4V substrate

and the TiO2 bond coat, respectively. This is followed by a

layered succession of Ca-deficient apatite with a Ca/P ratio

of around 1.5 (zone 2), and an outer layer of newly pre-

cipitated crystalline Ca-deficient defect (‘bone-like’) apa-

tite with Ca/P * 1.4 (zone 3). As further revealed by

cathodoluminescence imaging (Fig. 5, right), the inner

coating layer is interspersed with many patchy areas of

amorphous calcium phosphate (ACP) accounting for the

low integrated Ca/P ratio (1.60) measured by EDX. This

zoning is reminiscent of diffusion-controlled zoning in

gels, a mechanism typical of a dissolution–precipitation

sequence thought to govern the transformation of ACP to

crystalline calcium phosphate phases.

As far as biomedical and mechanical behavior is con-

cerned, ACP appears to be Janus-faced. On the one hand,

its presence increases alkaline phosphatase activity, thus

enhancing cell proliferation and adhesion. On the other

hand, it provides a path of least energy parallel to the

implant surface that may promote coating delamination. It

transforms on contact with simulated body fluid and

extracellular fluid, respectively, to crystalline phases, pre-

sumably via progressive hydrolysis of PO4
3- groups. This

transformation occurs predominately along cracks and fis-

sures in the coatings. Figure 17, left, shows that the

transformation front sweeps through the ACP phase,

leaving in its wake a body of well-crystallized hydroxyla-

patite as shown by its electron diffraction pattern (inset, top

right).

Electron diffraction pattern of the well-crystallized

(porous) hydroxylapatite reveals interplanar spacings of

(002) at 0.336 nm, (210) at 0.306 nm, and (112) at

0.277 nm.

At the leading edge of the transformation front, crys-

talline areas of ß-TCP and TTCP appear (Fig. 17, left:

insets, top left and center left; Fig. 17, right) as identified

by their electron diffraction pattern (Table 5). These phases

were presumably formed already during coating deposition

according to reaction 3 shown in Table 2 (see also Ref 70).

The thin line crossing Fig. 17, right, is due to radiation

damage within the scanning transmission electron

microscope.

The electron diffraction pattern of the pristine ACP

ahead of the transformation front is characterized by a

Fig. 16 Cross sections of

plasma-sprayed hydroxylapatite

coating layers (right) on

Ti6Al4V substrates (left).

(a) As-sprayed hydroxylapatite

coating together with a TiO2

bond coat (center). (b) Coating

incubated for 56 days in

protein-free simulated body

fluid (Ref 86)
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diffuse single ring with d = 0.809 nm, (Fig. 17, left; inset

at lower left) corresponding to (100) of hydroxylapatite, a

face with minimum specific free surface energy (Ref

125). The hexagonal prisms {100} are indeed the mor-

phologically dominant crystal faces of hydroxylapatite

with P63/m symmetry as they are F-faces (Ref 126) with

a maximum number of periodic bond chain (PBC) vec-

tors parallel to the zone axis of these faces. The main

PBC vectors of the apatite structure are h001i, h100i and

h101i, and the six Ca-PO4 bonds of different lengths and

the Ca-OH bonds of identical lengths have widely vary-

ing surface energies of 2431 and 1269 kJ/mole, respec-

tively (Ref 127). Apparently, in the SRO structure of

ACP, these periodic bond chains are already present and

govern the orientation of the Posner’s clusters, providing

a strong crystallographic control of the transformation

process.

Quantitative phase analyses based on x-ray diffraction

(XRD) with Rietveld refinement revealed that the CaO, b-

TCP and TTCP contents decrease with increasing incuba-

tion time in r-SBF up to 12 weeks (Fig. 18). The param-

eters applied to deposit the coating were: plasma power

32 kW, argon flow rate 45 slmp, hydrogen flow rate

6.5 slpm, powder carrier gas flow rate 5 slpm, translation

speed 6 m/min, spray distance 90 mm. After incubation

beyond 12 weeks, the approximately 150-lm-thick coating

was found to contain only HAp and some amorphous and/

or SRO phases as ascertained by the pronounced elevated

background between about 25� and 35� 2H with a centroid

value of 32� 2H that corresponds to (300), the lattice plane

with maximum intensity in the XRD pattern (ICDD-PDF

00-009-0432).

Addition to the powdered samples of an internal Al2O3

standard allowed determining quantitatively the amount of

Fig. 17 Left: Scanning transmission electron microscope (STEM)

image of the transformation of ACP to crystalline phases during

contact with simulated body fluid (r-SBF) for 1 week. At the trailing

edge of the transformation front, well-crystallized HAp prevails,

whereas at the leading edge nano-crystalline HAp is formed. Right:

Recrystallization of ACP to form ß-TCP ? TTCP. Inset: Electron

diffraction pattern (Table 5) (Ref 85)

Table 5 Interplanar spacings of

ß-TCP and TTCP formed during

recrystallization of ACP (Ref

85)

d(hlk) (measured) ß-TCP (ICDD-PDF 04-014-2292) TTCP (ICDD-PDF 00-025-1137)

0.805 0.814 (012)

0.717 0.702* (100)

0.411 0.415 (018)

0.358 0.346 (10 10) 0.351 (200)

0.319 0.321 (214)

0.290 0.289 (�1 03)

0.287 0.288 (02 10)

0.251 0.252 (21 10)

*Forbidden reflexion
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‘amorphous’ phase(s) that might be comprised of ‘ACP’

and the distorted SRO structures (oxyhydroxylapatite/

oxyapatite) found by NMR analysis (Table 4). The quan-

titative XRD results of the as-sprayed and incubated

coatings with a bond coat are in general accord with the

laser-Raman and NMR results (cp. Tables 3 and 4).

Table 6 shows the phase content obtained by XRD com-

pared to the HAp content determined by Raman and NMR

spectroscopies. While the latter data are surprisingly well

correlated that also holds for the XRD data of the as-

sprayed sample with a bond coat, there is a clear deviation

for the as-sprayed sample without a bond coat. This devi-

ation is rooted in the very different physical processes

underlying the analytical procedures involved, including

the influence imposed by differing signal acquisition

depths.

The loss of OH- groups during plasma spraying and the

incorporation during incubation of OH- from water into

the lattice of OHAp to reform HAp are reversible pro-

cesses. Weng et al. (Ref 128) pointed out the essential role

water is playing in the conversion process from ACP to

crystalline hydroxylapatite in plasma-sprayed coatings.

According to these authors, the global increase in crys-

talline HAp is not the result of removal of ACP by disso-

lution but the consequence of the reconstruction of

decomposition products such as TCP, TTCP and amor-

phous phases toward crystalline HAp. Moreover, the water

molecules also combine with oxyhydroxylapatite, so that

the OH- groups re-occupy the lattice vacancies at missing

OH- sites. All these processes lead to a strong increase of

the amount of HAp in plasma-sprayed coatings subjected

to incubation in SBF in vitro (Table 6) as well as on

contact with ECF in vivo.

Conclusion and Implications

Deposition of hydroxylapatite coatings by atmospheric

plasma spraying is a mature and well research-supported

technique to coat the metallic stems of hip endoprostheses

and the roots of dental implants. Thus, HAp coatings are a

reliable means to achieve lasting osseointegration and

long-term in vivo survival of implants, provided that cer-

tain requirements are met. These requirements include

appropriate implant design selection, the presence of sound

bearing surfaces, adequate bone quality according to the

patient’s age and life expectancy, in particular sufficient

bone density, as well as superior surgical skill of the

medical operation team. It ought to be mentioned that

recently the definition of osseointegration has gone through

a paradigmatic shift. Whereas the original definition

implied a direct contact between implant materials and

bone without any intermediate soft tissue layer, today there

is emphasis on osseointegration as a foreign body reaction

whereby interfacial bone is formed as a defense reaction to

shield off the implant from tissue (Ref 129).

However, despite the clinical success of HAp-coated

implants, today implantology appears to have reached a

limit of the current medical practice that emphasizes

replacement of tissue by a predominantly materials sci-

ence-based approach (Ref 2). Consequently, novel devel-

opments are in the wings that include biologically inspired

third-generation biomaterials that concentrate on repair and

Table 6 Quantitative

composition in mass% of

hydroxylapatite coatings

without and with a TiO2 bond

coat after incubation in r-SBF

for 0, 1 and 12 weeks obtained

by different surface analytical

methods (Ref 99)

Analytical method Without bond coat With TiO2 bond coat

0 weeks 1 week 12 weeks 0 weeks 1 week 12 weeks

HAp (XRD) 65(a) 75 73 68 71 70

‘‘Distorted phases’’ (XRD) 35 25 27 32 29 30

HAp (Raman) (Table 2) 43 53 75 66 70 80

HAp (NMR) (Table 3) 46 68 74 63 81 92

(a) XRD data ± 5% (± r)

Fig. 18 Quantitative XRD determination of the phase content of a

plasma-sprayed hydroxylapatite coating incubated in simulated body

fluid (r-SBF) (Ref 90)
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regeneration of damaged or lost tissue on a molecular scale

through functionalization of the surfaces of bioceramics or

biopolymers by osseoinductive biological agents such as

bone morphogenetic proteins or other non-collagenous

proteins (Ref 130).

The interplay among numerous plasma spray parameters

introduces complexity of a high degree in terms of phase

composition, phase distribution, porosity, and microstruc-

ture of HAp coatings. Interaction of the surface of plasma-

sprayed HAp coatings with simulated body fluid resem-

bling the composition of ECF results in preferential dis-

solution of easily soluble phases and, most importantly,

transformation of amorphous calcium phosphate (ACP) to

Ca-deficient disordered HAp akin to biological bone-like

apatite. Hence, to achieve coatings with superior func-

tionality, during the past decades many attempts have been

made to optimize essential properties of osseoconductive

bioceramic coatings. These properties include coating

thickness, phase composition, crystallinity, porosity,

micro- and nano-roughness of coating surfaces, coating

adhesion and cohesion, and residual coating stresses. In

particular, maintenance of phase composition at values

imposed by national and international norms, and control

of coating porosity by implementing novel deposition

techniques such as suspension (SPS) or solution precursor

plasma spraying (SPPS) are fertile development areas. In

the end, careful engineering of hydroxylapatite coatings by

appropriately adjusting and fine-tuning of plasma spray

parameters will ensure deposition of coatings with opti-

mum mechanical, microstructural, chemical, and biological

properties (Ref 15-20).

Glossary

Alkaline

phosphatase (ALP)

Any of the phosphatases that are

optimally active in alkaline

medium; measure of bone cell

growth and bone rebuilding. Apart

from its role in normal bone

mineralization, the other functions

of ALP remain obscure

Arthroplasty Operative formation or restoration

of a joint

Alveolar ridge Bony ridge or raised thickened

border on each side of the upper or

lower jaw that contains the sockets

of the teeth

Angioplasty Surgical repair or recanalization of

a blood vessel

Bioactivity Having an effect on a living

organism

Biocompatibility Compatibility with living tissue or

a living system by not being toxic,

injurious, or physiologically

reactive and not causing

immunological rejection

Bone growth factors Bone growth factors include,

among others, insulin-like growth

factor-1 (IGF-1), insulin-like

growth factor-2 (IGF-2),

transforming growth factor beta

(TGF-b), fibroblast growth factors

(FGFs), and bone morphogenetic

proteins (BMPs)

Bone sialoproteins They constitute the largest number

of non-collagenous proteins (see

below). They include serum

albumin and some

immunoglobulins. Their function is

unknown

Callus A mass of exudate and connective

tissue that forms around a break in

a bone and is converted into bone

in healing

Chitosan A linear polysaccharide composed

of d-glucosamine and N-acetyl-d-

glucosamine. It is produced by

treating the chitin shells of shrimp

and other crustaceans with sodium

hydroxide

Chondrocyte A cartilage cell

Chondroitin sulfate A glycosaminoglycan (see below)

found in cartilage, bone, blood

vessels and connective tissues

Collagen The main structural family of

protein in the extracellular matrix,

making up from 25 to 35% of the

whole-body protein content.

Collagen consists of amino acids

wound together to form triple-

helices to form elongated fibrils.

Collagen I forms in combination

with hydroxylapatite the substance

of bone

Condyle The round prominence at the end of

a bone, most often part of a joint

that articulates with another bone

Connective tissue One of the four basic types of

animal tissue, along with epithelial

tissue, muscle tissue, and nervous

tissue
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Cortical bone The hard outer layer of bones is

composed of cortical bone also

called compact bone being much

denser than cancellous bone. It

forms the hard exterior (cortex) of

bones. The cortical bone gives

bone its smooth and solid

appearance, and accounts for 80%

of the total bone mass of an adult

human skeleton

Cytokine Any of a class of

immunoregulatory proteins that are

secreted by cells especially of the

immune system. Cytokines may

include chemokines, interferons,

interleukins, lymphokines, and

tumor necrosis factors but

generally not hormones or growth

factors

Endochondral Endochondral ossification takes

place from centers arising in

cartilage and involves deposition of

lime salts in the cartilage matrix

followed by secondary absorption

and replacement by true bony

tissue

Extracellular fluid

(ECF)

Body fluid outside the cells. The

ECF has two components—plasma

and lymph as a delivery system,

and interstitial fluid for water and

solute exchange with the cells

Extracellular matrix A collection of extracellular

molecules secreted by support cells

that provides structural and

biochemical support to the

surrounding cells

Femur Thigh bone. The head of the femur

articulates with the acetabulum in

the pelvic bone forming the hip

joint, while the distal part of the

femur (condyle) articulates with

the tibia and kneecap forming the

knee joint. By most measures the

femur is the strongest and longest

bone in the human body

Glycosaminoglycans Long unbranched polysaccharides

consisting of a repeating

disaccharide unit. Prominent

glycosaminoglycans are heparin,

chondroitin sulfate, and hyaluronic

acid

Harris hip score Method to assess the results of hip

surgery, intended to evaluate

various hip disabilities and

methods of treatment in an adult

population

Haversian canal A series of microscopic tubes in the

outermost region of cortical bone

that allow blood vessels and nerves

to travel through them

Hyaluronic acid An anionic, non-sulfated

glycosaminoglycan (see above)

distributed widely throughout

connective, epithelial, and neural

tissues. One of the chief

components of the extracellular

matrix, it contributes significantly

to cell proliferation and migration

Matrix protein Large molecules tightly bound to

form extensive networks of

insoluble fibers. These proteins are

of two general types, structural and

adhesive. The structural proteins,

collagen and elastin, are the

dominant matrix proteins. At least

10 different types of collagen are

present in various tissues. The most

common type is collagen I

Matrix vesicle Hydroxylapatite-containing,

membrane-enclosed vesicles

secreted by osteoblasts,

odontoblasts, and some

chondrocytes. They are believed to

serve as nucleation foci for the

mineralization process in bone,

dentin, and calcified cartilage

Mesenchymal

precursor cells

Pluripotent stromal cells that can

differentiate into a variety of cell

types, including osteoblasts (bone

cells), chondrocytes (cartilage

cells), and myocytes (muscle cells)

Neointimal

hyperplasia

Proliferation and migration of

vascular smooth muscle cells

primarily in the tunica intima,

resulting in the thickening of

arterial walls and decreased arterial

lumen space. Neointimal

hyperplasia is the major cause of

restenosis after percutaneous

coronary interventions such as

stenting or angioplasty
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Non-collagenous

proteins

Non-collagenous components,

include proteoglycans (see below)

and several glycoproteins such as

osteocalcin, osteonectin, and the

SIBLING proteins such as

osteopontin, bone sialoprotein, and

others

Odontoblast A cell that is part of the outer

surface of the dental pulp, and

whose biological function is

formation of dentin, the substance

beneath the tooth enamel on the

crown and the cementum on the

root

Osseoconduction The ability of a biomaterial to

support the ingrowth of bone cells,

blood capillaries, and perivascular

tissue into the operation-induced

gap between implant body and

existing cortical bone bed

Osseoinduction The ability to transform

undifferentiated mesenchymal

precursor stem cells into

osseoprogenitor cells that precede

endochondral ossification (see

above)

Osseoprogenitor

cells

Stem cells of bone that eventually

form osteoblasts. Osseoprogenitor

cells are derived from primitive

mesenchymal cells. They form a

population of stem cells that can

differentiate into the more

specialized bone-forming cells

such as osteoblasts and osteocytes

Osteoblast Cells with a single nucleus that

synthesize bone. Osteoblasts

function in groups of connected

cells. Individual cells cannot

generate bone

Osteocalcin (OC) Non-collagenous GLa (glutamic)

protein synthesized by osteoblasts.

It is often used as a marker for the

bone formation process. Higher

osteocalcin levels in serum are

relatively well correlated with

increases in bone mineral density

(BMD). Hence, osteocalcin can be

used as a preliminary biomarker on

the effectiveness of a given drug on

bone formation

Osteocyte An osteoblast that has become

embedded within the bone matrix,

occupying a bone lacuna, and

sending, through the canaliculi,

cytoplasmic processes that connect

with other osteocytes in developing

bone. The osteocyte is an important

regulator of bone mass and a key

endocrine regulator of phosphate

metabolism

Osteon A group of organized osteoblasts

together with the bone made by a

unit of cells

Osteonectin (ON) Non-collagenous phosphoprotein

found in bone. It binds collagen I

and hydroxylapatite and thus, plays

a crucial role in bone

mineralization

Osteopontin (OPN) Osteopontin is a phosphorylated

acidic glycoprotein that functions

as an immune modulator, and

affects wound healing. In contrast

to its restricted distribution in

normal tissue, OPN is strikingly

upregulated at sites of

inflammation and tissue

remodeling

Phosphatidylserine A phospholipid component of the

cell membrane. It plays a key role

in cell cycle signaling, specifically

in relationship to apoptosis, the

process of programmed cell death

the biochemical events of which

lead to characteristic

morphological cell changes and

death

Proteoglycans Non-collagenous proteins with a

small protein core and up to two

chondroitin sulfate (see above)

chains attached. Proteoglycans are

a major component of the

extracellular matrix (see above).

Here, they form large complexes,

both to other proteoglycans such as

hyaluronic acid, and to fibrous

matrix proteins such as collagen.

The combination of proteoglycans

and collagen form cartilage. Their

role in bone mineralization is

unclear
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Restenosis The recurrence of stenosis, a

narrowing of a blood vessel that

leads to restricted blood flow

Simulated body fluid

(SBF)

A solution with an ionic

concentration close to that of

human blood plasma, kept under

mild conditions of pH and identical

physiological temperature.

Immersion of biomaterials in SBF

is a cofactor to determine

bioactivity

Spongiosa Cancellous or trabecular bone

typically found at the ends of long

bones, near joints, and in the

interior of vertebrae

Thrombus The final product of the blood

coagulation step in hemostasis.

There are two components to a

thrombus: aggregated platelets and

red blood cells that form a plug

with a mesh of cross-linked fibrin

protein
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