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Abstract: In the late 19609nuchinterestwas raised imegard tobiomedical applications

of various ceramic materials. A little bit later, such materials weameed bioceramics.

This review is limited to bioceramics prepared from calcium orthophosphates only, which
belong to the categories ofdaictive and bioresorbable compounds. There have been a
number of important advancen this field during the past 880 years. Namely, by
structural and compositional control, it became possible to choose whether calcium
orthophosphate bioceramiagere biologically stable once incorporated within the skeletal
structure or whethethey wereresorbed over time. At the turn of the millennium, a new
concept of calcium orthophosphate bioceratiogich is able to promote regeneration of
bone® wasdeveloped. Presdy, calcium orthophosphate bioceramics are available in the
form of particulates, blocks, cements, coatings, customized designs for specific
applications and as injectable composites in a polymer carrier. Current biomedical
applications include artificlaeplacements for hips, knees, teeth, tendons and ligaments, as
well as repair for periodontal disease, maxillofacial reconstruction, augmentation and
stabilization of the jawbone, spinal fusion and bone fillers after tumor surgery. Exploratory
studies dmonstrate potential applications of calcium orthophosphate bioceramics as
scaffolds, drug delivery systems, as well as carriers of growth factors, bioactive peptides
and/or various types of cells for tissue engineering purposes.

Keywords: calcium orthophgshates; hydroxyapatite; bioceramics; biomaterials;
biomedical applications; borggafts; tissue engineering
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1. Introduction

One of the most exciting and rewarding research areas of material science involves various
applications to health care. Examples autures, catheters, heart valves, pacemakers, breast implants,
fracture fixation plates, nails and screws in orthopedics, dental filling materials, orthodontic wires, as
well as total joint replacement prostheses. Furthermore, dueogntdecades, bbat an ageing
population and a democratization of higek sports have led to a surge of boakated diseases and
bone fractures, which must be treated. However, in order to be accepted by the living body, all
implantable items must be prepared from a ppexdass of materials, called biomedical materials or
biomaterials, in short.

In general, all solids are divided intour major groups of materials: metals, polymers ceramics and
composites thereof. Similarly, all biomaterials are also divided intoaime snajor groups: biometals,
biopolymers, bioceramics and biocomposites. All of them play very important roles in replacement
and regeneration of human tissues. However, due to a great number of publications, this review is
limited to bioceramics only. Imgeneral, the modern bioceramics comprise various polycrystalline
materials, glasses, glassramics, as well as ceranfited bioactive composites. All of them might be
manufactured in both porous and dense forms in bulk, as well as in the forms of ayvdeules
and/or coatings. An expansion of bioceramics to health care has been characterized by a significan
increag in the number of publications and patents in this field and anieserasing number of major
international conferences and themed tings [1-5].

Interestingly, the chemical elements used to manufacture bioceramics form just a small set of the
Periodic Table. Namely, bioceramics might be prepared from alumina, zirconia, carbon,
silica-contained and calciwmontained compounds, as wal some other chemicals [3]; however, this
review is limited to calcium orthophosphates only. Calcium orthophosplagt®l biomaterials and
bioceramics are now usddr a number of different applications throughout the body, covering all
areas of the skeien. Applications include dental implants, percutaneous devices and use in
periodontal treatment, healing of bone defects, fracture treatment, total joint replacement (bone
augmentation), orthopedics, cram@xillofacial reconstruction, otolaryngology andpinal
surgery [26]. Depending upon the required properties, different calcium orthophosphates might be
used. For exampldsigure 1 shows some randomly chosen samples of the commercially available
calcium orthophosphate bioceramics for bone graft agupbics.

In this review, the focus has been placed upon applications of calcium orthophosphates as medica
implants to repair and reconstruct damaged or diseased hard t§sbhesody(usually, those of the
musculeskeletal system, such as bones orhieand to describe some of the major developmients
this field during the past40 years. To narrow the subject further, with a few important exceptions,
bioceramics prepared from undoped anesubstituted calcium orthophosphates have been considered
and discussed only. Furthermore, calcium orthophosphate bioceramics prepared from biological
resources, such as bones, teeth, coetds,arenot considered eitheReaders interested in these topics
are advised to read the original paperST]J.
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Figure 1. Several examples of the commercial calcium orthophosiiizsted bioceramics.

2. General Knowledge on Biomaterials and Bioceramics

A number of definitions have been developed
consensuslefinition develogd by the experts in this field has been the following: biomaterials are
synthetic or natural materials used to replace parts of a living system or to function in intimate contact
with living tissues [38]. However, in September 2009, a more advancedtiidefivasi nt r oduc e d
biomaterial is a substance that has been engineered to take a form which, alone or as part of a comple
system, is used to direct, by control of interactions with components of living systems, the course of
any therapeutic or diageot i c procedur e, I n human or veter
biomaterials are intended to interface with biological systems to evaluate, treat, augment or replace
any tissue, organ or function of the body and are now used in a number of diffgsbohtams
throughout tle body [45,40]. The major differendeetweerbiomaterialsandother classes of materials
is the abilityof biomaterialgo remain in a biological environment without damaging the surroundings
and without being damagdtemselvesn the process. Thus, biomaterials are solely associated with
the health care domain and must have an interface with tissues or tissue components. One should stre
that any artificial materialshat aresimply in contact with skin, such as hearing aids wedrable
artificial limbs, are not included in the definition of biomaterials since the skin acts as a protective
barrier between the body and the external world.

The biomaterials discipline is founded in the knowledge of the synergistic interaction esfamnat
science, biological science, chemical science, medical science and mechanical science and require
input and comprehension from all these areas so that implanted biomaterials perform adequately in a
living body and interrupt normal body functionsléiée as possible [41]. As biomaterials mainly deal
with all aspects of material synthesis and processing, the knowledge in chemistry, material science anc
engineering is essential. On the other hand, as clinical applications are the main purposes of
biomaterials, biomedical sciences becoaiey part of the research. These include cell and molecular
biology, anatomy and animal and human physiology. The final aim is to achieidge#hbiological
interaction of implanted biomaterials with living tissudsaohost. In order to achieve #eegoals,
several stages have to be performed, namely: material synthesis, design and manufacturing o
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prostheses, followed by various types of tests. Furthermore, any potential biomaterial must also pass
all regulatory regirements before its clinical application [42].

Biomaterials must be distinguished frdmological materialdbecause the former are the materials that
are accepted by living tissues and, therefore, they might be used for tissue replacements, whele the latt
are the materials being produced by various biological systems (wood, cotton, bonegtchid3]. In
addition, there ardiomimetic materialswhich are not made by living organisms but haimilar
composition, structure and properties to biadayy materials. Furtherbioceramics(or biomedical
ceramics) might be defined as biomaterials of the ceramggn [44]. In general, bioceramics can
have structural functions as joint or tissue replacemeatsbe used as coatings to improve the
biocommtibility [45] of metal implants, as well as function as resorbable lattices, providing temporary
structures and frameworks those are dissolved and/or replaced as the body rebuilds the damage
tissues [4661]. Some types of bioceramics even featudeugdelivery capability [553].

A progressive deterioration of all tissues with age is the major contributor to the need for spare
parts for the body. Bone is especially vulnerable to fracture in older people due to a loss of density and
strength with age. T effect is especially severe in women due to the hormonal changes associated
with menopause. A graphical representation of the effect of time on bone strength and density from the
age of 30 years onward is available in literature [Ref.H@Jre 1]. Bore density decreases because
bonegrowing cells (osteoblasts) become progressively less productive in making new bone and
repairing micrefractures. The lower density greatly deteriorates the strength of bones and an
unfortunate consequence is that many madple fracture their hips or have collapsed vertebrae and
spinal problems [48].

Surface reactivity is one of the common characteristics of bioceramics. It contributes to their bone
bonding ability and their enhancing effect on bone tissue formationndpumplantation, various
reactions occur at the material/tissue interfaces that lead tedépendent changes in the surface
characteristics of the implanted bioceramics and the surrounding tissues [54]. Biocaramexded
to alleviate pain and resmfunctions to diseased or damaged calcified tissues (bones and teeth) of the
body. A great challenge facirthe medical applicatiorof bioceramicss to replace old, deteriorating
bone with a material that c¢an [lifeuand;itieally, be réplaced r e r
by a new mature bone without transient loss of mechanical support [1]. Because the average life spar
of humans is now 80+ years and the major need for spare parts begins at about 60 years of age, tf
implanted norresorbablebioceramics need to last, at least, for 20+ years. This demanding
requirement of survivability is under conditions of use that are especially harsh to implanted materials:
corrosive saline solutions at 37 € under variable, multiaxial and cyclical mecdlalwads. The
excellent performance of the specially designed bioceramics that have survived these clinical
conditions represents one of the most remarkable accomplishments of research, development
production and quality assurance during the past cef#8ty
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Table 1.Existing calcium orthophosphates and their major propdBieS8].
Ca/P Solubilityat | Solubilityat | PH Staility range
molar Compound Formula 25°C, T log(KJ) 25°C. gl in aqueous
ratio » 1109 9 solutions at 25C
05 Monocalcium phosphate momgdrate Ca(PQ)H 50 114 18 0.02.0
(MCPM)
Monocalcium phosphate anhydrous _ [c]
0.5 (MCPA) Ca(HPQy), 1.14 17
10 Dicalcium phpsphate d|hydrate (DCPI CaHPQZH ,O 6.59 ~0.088 2 016.0
mineral brushite
Dicalcium phosphate anhydrous _ [
1.0 (DCPA), mineramonetite CaHPQ 6.90 0.048
1.33 Octacalcium phosphate (OCP) Ca(HPQy)2(POy) BH 2,0 96.6 ~0.0081 557.0
1.5 OUTrical ci um-TQP) 0 3 U-Cay(POy)» 25.5 ~0.0025 (el
1.5 b-Trical ci umT@P) o g b-Cas(PQy), 28.9 ~0.0005 (el
. . Ca(Hy(PO4)ﬁH -0, n=34.5; [o] [b] o [d]
1.0r2.2 | Amorphous calcium phosphate (ACH 151 20% HO 5112
. Calciumdeficient hylroxyapatite | Caiox(HPOu)x(PQs)sx(OH)2.," ~ _ .
1.511.67 (CDHA)® (0 <x<1) 85.1 0.0094 6.5 9.5
1.67 Hydroxyapatite (HA, HAp or OHAp) Cao(POy)6(OH)2 116.8 ~0.0003 9.512
1.67 Fluorapatite (FA or FAp) Caio(POy)sF2 120.0 ~0.0002 7112
1.67 Oxyapatite (OA or OAp) Cauo(PQy)sO ~69 ~0.087 fe]
Tetracalcium phosphate (TTCP or . _ [a]
2.0 TetCP), mineral hilgenstockite Ca(PQy).0 38144 0.0007
[ These compounds cannot be precipitated from aqueous solutions.
[T cannot be measured precisely. However, the following vakezs found: 25.7% 0.1 (pH= 7.40), 29.9+ 0.1 (pH= 6.00), 32.7+ 0.1
(b H=5.28). The comparative extent -0CPdHERHBADHA>S>bBIA>HAN aci di c

! Stable at temperatures above 0
[ Always metastable.

] Occasionally CDHA is named as precipitated HA.
MIn the case = 1 (the boundary condition with Ca/P = 1.5), the chemical formula of CDHA looks as folloy(stRCa) (P Qy)s(OH).

buf fer
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3. General Knowledge on Calcium @hophosphates

The main driving force behinthe use of calcium orthophosphates as bone substitute materials is
their chemical similarity to the mineral component of mammalian bones and te€ifl][%%s a result,
in addition to being notoxic, they are biocompatible, not recognized as foreign méten the body
and, most importantly, exhibliioth bioactivebehavior[59] and integrate into living tissue by the same
processes active in remodeling healthy bone. This leads to an intimate physicochemical bond betweel
the implants and bones, termedemshtegration [60]. More to the point, calcium orthophosphates are
also known to be osteoconductive (able to provide a scaffold or template for new bone formation) and
support osteoblastdhesion and proliferation [@2]. Even so, the major limitations tse calcium
orthophosphates as lchearing bioceramics are their mechanical properties; namely, they are brittle
with a poor fatigue resistance [48,63]. The poor mechanical behavior is even more evident for
highly porous bioceramics and scaffoloscaise porosity greater tharl60 pm is considered as the
requirement for proper vascularization and bone cell colonizatior6¢§4Thus, for biomedical
applications, calcium orthophosphates are used primarily as fillers and coatings, rendering it
impossibleto use thenfor repairof large osseous defects [58].

The complete list of known calcium orthophosphates, including their standard abbreviations and the
major properties, is given in Table 1, while detailed information on their synthesis, structure,
chemistry, other properties and biomedical application has been coengredly reviewed
recently [5758]; interested readers are referredre Additional thorough information on various
calcium orthophosphatesinbe found in books and monographs-[@&]. One should note that among
the existing calcium orthophosphates (Table 1), only certain compounds are useful for biomedical
applications, because those havanGa/P ionic ratio less than 1 are not suitable for implantation due
to their high solubility ad acidity. Due to its basicity, TTCP is not suitable either. However, to be
used in medicine, the Aunsuitableo calcium ol
either other calcium orthophosphates or other chemicals.

4. Bioceramics ofCalcium Orthophosphates
4.1. History

The performance of living tissues is the result of milliasfsyears of evolution, while the
performance of acceptable artificial substitutidhat humankind has designed to repair damaged
tissues are only a few decades old. ldeer, attempts to repair the human body with the use of
implant materials are recorded in the early medical writings of the Hindu, Egyptian and Greek
civilizations. The earliest successful implants were in the skeletal system. Historically, selectmn of th
materials was based on their availability and an ingenuity of the individual making and applying the
prosthetic [76]. Archaeological findings exhibited in museums showed that materials used to replace
missing human bones and teeth included animal or huffnam corpses) bones and teeth, shells,
corals, ivory (elephant tusk), wood, as well as some metals (gold or silver). For instance, the Etruscans
learned to substitute missing teeth with bridges made from artificial teeth carved from the bones of
oxen, vhile in ancient Phoenicia loose teeth were bound together with gold tyires artificial ones
to neighboring teeth. In the 17th century, a piece of dog skull was successfully transplanted into the
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damaged skull of a Dutch duke. The Chinese recordedirteuse of dental amalgam to repair
decayed teeth in the year 659 AD, while-@@umbian civilizations used gold sheets to heal cranial
cavities following trepanation [77]. Furthermore, in 1970, Amadeo Bobbio discovered Majlansome

of then morehan 4000 years old, in which missing teeth had been replaced by nacre substitutes [78].
Unfortunately due to the practice of cremation in many societies, little is known about prehistoric
materials used to replace bone lost to accident or disease.

The first widely tested artificial bioceramic was plaster of Paris. However, in the past, many
implantations failed due to infections, which tended to be exacerbated in the presence of implants,
since they provided a r egi onalyicompaetentedls Thbs| tee usgeo t
of biomaterials did not become practical until the advent of an aseptic surgical technique developed by
J. Lister in the 1860s. Furthermore, there was a lack of knowledge tieotaixicity of selected
materials. In thisframe, application of calcium orthophosphates appears to be logical due to their
similarity with the mineral phases bbnes and teeth [55,56,69,89]. Calcium orthophosphates are
not toxic and do not cause cell death in the surrounding tissues. Howeuerding to available
literature, the first attempt to use them (it was TCP) as an artificial material to repair surgically created
defects in rabbits was performed in 1920 [81]. Although this may be the first scientific study on use of
a calcium orthopbsphate for bone defects repair, it remains unclear whether the calcium
orthophosphate was a precipitated or a ceramic material and whether it was in a powder or granulal
form. The second clinical report was published 30 years later [82]. Mor@thgears afterwards, the
first dental application of a calcium orthophosphate (erroneously described as TCP) in surgically
created periodontal defects [83] and the use of dense HA cylinders for immediate tooth root
replacement [84] were reported. According to #wailable databases, the first paper with the term
Abi oceramicso i n the ab sandwihdhe tewratse tile in b972[83ve d |1 n
However, application of the ceramic materials as prostheses had been known befdre R8ther
historical details nght be found in literature [923]. On April 26, 1988, the first international
symposium on bioceramics was held in Kyoto, Japan.

Commercialization of the dental and surgical applications of calcium orthophosphate (mainly, HA)
bioceramics occurred in the 1980s, largely due to the pioneering efforts by JarcBa@][8the USA
De Groot [67,9899] in Europe and Aoki [10Q03] in Japan. Shortly afterwardslA beame a
bioceramic of reference in the field of calcium orthophosphates i@mdalical applications.
Preparation and biomedical applications of apatites derived from sea corals (coralline HAD§]104
and bovine bone [10%}yerereported at the same time [108].

4.2. Chemical Composition and Preparation

Currently, calcium orthophoblpte bioceramics can be prepared from various sourcesl[]9
Unfortunately, upuntil now, all attempts to synthesize bone replacement materials for clinical
applications featuring physiological tolerance, biocompatibility and atemg stability havdiad only
relative success; shawg the superiority and a complexity of the natural structures [117].

In general, calcium orthophosphéteceramicsshould becharacteried from many viewpoints
such as the chemical composition (stoichiometry and puritgindgeneity, phase distribution,
morphology, grain sizes and shape, grain boundaries, crystallite size, crystallinity, pores, cracks,
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surface, etc From the chema point of view, the vast majority of calcium orthophosphate

bi oceramics i g CP ar€RJahd/op biphadié calciin phosphate (BCP, which is an

i nti mate mi XTCR+HA[148]1 3&i] tT@®R+ HAH~11]) [131-139]. One should note

that recently the concept of BCP has been extended by preparation and characterization of biphasic
TCP, cons-TEPIi a§CP pHased)[14044]. The biphasic TCP is usualiyrepared by
heating ACP precursors [1424 4 ] i n -TwChA-T€HA ratio lkagbe tbntrolled by aging time

and pH value during synthesis of the amorphous precursor [143]. Furthermore, very recently, a
triphasic for mul atTiCoPn ,aTCBohaksbeen prepargd [145]. THe Areparbkion
techniques of various calcium orfifmsphates have been extensively reviewed in lier§57,5857-75]

and references ther ei-andldh ¢A is a marepstableeptiaset uaderthet h
physiological conditions, as it has a lower solubility (Table 1) and, thus, a slowepti@sor
kinetics[69,131132]. Therefore, the BCP concept is determined by the optimum balance of a more
stable phase of HA and a more sol ubl-eorITAP. Dt
component, the reactivity of BCP increases witicreasing TCP/HA ratio. Thus,in vivo
bioresorbability of BCP can be controlled through the phase composition [127]. Similar conclusions
are also valid for botTCPishmorebsolyble phase)candTthe Briphasicn

( HA-T CPB aTCR) fobmuhtion.

As implants made of calcined HA are found in bone defects for many years after implantation,
bioceramics made of more solulgiglcium orthophosphates-[I71,118130,133-147] arepreferable for
biomedical purposes. Furthermore, experimental resultsvesh that BCP had a higher ability to
adsorb fibrinogen, insulin or type | collagen than HA [148]. Thus, according to both observed and
measured bone formation parameters, calcium orthophosphates have been ranked as follows: lov
sintering temperature BCP© ugh an dnesdmauot hs)i nd ering temperatu
low sintering temperature HA > naralcined low sintering temperature HA > high sintering
temperature BCP (rough and smooth) > high sintering temperature HA (calcined aradchued) [49].

This sequencvasd evel oped in 2000 and, thus, RTER and e r |
b-TCP) formulation have been included. Recent developments in processing and surface modification
of HA have been reviewed elsewhere [150].

4.3. Formingand Shaping

In order to fabricate bioceramics in more and more complex shapes, scientists are investigating the
use of old and new manufacturing techniques. These techniques range from an adaptatiahdof age
pottery techniques to the latest manufacturmeghods for higitemperature ceramic parts for airplane
engines. For example, reverse engineering and rapid prototyping technologies have revolutionized &
generation of physical models, allowing an engineer to efficiently and accurately produce physical
models and customized implants with high levels of geometric intricacyI%31L Combined with the
computeraided design and manufacturing (CAD/CAM), complex physical objects of the anatomical
structure can be fabricated in a variety of sizes. In a typmalication, an image of a bone defect in a
patient can be taken and used to develop a-tirmensional (3D) CAD computer model [£356]. A
computer can then reduce the model to slices or layers. The 3D objects are constructadldgyger
using rapid prototyping techniques such as fused deposition modeling [157,158], selective laser
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sintering [159161], 3D printing [162170] or stereo lithography [17174]. A custormmade implant of

actual dimensions would reduce the time it takes to perform the rhed@antation procedure and
subsequently lower the risk to the patient. Another advantage of a prefabricatedittingaémplant

is that it can be used more effectively and applied directly to the damaged site rather than a
replacementhatis formulaed during surgery from a paste or granular material-fll74. In some

cases, laser processiognbe applied as well [178].

The manufacturing technique depends greatly on the ultimate application of the bioceramic device,
whether it is for a hartissue eplacement or integration of the device within the surrounding tissues.

In general, three types of processing technologies are used: (1) employment of a lubricant and a liquic
binder with ceramic powders for shaping and subsequent firing; (2) applicdteelf-setting and
selfhardening properties of wateret molded powders (cementation); (8¢lting ofmaterials to form

a liquid and shapg during cooling and solidification [17982]. Since calcium orthophosphates are
either thermally unstable (MCPM, ®PA, DCPA, DCPD, OCP, ACP, CDHA) or have a meltinghpo

at temperatures exceedind 4 0 0 -A CP {TCA HA, FA, TTCP), only the first and second
consolidation approaches are used to prepare bulk bioceramics and scaffolds. The melinbels in
uniaxial compaction [18384], isostatic pressing (cold or hot) [1891], granulation [192],dose
packing [193], slip castg [194196], gel casting [173,17897-202], pressure mold forming [203],
injection molding [204], polymer replication [2@98], extrusion [20211], slurry dipping and
spraying [212. In addition,formation of ceramic sheetbom slurries tape casting [130,199,2213}],
doctor blade [215] and colanderethods might be employed [639182]. Furthermore, some of
these processes might be performed under the magnetic field, which helps crystal align2iP]216

Powders are umlly pressed damp in metal dies or dry in lubricated dies at pressures high enough to
form sufficiently strong structures to hold together until they are sintered. An organic binder such as
polyvinyl alcohol helps to bind the powder together [185]. Dnahgbout 100 € is a critical step in
preparing damybormed pieces for firing. Too much or too little water in the compacts can lead to
blowing apart the ware on heating or crumbling, respectively. The binder is removed by heating in air
to oxidize the aganic phases to carbon dioxide and water {182).

Furthermore, forming and shaping of any ceramic products require a proper selection of the raw
materials in terms of particle sizes and size distribution. Namely, tough and strong bioceramics consist
of pure, fine and homogeneous microstructures. To attain this, pure powders with small average size
and high surface area must be used as the starting sources. However, for maximum packing and lea
shrinkage after firing, mixing of ~70% coarse an80% fine pwders have been suggested [182].
Mixing is usually carried out in a ball mill for uniformity of properties and reaction during subsequent
firing. Mechanical die formingor sometimes extrusion through a die orifican be used to produce a
fixed crosssection. Drying involves removal of water and subsequent shrinkage of the product.
However, due to local variations in water content, warping and even cracks may be developed during
drying. Dry pressing and hydrostatic molding can minimize these probler2§ ABerwards, the
manufactured green samples are sintered.

Finally, to produce the accurate shaping, necessary for the fine design of bioceramics, machine
finishing might be essential [196,9220]. Unfortunately, cutting tools developed for metals are
usually useless for bioceramics due to their fragility; therefore, grinding and polishing appear to be the



J. Funct. Biomater201Q 1 31

convenent finishing techniques [15679]. Furthermore, the surface of bioceramics might be modified
by various additional treatments [221].

4.4. Sintering and Firing

A sintering (or firing) procedure appears to be of a great importance to manufacture bulk
bioceramics with the required properties. Usually, this stage is carried out according to controlled
temperature programs of electric furnaces instgid ambience of air with necessary additional gasses;
however, always at temperatures below the melting points of the materials. The firing step can include
temporary holds at intermediate temperatures to burn out organic bindets824]7The heatingate,
sintering temperature and holding time depend on the starting materials. For example, in the case o
HA, these values are in the ranges ofi 8.€/min, 1000i 1250 € and 45 h, respectively [222]. In
the majority cases, sintering allows a structureetain its shape. However, this process might be
accompanied by a considerable degree of shrinkage [107], which must be accommodated in the
fabrication process. The sintering mechanism is controlled by both surface and volume diffusion at
grain boundariesin general, when solids heat to high temperatures, the constituent ions or atoms are
driven to move to fill up pores and open channels between the grains of powders, as well as to
compensate for the surface energy differences among their convex andeceundaces. At the initial
stages, bottlenecks are formed and grow among the partittpsd 2). Existing vacancies tend to
flow away from the surfaces of sharply curved necks; this is an equivalent of a material flow towards
the necks, which grow asdlvoids shrink. Small contact areas among the particles expand and, at the
same time, a density of the compact increases and the total void volume decreases. As the pores ar
open channels are closed during a heat treatment, the particles become tigiilgl tagether and
density, strength and fatigue resistance of the sintered object improve greatly-bGinadary
diffusion was identified as the dominant mechanism for densification [223]. Furthermore, strong
chemical bonds form among the particles arabédy compacted green bodies are hardened to denser
materials [179182].

Figure 2. A schematic diagram representing the changes occurring with particles
under sintering

In the case of calcium orthophosphates, several specific processes occur atemggsiFirstly,
moisture, carbonates and all other volatile chemicals remaining from the synthesis stage, such a:
ammonia, nitrates and any organic compounds, are removed as gaseous products. Secondly, unle
powders are sintered, the removal of thessegafacilitates production of denser ceramics with
subsequent shrinkage of the samplegure 3). Thirdly, all chemical changes are accompanied by a
concurrent increase in crystal size and a decrease in the specific surface area. Fourthly, a chemice
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deconposition of all acidic orthophosphates and their transformation into other phosphates
(e.g.2HPO? Y ©®" +H,09) takes place.

Figure 3. Linear shrinkage of the compacted ACP powders that were converted into
b-TCP, BCP (50%CHA +#@nxd0%Ab upon heating. Acco
1300 €, the shrinkage reaedd a maximum of approximatel\25, ~30 and 35% for the
compacted ACP powders that -TEGRyerespdechitoe HA
Reprinted from [224] with permission.
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In addition sintering causes toughening [225], densification [226], as welh@gasg the
mechantal strength [22228]. The latter events are due to presence of air and other gases filling gaps
among the unsintered powders. At sintering, the gases move towards the outside of powders and gree
bodies shrink owing to decrease of distances among powdewnsever, in the case of FA sintering, a
linear shiinkage was found to occur aft5 € and the materiateached its final density aB90 C.

Above this value, grain growth became important and induced anrgir@mnalar porosity, which was
responile for density decrease. At1380 €, a liquid phase formmdue to formation of a binary
eutectic between FA and fluorite contained in the powder as impurity. This liquid phase further
promoted the coarsening process and induced formation of large pores &rhpggratures [229].
Sintering of a biologically formed api has been investigated [2381] as well, and the obtained
producs have been characterized [ZZ23]. In all cases, the numerical valuetbé Ca/P ratio in
sintered apatites of biological omgwas higher than that of the stoichiometric HA. One should
mention that in the vast majoribf cases, calcium orthophosphates with Ca/P ratio < 1.5 (Table 1) are
not sintered, since these compounds are thermally unstable, while sintering of CDHA atebhd<€P

to their transfor-m@Pipa34niTaPi2BBR + HB + b

An extensive study on the effects of sintering temperature and time on the properties of HA
bioceramics revealed a correlation between these parameters and density, poraisitysizer
chemical composition and strength of the scaffoll36]. Namely, sintering below1800 € was
found to result in initial particle coalescence, with little or no densification and a significant loss of the
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surface area and porosity. The degredesfsification appeared to depend on the sintering temperature
whereas the degree of ionic diffusion was governed by the period of sintering [236]. Furthermore,
various sintering additives might be added to calcium orthophosphate bioceramics to enhance
sinterability [237#240]. Unexpectedly, a magnetic field during sintering was found to influence the
growth of HA grains [241].

HA powders can be pressurelessly sintered up & thHeoretical density at 1000200 C.
Processing at higher temperatures may leaeixaggerated grain growth and decomposition because
HA becomes unstable at temperat exceeding ~1300 € [675242]. The decomposition
temperature of HA bioceramics is a function of the partial pressure of water vapor. Moreover,
processing under vagm leads to an earlier decomposition of HA, while processing under high partial
pressure of water prevents the decomposition. On the otherthapdesence of water in the sintering
atmosphere was reported to inhibit densification of HAl accelerate gin growth [63243]. A
definite correlation between hardness, density and grain size in sintered HA bioceramics was found:
despite exhibiting high bulk density, hardness started to decrease at a certain criticaizgrain
limit [244,245].

Hot pressing 245251], hot isostatic pressing (HIP) [18%0] or hot presing with
postsintering [252253] processes make it possible to decréhseemperature of the densification
process, diminish the grain size, as well as achieve higher densities. This laelsnicrostructures,
higher thermal stability of calcium orthophosphates and subsequently better mechanical properties of
bulk bioceramics. Microwave [25261] and spark plasma [2&Z0] sintering techniques are
alternative methods to the conventionatering, hot pressing and HIP. Both techniques were found to
be time and energy efficient densification methods. Recently, a hydrothermal hot pressingwasthod
developed to fabricate OCP bioceramics without thermal dehydration and/or thermal
decomposibn [271]. Further details on the sintering and firing processes of calcium orthophosphate
bioceramics ee available in literature [47,63,69,70,2723].

To conclude this part, one should mention an excellent recent review on various ceramic
manufacturingechniques [274}o whichinterested readers are referred to extend their knowledge on
ceramic processing.

5. The Major Properties
5.1. Mechanical Properties

Ideally, a bone substitute should be replaced by a mature bone without transient loss of alechanic
support. Unfortunately for material scientists, a human body provides one of the most inhospitable
environments for implanted materials. It is warm, wet and both chemically and biologically active.
Furthermore, the body is capable of generating quitesiva force concentrations and the variance in
such characteristics among individuals might be enormous. Therefore, all types of potential
biomaterials and bioceramics must sustain attacks of a great variety of aggressive conditions.
Regrettably, there igresently no material fulfilling all these requirements.

On the other hand, any ceramics, when they fail, tend to do so in a dramatic manner. Neemely,
brittle nature of calcium orthophosphate bioceramics is attributed to high strength ionic bondg. Thus,
is not possible for plastic deformation to happen prior to failura,stip cannot occur. Consequently,
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if a crack is initiated, its progress will not be hindered by the deformation of material ahead of the
crack, as would be the case in a ductildenal (e.g.,a metal). The crack will continue to propagate,
rapidly resulting in a catastrophic failure [180].

Accordingly, from the mechanical point of view, calcium orthophosphate bioceramics appear to be
brittle polycrystalline materials for which thmechanical properties are governed by crystallinity,
grain size, grain boundaries, porosity and composition [188]. It appears to be very sensitive to slow
crack growth [275]. For dense bioceramics, the strength is a function of the grain size. Fingizgrain
materials have smaller flaws at the grain boundaries and thus are stronger than bioceramics with large
grain sizes. In general, the mechanical properties decrease significantly with increasing content of an
amorphous phase, microporosity and graze,swhile a high crystallinity, a low porosity and small
grain size tend to give a higher stiffness, a higher compressive and tensile strength and a greate
fracture toughness. Thus, calcium orthophosphate bioceramics possess poor mechanical praperties (f
instance, a low impact and fracture resistances) that do not aflem loadbearing areas, such as
artificial teeth or bones [462276]. For example, fracture toughness [277] of HA biocerauhes
not exceed +2 MPam'? [278] (human bone: iZ22 MPam ). It decreases almost linearly with
increasingporosity [63]. Generally, fracture toughness increases ddtineasingyrain size. However,
in some materials, especially nronbic ceramics, fracture toughness reaches the maximum and rapidly
drops wit decreasing grain size. For example, Haloearl investigated fracture toughness of pure
hot pressedHA with grain sizeof 0.21 1.2 ym [251]. There appeared to be two distinct trends, where
fracture toughness decreasedhwiiicreasing grain size abov®.4 pn and subsequently decreased
with decreasing grain size. The maximum fracture toughness measured was 1.20 +0.0%\aPam
~0.4 pm [251]. Fracture energy of HA bioeenics is in the range of 2.30 J/nf, while the Weilill
modulus [279] is low (~B12) in wet environments, which means that HA behaves as a typical brittle
ceramics and indicates low reliability of HAplants [63]. Interestinglythreepeaksof internal friction
were found at temperatures abbd0, 80 and 130 € for HA but no internal friction peaks were obtained
for FA in the measured temperature range; this effect was attributed to the differathesgasitions of
F and OHin FA and HA, respectively [280].

Bending, compressive and tensigrengths of dense HA bio@emics are in the range of
38i 250 MPa, 120900 MPa and 3800 MPa, respectively. Similar values for porous HA hiangecs
are in the range ofid1 MPa, 2100 MPa and 3 MPa, respectively [63]. These wide variations in the
propeties are due to both structural variatioesg(,an influence of remaining microporosity, grain
sizes, presence of impuritiestc) and manufacturing processes, as well as caused by a statistical
nature of the strength distribution. Strength [281] wamil to increase witincreasingCa/P ratio,
reachinga maximum value around Ca/PL67 (stoichiometric HA) antb decrease suddenly when
Ca/P > 1.67 [63]. Furthermore, strength decreases almost exponentidhy increasing
porosity [119120]. However, B changing the pore geometry, it is possible to influence the strength of
porous bioceramics. It is also worth mentioning that porous HA biocerareasonsiderably less
fatigue [282] resistant than dense ones. Both grain sizes and porosity are repanfecence the
fracture path, which itself has little effect on the fracture toughness of calailmapbosphate
bioceramics [18&83]. Furthermore, no obvious decrease in mechanical properties was found after
calcium orthophosphate bioceramics had begedain various solutiondor different time
periods [284].
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Youngods (or el asti c) neoadthiaslisursthe [ragge 6f3620GPa, evlech s e
is more or less similar to those of the most resistant components of the natufieldcadsues dental
enamel: ¥4 GPa, dentine:21 GPa, compact bone: v22 GPa). Nevertheless, dense bulk compacts
of HA have mechanical resistances of tireler of 100 MPaversus~300 MPa of human bones,
diminishing drastically their resistance in the case of pobousl k compacts [ 286].
measured in bending is between 44 and 88 GPa. Recently, a considerable anisotropy in-fteastress
behavior of the perfect HA crystalgsfound byab initio calculations [287]. The crystals appeared to
be brittle br tension along the-axis with the maximum stress 006 GPa at 10% strain. Furthermore,
the structural analysis of the HA crystal under various stages of tensile strain revealed that the
deformation behavior manifested itself mainly in the rotatiodP©f tetrahedrons with concomitant
movements of both the columnar and axial Ca ions [287]. Vickers hardness [288] of dense HA
bioceramis is within 37 GP a, while the Poissonds ratio [ 2
which is close to that of boné€s0.3). At temperatures within 1000100 €, dense HA bioceramics
werefound to exhibit superplasticity with a deformation mechanism based on grain boundary sliding.
Furthermore, botkhewear resistance and friction coefficient of dense HA bioceramicsoanparable
to those of dental enamel [63].

Due to high brittleness (associated to a low crack resistance), biomedical applications of calcium
orthophosphate bioceramics are focused on production efoadibearing implants, such as pieces
for middle earsurgery, filling of bone defects in oral or orthopedic surgery, as well as coating of dental
implants and metallic prosthesis ¢sbelow) [117,29@91]. In order to improve the reliability of
calcium orthophosphate bioceramics, diverse reinforcementsricsianetals or polymers) have been
applied to manufacture various biocomposites and hybrid biomaterials [292], but that is another story.
However, successful hybrid formulatiom®nsising of calcium orthophosphates only should be
mentioned [29298]. For example, bulk HA bioceramics might be reinforced by HA
whiskers [2942 9 7 ] . Furthermore, a s {ad@Pecompositesi.g.,uBcR)rtop | a s
HA bioceramics has been detected [298].

Another approach to improve the mechanical properties ofucalorthophosphate bioceramics is
to coat the items by a polymeric layer [299,300]; however, this is still other $tveyested readers
are referred tdurther details on the mechanical properties of calcium orthophosphate bioceramics
available elsewher[63,301].

5.2. Electrical Properties

Occasionally, interestis expressed inthe electrical properties of calcium orthophosphate
bioceramics. For example, a surface ionic conductivity of both porous and dense HA bioceramics was
examined for humidity sensapplications, since the room temperature conductivity was influenced by
relative humidity [302]. Namely, the ionic conductivity of HA has been a subject of research for its
possible use as an alcohol [303], carbon dioxide [303] or carbon monoxide [@94$egsors.
Electrical measurements have also been used as a characterization tool to study the evolution o
microstructure in HA bioceramics [305]. More to the point, Valdesl examined the dielectric
properties of HA to understand its decomposition-fIiCP [306]. In the case of CDHA, the electrical
properties, in terms of ionic conductivity, were found to increase after compression of the samples at
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15 t/cnf, which was attributed to establishment of some order within the apatitic network [307]. The
conductivity mechanism of CDHA appeared to be multiple [308]. Furthermore, there is an attempt to
develop CDHA whisker electrets for biomedical utilization [309].

Interestingly, the electrical properties of calcium orthophosphate bioceramics appearetocaflu
their biomedical applications. For example, there is an interest in polarization of HA bioceramics to
generate a surface charge by the application of electric B¢ldievated temperatures [3301]. The
presence of surface charges on HA bioceramas shown to have a significant effect on batkitro
andin vivo crystallization of biological apatite [31216]. Furthermore, growth of both biomimetic
calcium orthophosphates and bones was found to be accelerated on negatively charged surfaces at
deceleratedon positively charged surfaces [3B25]. In addition, the electrical polarization of HA
bioceramics was found to accelerate a cytoskeleton reorganization of ostbkblastls [326328],
extend bioactivity [329] and enhance bone ingrowthughothe pores of porous HA implants [330].
There is an interesting study on the interaction of a blood coagulation factor on electrically polarized
HA surfaces [331]. Further details on the electrical properties of calcium orthophebpkatk
bioceramiccanbe found in [25832336].

5.3. Possible Transparency

Single crystals of all calcium orthophosphates are optically transparent for visible light. As
bioceramics of calcium orthophosphates have a polycrystalline nature with a random orientation of big
amounts of small crystakhey areopaque and of white color, unless colored dopants have been added.
However, in some cases, transparency is convenient to provide some essential advaugtates (
enable direct viewing of living cells in a transmitteghli). Thus, transparent calcium orthophosphate
bioceramics have beeprepared and investigated [189,191,267,23B344]. The preparation
techniques, for example, inclutiet isostatic pressing [18%81], ambierfpressure sintering [337], gel
casting coumd with alow-temperature sintering [34843], pulse electric current sintering [341], as
well asspark plasma sintering [2&7,0]. Fully dense, transparent calcium orthophosphate bioceramics
wereobtained at temperates above 800 €. Depending on the pparation technique, the transparent
calcium orthophosphatbioceramicshave a unform grain size ranging fromG:2e m [ 33 7]
~250 & m [aBdviays padrad; the latter is not good for biomedical applications.

5.4. Porosity

Porosity is defined athe percentage of void spaces in solids and it is a morphological property
independent of the material. The sudaarea of porous bodies is much higher, which guarantees a
good mechanical fixation in addition to providing sites on the surface that allow chemical bonding
between the bioceramics and bones [345]. Furthermore, a porous material may have both closec
(isolated) pores and open (connected) pores. Connected pores look like tunnels and are accessible &
gases, liquids and particulate suspensions [346]. The-aglemature of reticulated materials is a
unique characteristic essential in many applications. Eurtbre, dimensions of open pores are
directly related to bone formation, since such pores grant both the surface and space for cell adhesio
and bone ingrowth. On the other hand, pore interconnection provides the way for cell distribution and
migration, aswell asallowing efficient in vivo blood vessel formation suitable for sustaining bone
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tissue nedormation and possibly remodeling [&6,122347-352]. Namely, porous HA bioceramics

can be colonized by bone tissues [349;363]. Therefore, interconnenfj macroporosity (pore
size>100 & m) [ 1 1385], 3vHich ,is3dfifed Byo6itd capacity to be colonized by cells, is
intentionally introduced in solid bioceramicBigure 4). Macroporosity is usually formed due to a
release of various volatile matals and, for that reason, incorporation of poreating additives
(porogens) is the most popular technique to create macroporosity. The porogens are crystals ol
particles of either volatile (they evolve gases at elevated temperatures) or soluble ssibstatcas
paraffin, naphthalene, sucrose, NaH{CQyelatin, polymethylmethacrylateor even hydrogen
peroxide [119,27366-373]. Obviously, the ideal porogen should be nontoxic and be removed at
ambient temperature, thereby allowing the ceramic/porogeturaixo be injected directly into a
defect site and allowing the scaffold to fit the defect [374]. Sintering particles, preferably spheres of
equal size, is a similar way to generate porous 3D bioceramics of calcium orthophodgibate$).
However, poes resulting from this method are often irregular in size and shape and not fully
interconnected with one another.

Figure 4. Photographs of a commercially available porous calcium orthophosphate
bioceramic with different porosityHorizontal field wdthis 20 mm.

Several other techniques, such as replication of polymer foams by impregnatigphasmimixing,
particulate leaching, freeze casting, slip casting, stereo lithography and foaming of gel casting
suspensions, have dm® applied to fabricate porous calcium hophosphate bioceramics
[64-66,104,180,196,199,202,2@07,246,24B64408]. Someare summarized in Table 2 [374].
Furthermore, natural porous materials, like coral skeletons made of ;Ca@®be converted into
porous HA under hydrbermal conditions (250 €, 2448 h) with the microstructure
undamagefL04-106]. Porous HA bioceramics can also be obtained by hydrothermal hot pressing. This
technique allows solidifetion of the HA powder at 10600 € (30 MPa, 2 h [381]. In another
approach, btontinuous watefilled microemulsions have been used as@uanized systemi®r the
fabrication of needkike frameworks of crystalline HA (2 €threeweeks) [382383]. Porous HA
bioceramics might be prepared by a cambon of gel casting and foam burn out methods [202].
Lithography was used to print a polymeric material, followed by packing with HA and sintering [384].
A hot pressing techniqueanbe applied as well [24B47]. In addition an HA suspension can be tas
into a porous CaCg¢Xxskeleton, which is then dissolved, leaving a porous network [376]. 3D periodic
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macroporous frame of HA has been fabricated via a temp$sisted colloidal processing
technique [385]. Furthermore, porous HA bioceramics mighprepared by using different starting
HA powders and sintering at various temperatures by ymelesssintering method [391].

Figure 5. b-TCP porous ceramics with different pore sizes prepared using
polymethylmethacrylate balls withe diametes. (a) 100" 200, (b) 300 400, (c) 500600

and ¢) 7008 00 tlonzontal field width is 45 mm.Reprinted from [377]
with permission.
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Table 2. The procedures used to manufacture porous calcium orthophosphate scaffolds for tissue engineering [374].

Year | Who and where Process Calcium Sintering Compressive Pore sizes | Porosity
orthophosphate strength
Deville et al HA + ammonium methacrylate i 16 MPa, 65 open >60%,
2006 Berkele C'A PTFE mold, freeze dried and HA Yes: 1300 € MPa, 145 | unidirectional| 56%,
Y sintered. MPa 5011 5 0 47%
Saizet al Polymer foams coated, Yes:
2006 Berkeley, CA compressed aft_er infiltration, the ~ HA powder 200 1300 € I 10002 0 O |
calcined.
2006 Muruganet al Bovine bone cleaned, calcined Bovine bone Yes: 500 € | retenton of |
Singapore + USA nanopores
Directly injectable calcium : , =0
2006 . Xu et al orthophosphate cement, self Nanocrystalline NoO 2.214.2 MPa 01 50% 65 82%
Gaithersburg, MD : HA (flexural) macrgorous
hardens, mannitol as porogen
Sponge imprgnation, isotactic Calcium
. ’ H . 0,
2004 Landiet al It_aly pressing, sintering of HA in hydroxide + : ves: 1250 € 23 +3.8 MPa closed 6%, 66%
+ Indonesia . : orthophosphoric for 1 hr open 60%
simulated body fluid. acid
Charriereet al. | Thermoplastic negative porosit )
2003 EPFL, by ink jetprinting, slip casting | DCPD + Calcite No: 90 T for 12.5 4.6 | 44%
. 1 day MPa
Switzerland process for HA
- : - 1.41 +0.27 | 35.7% macro
0
Almirall et al UTCI.D foamgd with hydroggn UTCP + (10% No: 60 € for MPa 29.7%6 micro | 65.5%
2003 .| peroxide at different conc., liq. and20%
Barcelona, Spain ratios. oured in PTEE molds eroxide) 2 hr 2.69 £0.91 | 26.8% macro| 60.7%
P 1 P MPa 33.8% micro
Ramavet al Slurries of HA prepared: Yes: 600 C
2003 yet & gelcasting + polymer sponge HA powder for 1 hr, 1350, 0.555MPa | 2004 00 700 77%
Seattle, WA . :
technique. Sintered. € for 2 hr

3¢
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Table 2.Cont.
Miao et al TTCP to calcium orthophospha Yes: 1200 € . 1 mm macro,
2003 . cement. Slurry cast on polyme TTCP i ~70%
Singapore . for 2 hr 5 em
foam, sintered.
. 2.25 MPa (0 .
Uemuraet al. Slurry of HA with Yes: 200 € |wk) 4.2 Mpa| 200 Micron
2003 . polyoxyethylenelaurylether HA powders 200 g ~77%
China + Japan . . for 3 hr (12 wks) 11.2] .
(crosslinked) and sintered. interconnects
MPa (24wks)
Ma et al Electrophoretic deposition of Yes: 1200 € 0. 5,180m .,
2003 Singapore + USA HA, sintering. HA powders for 2 hr 860 MPa em 20%
Barraletet al Calcium orthophosphate ceme Calcium )
2002| Birmingham, + sodium orthophosphate ice;,  carbonate + Lst step: 1400 0.6 £0.27 2 &em|62+9%
C for 1 day MPa
London evaporated. DCDP

4C
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Paous bioceramics with an improved strength might be fabricated from calcium orthophosphate fibers
or whiskers. In general, fibrous porous materials are known to exhibit improved strength due to fiber
interlocking, crack deflection and/or pullout [386]. Nelyy porous bioceramics with wadbntrolledopen
poreswere processed by sintering of fiborous HA particles [387]. In another approach, porosity was
achieved by firing apatitBber compacts mixed with carbon beads and agar. By varying the compaction
pressire, firing temperature and carbon/HA ratio, the total porosity was codtrallthe ranges from
~40% to 85% [378]. Additional examples are availablditerature [364,367,37380389408].

In vivo response of calcium orthophosphate bioceramics ofrdiffgporosity was investigated and
hardly any effect ofmacropore dimensions 150, ~260, ~510 andl~2 20 e m) was obser
another study, a greater differentiation of mesenchymal stemwadsobserved when cultured on
~200 em pore si ze mpated®thast dno-0 @ ses wmhepor €e osi ze HA
finding was attributed to thea€tthat a higher pore volume irb~<0 0 e m macr opor e S
contribute to a lack of cell confluencyeading to the cells proliferating before beginning
differentiation.In addition the authors hypothesized that bioceramics having less than optneal
dimensions induced quiescence in differentiated osteoblasts due to reduced cell confluency [410].
Already in 1979, Holmes suggested that the optimal poreeraas 2004 00 e m waMerbge t h
human osteon sizeo2~23 em [ 105] . I nworkedsOiniplied tha the gptimalpored ¢
size of bioceramics that supportectapic bone formaton was 300 00 em [ 411] . Thu
need to create calcium orthophosphate bioceramics with very big pores; however, the pores must be
interconnected [108,25364365]. Interconnectivity governs a depth of cells or tissue penetration into
the porous bioceramics, as well as allogvdevelopment of blood vessels required for new bone
nounishing and waste removal [44243].

Bioceramic microporosity (pore sizd0e m) which is defined by it
by biological fluids [412], results from the sintering process, while the pore dimensions mainly depend
on the material composition, thermal cycle and sintering time. The microporosity providea both
greater surface area for protein adsorption and increased ionic solubility. Nanoporous (average pore
sizes of less than 100 nm) HA bioceramics might be fabricated as well [414]. Differences in porogens
influence the macroporosity, while differences intsiing temperatures and conditions affect the
percentage of microporosity. Usually, the higher the sintering temperature, the lower both the
microporosity content and the specific surface area of bioceramics. Nat#elyioceramics sintered
at ~1200 € shows significantly less microporosity and a dramatic change in crystal sizesplced
with thosesintered at 3050 € (Figure 6). Furthermore, the average shape of pores was found to
transform from strongly oblate to round at higher sintering tempesat4l6]. The total porosity
(macroporosity + microporosity) of calcium orthophosphate biodesawas reported to be about0
of the bioceramic volume [417]. In the case of coralline HA or bedereved apatites, the porosity of
the original biologic meerial (coral or bovine bone) is usually preserved during processing [107]. To
conclude this topic, creation of the desired porosity in calcium orthophosphate bioceramics is a rather
complicated engineering task and interested readers are refejécili®,368,382418442].

Studies revealed that increasing both the specific surface area and pore volume of bioceramics
might greatly accelerate tlive vivo process of apatite deposition and, therefore, enhancefbonimg
bioactivity. More importantly, a pogse control over the porosity, pore dimensions and internal pore
architecture of bioceramics on different length scales is essential for understanding the
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structurebioactivity relationship and the rational design of bettmneforming biomaterials
[439,443444]. Namely, in antibiotic charging experiments, a nanoporous calcium orthophosphate
bioceramics howed a much higher charging capacity (]
calcium orthophosphate (100 €g9g/g), which did 1
porous blocks of HA were found to be viable carriers with sustaieledse profiles for drugs [445]
and antibiotics over 12 days [446] and 12 weeks [447], respectively. Unfortunately, the porosity
significantly decreasethe strength of implants [63,2881]. Thus, porous calcium orthophosphate
implants cannot be loadeda are used to fill only small bone defects. However, their strength
increases gradually when bones ingrow into the porous network of calcium orthophosphate
implants [448451]. For example, Martiet al reported bending strengths ofi40 MPa for a payus
HA implant filled with 50 60% of cortical bone [448], while in another study an ingrown bone
increased strength of porous HA bioceramics by a factthreéto four [450].

To conclude this topic, filters for microbial filtration might be manufactureohfporous HA [452].

Figure 6. SEM pictures of HA bioceramics sintered at {050 € and @) 1200 €. Note
the presence of microporosity (@) and not in(b). Reprinted from [415] with permission.

6. Biomedical Applications

Since Levittet al descriled a method of preparing a FA bioceramics and sugg#dst@gossible
use in medical applications in 1969 [453], calcium orthophosphate bioceramics have been widely
tested for clinical applications. Namely, calcium orthophosphates in a number of forms and
compositions (Table 3recurrently either in use or under a consideration in many areas of dentistry
and orthopedics, with even more in development. For example, bulk materials, available in dense anc
porous forms, are used for alveolar ridge augmematimmediate tooth replacement and
maxillofacial reconstruction [659]. Other examples include orbital implants ({ge®) [458459],
increment of the hearing ossicles, spine fusia @epair of bone defects [4@@81]. In order to permit
growth of new bne into defects, a suitable bioresorbable material should fill these defects. Otherwise,
ingrowth of fibrous tissue might prevent bone formation within the defects.
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Table 3. Various examples of the commercially available calcium orthophosphaatsl

bioceramics and biomaterials [12,415,416A4-457].

Calcium orthophosphate

Trade name and producer

CDHA

Cementek (Teknimed, France)

Osteogen (Impladent, NY, USA)

HA

Actifuse (ApaTech, UK)

Apaceram (Pentax, Japan)

ApaPore (ApaTech, UK)

Bioroc (DepuyBioland, France)

Bonefil (Pentax, Japan)

Bonetite (Pentax, Japan)

Boneceram (Sumitomo Osaka Cement, Japan)

BoneSource (Stryker Orthopaedics, NJ, USA)

Calcitite (Zimmer, IN, USA)

Cerapatite (Ceraver, France)

Neobone (Toshiba Ceramics, Japan)

Ostegraf (Ceramed, CO, USA)

Ostim (Heraeus Kulzer, Germany)

Synatite (SBM, France)

HA/collagen

Bioimplant (Connectbiopharm, Russia)

Bonject (Koken, Japan)

CollapAn (Intermedapatite, Russia)

HAPCOL (Polystom, Russia)

LitAr (LitAr, Russia)

HA/sodium alginate

Bialgin (Biomed, Russia)

HA/Poly-L-Lactic Acid

SuperFIXSORB30 (Takiron, Japan)

HA/polyethylene HAPEX (Gyrus, TN, USA)
HA/CaSQ Hapset (LifeCore, MIN, USA)
coralline HA Interpore (Interpore, CA, USA)

ProOsteon (Interpore, CA, USA)

algaederived HA

Algipore (Dentsply Friadent, Germany)

bovine bone apatite
(unsintered)

BioOss (Geitslich, Switzerland)

Laddec (OsDeveloppement, France)

Lubboc (OstDeveloppement, France)

Oxbone (Bioland biomateriaux, France)

Tutoplast (IOP, CA, US)

bovine bone apatite (sintere

BonAP

Cerabone (aap Implantate, Germany)

Endobon (Merck, Germany)

Osteograf (Ceramed, CO, USA)

PepGen A5 (Dentsply Friadent, Germany)
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b-TCP

Bioresorb (Sybron Implant Solutions, Germany)

Biosorb (SBM S.A., France)

Calciresorb (Ceraver, France)

Cerasorb (Curasan, Germany)

Ceros (Thommen Medical, Switzerland)

ChronOS (Synthes, PA, USA)

Conduit (DePuy Spine, USA)

JAX (Smith andNephew Orthopaedics, USA)

Osferion (Olympus Terumo Biomaterials, Japan)

OsSatura TCP (Integra Orthobiologics, CA, USA)

Vitoss (Orthovita, PA, USA)

BCP

4Bone (MIS, Israel)

BCP (Medtronic, MN, USA)

Biosel (Depuy Bioland, France)

BoneSave (Stryker Orthopaedics, NJ, USA)

Calciresorb (Ceraver, France)

CellCeram (Scaffdex, Finland)

Ceraform (Teknimed, France)

Ceratite (NGK Spark Plug, Japan)

Eurocer (FH Orthopedics, France)

Graftys BCP (Graftys, France)

( HECP} b

Hatric (Arthrex, Nales, FL, USA)

Indost (Polystom, Russia)

Kainos (Signus, Germany)

MBCP (Biomatlante, France)

OptiMX (Exactech, USA)

OsSatura BCP (Integra Orthobiologics, CA, USA)

Osteosynt (Einco, Brazil)

SBS (Expanscience, France)

TCH (Kasios, France)

Triosite (Zimmer, IN, USA)

Tribone (Stryker, Europe)

BCP

( HECPy U

Skelite (Millennium Biologix, ON, Canada)

BCP/collagen

Allograft (Zimmer, IN, USA)

BCP/fibrin

TricOS (Baxter BioScience, France)

BCP/silicon

FlexHA (Xomed, FL, USA)

FA + BCP (HA +b-TCP)

FtAP (Polystom, Russia)

carbonateapatite

Healos (Orquest, CA, USA)
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In spite of the aforementioned serious mechanical limitations,
orthophosphates are available in various physical forms: powders, particles, granulesu(ategrfil 1)),
dense blocks, porous scaffolds, injectable formulations;se#lihg cements and concretes, implant

bioceramics of calcium
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coatings and composite component of different origin (natural, biological or synthetic) often with
specific shapes, such as implants, pres#is or prosthetic devices (Table[#)L08]. Furthermore,

bone grafts are also proged as nohardening pastesfFp ut t y o) . Generally,
consi st of a mi xture of calcium orthophaus phat
hydrogel [1292]. More to the point, custeantesigned shapes like wedges for tibial opening osteotomy,
cones for spine and knee and inserts for vertebral cage fusion are also available [417]. Various
trademarks of the commercially available types of calciuthophosphatéased bioceramics and
biomaterialsaresummarized in Table 3.

6.1. Cements and Concretes

The need of bioceramics for minimal invasive surgery has induced the development of a concept of
selfsetting bone cements consisting of only calciurhaphosphates to be applied as injectable and/or
mouldable bone substitutes [149,366,367,3844&3%470]. In addition, there are reinforced
formulations, which, in a certain sense, might be defined as calcium orthophosphate concretes [464].
Furthermore, pmus formulations of both the cements areldbncretes are available [367,3845468].

Calcium orthophosphate cements and concretes belong to low temperature bioceramics. They are
divided into two major groups. The first one is a dry mixture of two whffecalcium orthophosphates
(a basic one and an acidic one), in which, after being wetted, the setting reaction occurs according tc
an acidbase reaction. The second group of the cements contains only one calcium orthophosphate
Typical examples include @P with Ca/P molar ratio within 1.50.67a n dTCE} they form CDHA
upon contact withan aqueous solution [149,4884]. The setting reaction (kardening, curing) of
these materials is initiated by mixing the initial powder(s) with an aqueous solution. Chemically,
hardening is due to the sucaegsdissolution and precipitation reactions. Mechanically, hardening
results from crystal entanglement and intergroviigyre 7) [1]. Setting of calcium orthophosphate
cements and concretes acg mostly within the initial ~6 h, yielding80% conversion tdhe final
products andh compressive strength ofiZdD MPa.Hardening rate is strongly influenced by powder
to liquid ratio, as well as by ddion of other chemicals [14262470]. Despite a large number of
formulations, all calcium orthophosphate cemsecan only form two different e@nproducts: CDHA
and DCPD [149,46364].

All calcium orthophosphate cements and concretes are biocompatible, bioactive and bioresorbable.
The first animal study of a calcium orthophosphate cement was performed inwil8&&a cement
consisting of TTCP and DCPA was investigated histologically by implanting disks made of this
cement witln the heads of nine cats [4412]. In 1996, that formulation received an approval by the
U.S. Food and Drug Administration, thus becominge tfirst commercially available calcium
orthophosphate cement for use in humans [465]. As the structure and composition of the hardenec
cements is close to that of bone mineral, the material of the hardened cements can easily be used &
bone remodeling cdlfor reconstructionf damaged parts of bones [1462-465]. A possibility to be
injected (a minimally invasive technique), a low setting temperature, an adequate stiffness, an easy
shaping and a good adaptation to the defect geometry are the majoragdsanf calcium
orthophosphate cements and concretes, when compared to the prefabricated bulk bioceramics an
porous scaffolds. Further details on this subject are available in literaturd 883
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Figure 7. A typical microstructure ot calcium orthophosphate cement aftardening.
The mechanical stability is provided by the physical entanglement of crystals. Reprinted
from [1] with permission

6.2 Coatings

For many years, the clinical application of calcium orthophospbeded bioceramics has been
largely limited to wmn-load bearing parts of the skeleton due to their inferior mechanical properties.
One of themajor innovations in the lasB6 years has been to coat mechanically strong bioinert and/or
biotolerant prostheses by calcium orthophosgh460,473174]. For &ample, metallic implants are
encountered in endoprostheses (total hip joint replacements) and artificial teeth sockets. The
requirement for a sufficient mechanical stability necessitates the use of a metallic body for such
devices. As metals do not undergone bondingi,e., do not form a mechanically stable link between
the implant and bone tissuaethod have been sought to improve contacts at the interface. The major
way is to coat metals with calcium orthophosphate bioceramics that exhibit éhdamhieg ability
between the metal and bone [60,179,190821%480]. Thickness of the coatingary from submicron
dimensions to several hundreds microns (Table 5) and this parameter appears to be very important. Fc
example, if a calcium orthophosphate cogtis too thick, it is easy to break. On the contrary, if the
coating is too thin, it is easy to dissolve, because resorbability of HA, which is the second slowest to
dissolve among calcium orthopsphates (Table 1), is aboutiB50 e m per year [ 48
stress that calcium orthophosphate coatings are not limited to metals only; they can be applied on
carbon, bioinert ceramics and polymers as well [4BR]st important coating techniquage listedin
Table 5, while the mai advantages and drawbacks of each coating technique, as well as the major
properties of the deposed calcium orthophosphates, areussgt in  detail elsewhere
[60,179,221,272,47883-497]. Unfortunately, none of these methads provide the perfect covielg
because each coating always contains cracks, pores, second phases and residual stresses that redu
their durability and might lead to a partial or complete disintegration of the coating in body fluids. The
biomedical aspects of osteoconductive cagirfor total joint arthroplasty have been reviewed
elsewhere [498].
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Table 5. Various techniques to deposit bioresorbable coatings of calcium orgiptes

on metal implants [48485].

Advantages

Disadvantages

High deposition rates; low
cost

Line of sight technique; high
temperatures induce
decomposition; rapid cooling
produces amorphous coating

Uniform coating thickness ol
flat substrates; dense coatin

Line of sigtt technique;
expensive; time consuming;
produces amorphous coating

Coating by crystalline and
amorphous phases; dense &
porous coating

Line of sight technique

High adhesive strength

Line of sight technique;
expensive; produces amorpho
coatings

Inexpensive; coatings applie
quickly; can coat complex
substrates

Requires high sintering
temperatures; thermal
expansion mismatch

Can coat complex shapes; Id
processing temperatures;
relatively cheap as coatingg
are very thin

Some processes require
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processing; expensive raw

materials

Uniform coating thtkness;
rapid deposition rates; can
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moderate temperature, low
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All coatings must adhere satisfactorily to the underlying substrate irrespective of their intended
function. Specifically, mechanical stability of calciumtmphosphate coatings should be high enough
to maintain their bioactive functionality after a surgical implantation. Generally, tensile adhesion
testing according to standards such as ASTM C633 is the most common procedure to determine the
guantitative vlues for calcium orthophosphate coating adhesion to the underlying metallic substrates.
Furthermore, fatigue [499,500] scratch [501] and pullout [501] testing are among the most valuable
techniques to provide additional information on the mechanical behakicalcium orthophosphate
coatings [179].

Already in the 1980s, de Groet al [502] published on the development of plasspeayed HA
coatings on metallic implants. A little bit later, Furlong and Osborn [503], two leading surgeons in the
orthopedicsfield, began implanting plasreprayed HA stems in patients. Coated implants combine
the surface biocompatibility and bioactivity of calcium orthophosphates with the core strength of
strong substratesFigure 8). Moreover, calcium orthophosphate coatingsrdase a release of
potentially hazardous chemicals from the core implant and shield the substrate surface from
environmental attack. In the case of porous implants, calcium orthophosphate coatings enhance bon
ingrowth into the pores [63]. Clinical ressilfor calcium orthophosphat®ated implants reveal that
they have much longer life times after implantation than uncoated devices arardlieynd to be
particularly beneficial for younger patients. Studies concluded that there was significantlynless p
loosening in the HAcoated groups [504]. HA coating as a system of fixation of hip implants was
found to work well in the short to medium termaight years [505], 10 to 15.5 years [506], 15
years [507], 16 years [508], 17 years [509], 19 years [S1d[1&nto 21 years [511]). Similar data for
HA-coated dental implants are also available [512,513]. Even laaegarclinical results are awaited
with great interest.

Figure 8. Plasmasprayed HA coating on a porous titanium (dark bardgpendent on the
implantation timeand will improve the interfacial bond strength compared to uncoated
porous titanium (light bars). Reprinted from [46] with permission.
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A number of factors appear to influence the properties of calcium orthophosphate c¢oatings
including coating thickness (this will influence coating adhesion and fixatitthve agreed optium
now seems to be within 5000 um), crystallinity (affecihg the dissolution and biological behavior),
phase purity, chemical ptyi porosity and adhesion [47484]. Metods for the production of coatings
and their properties are now largely standardized and, over recent years, calcium
orthophosphateoated implants have found highly successful clinical application, particularly in
younger patients [51816]. Further detils on calcium orthophosphate coatinggn be found in
excellent reviews [51318].

6.3. Functionally Graded Bioceramics

In general, functionally gradient materials (FGMs) are defined as materials havincagjthdrent
of compositional or structural ehges from their surface to the interior. The idea of FGMs allows one
device to possess two different properties. One of the most important combinations for the biomedical
field is that of mechanical strength and biocompatibility. Namely, only surfaceeniex govern
biocompatibility of the entire device. In contrast, the strongest material determines the mechanical
strength of the entire device. Although, this subject belongs to the coatings section (above), in a certair
sense, metallic implants coverey calcium orthophosphateanbe considered as a FGM. The surface
shows excellent biocompatibility because it consists of calcium orthophosphates, while the metallic
core provides excellent mechanical strength. The gradient change from calcium orthafghdsph
metal is important, for example, from the point of thermal expansion.

Functionally graded bioceramics consisting of calcium orthophosphates[58}y have been
developed [37438440522-529]. For example, dense sintered bodies with gradual cotigqnagi
c hange s-TCP tooH#A wdle prepared by sintering diamawéted HA compacts at 1280 €
under a reduced pressure, followed by heating under atmospheric conditions [522]. The content of
U-TCP gradually decreased, while the content of HA increastbdincreasing depth from the surface.
This functionally gradient bioceramic consistingasfH A ¢ o r eTCRasurtace Bhowed potential
value as bonseubsti tuting bi omateri al [522] . -TCTRvoO t
biocomposites were prepared another study [523]. As shown iRigure 9, one of the graded
biocomposites was in the shape of a disk and contained four different layers of about 1 masshick
The other graded biocomposite was also in the shape of a disk but contained two set$agtfs,
each layer being 0.5 mm thickontrolled by using a certain amount of the mixed powders. The final
F A FTEP graded structures were formed at 100 MPa and sintered at 1300 € for 2 h [523].

Furthermore, it is known that the bone cresstion from cancellous to cortical bone is+umiformin
porosity and pore dimensions. Thus, in various attempts to mimic the porous structure of bones, calciurr
orthophosphate bioceramics with graded pityohave been fabricated [377,488)522529]. Since
diverse biomedical applications require differeonfigurations and shapes, the graded (or gradient)
porous bioceramics can be grouped according to both the overall shape and the structural
configuration [346]. The basic shapes include rectangular blocks and cylinders (or disks). For the
cylindrical shape, there are configurations of dense-poreus layer, less porous car®re porous
layer, dense laygooraus core and less porous layeore porous core. For the rectangular shape, in
the gradient direction.e., the direction with varying porositygore size or composition, there are
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configurations of porous tegense bottom (same as porous bottiense top), porous tegense
centerporous bottom, dense tgqorous centedense bottomgtc. Concerning biomedical applications,

a dense corporous layerstructure is suitable for implants of a high mechanical strength and with
bone ingrowth for stabilization, whereas a less porous Hayee porous core configuration can be
used for drug delivery systes. Furthermore, a porous tdpnse bottom structureuc be shaped into
implants of articulate surfaces for wear resistance and with porous ends for bone ingrowth fixation;
while a dense teporous centedense bottom arrangement mimics the structure of head skull. Further
details on bioceramics with gradedrpsity might be found in literature [346].

Figure 9.A schematic diagram s howiTCKH biodcdmpositar r an g €
layers. &) A nonsymmetric functionally gradient material (FGMJ)(symmetric FGM.
Reprinted from [523] with permission.

B FA + 50TCP
FA + 40TCP
e T 1 FA + 20TCP

(a) (b)
7. Biological Properties andin Vivo Behavior

The most important differences between bioactive bioceramics and all other implanted materials
are: inclusion in metabolic processes of the organism; adaptation of either surface or the entire materia
to the bionedium; integration of a bioactive implant with bone tissues at the molecular level or the
complete replacement of a resorbable bioceramic by healthy bone tissues. All of the enumerated
processes are related to the effect of an organism on the implantthééass, another aspect of
implantation is also importaditthe effect of the implant on the organism. For examyde,of bone
implants from corpses or animals, even after they have been treated in various ways, provokes &
negative immune reaction in theganism, which substantially limits the application of such implants.

In this connection, it is useful to dwell on the biological properties of bioceramic implants, particularly
those of calcium orthophosphates, which in the course of time may be resont@dtely [530].

7.1. Interaction withthe Surrounding Tssues and thelost Responses

An interaction between an implant and surrounding tissues is a dynamic process. Water, dissolved
ions, biomolecules and cells surround the implant surface during ifetral seconds after the
implantation. Itis accepted that no foreign material placed within a living body is completely
compatible. The only substances that conform completely are those manufactured by the body itself
(autogenous) and any other substanca iB recognized as foreign, initiates some reactions (a
hosttissue response). The reactions occurring at the biomaterial/tissue interface lead to
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time-dependent changes in the surface characteristics of both the implanted biomaterials and the
surroundng tissues [5831].

In order to develomew biomaterials, it is necessary to understandntiviévo host responses. Like
any other species, biomaterials and bioceramics react chemically with their environment and, ideally,
they should neither induce ankianges nor provoke undesired reactions in the neighboring or distant
tissues. In general, living organisms can treat artificial implants as biotoxic (or bioincompatible [50]),
bioinert (or biostable [42]), biotolerant (or biocompatible [50]), bioactivel &@moresorbable
materials [36,3840,4650,91,478&30-532]. Biotoxic €.g., alloys containing cadmium, vanadium,
lead and other toxic elements) materials release substEnttes bodyin toxic concentrations and/or
trigger the formation of antigens tha@ayncause immune reactions ranging from simple allergies to
inflammation to septic rejection with the associated severe health consequences. They cause atroph
pathological change or rejection of living tissue near the matdultochemical, galvanic oother
processes. Bioinert [533]e(g., zirconia, alumina, carbon and titanium) and biotolerant
(e.g., polymethylmethacrylate, titanium and @ alloy) materials do not release any toxic
constituents but also do not show positive interaction with liisgue. They evoke a physiological
response to form a fibrous capsule, thus, isolating the material from the body. In such cases, thicknes:
of the layer of fibrous tissue separating the material from other tissues of an organism can serve as
measure of ibinertness. Generally, both bioactivity and bioresorbability phenomena are fine examples
of chemical reactivity and calcium orthophosphates (bothsudstituted and iesubstituted ones) fall
into these two categories of bioceram|ids,3840,4650,91,48530-532]. A bioactive material will
dissolve slightly but promote formation of a surface layer of biological apatite before interfacing
directly with the tissue at the atomic levelhich resuls in formation of a direct chemical bonds to
bones. Such ammplant provides good stabilization for materials that are subject to mechanical
loading. A bioresorbable material will dissolve over time (regardless of the mechanism leading to the
material removal) and allow a newly formed tissue to grow into anycguifeegularities but may not
necessarily interface directly with the material. Consequently, the functions of bioresorbable materials
are to participate in dynamic processes of formation awabserption occurring in bone tissues; thus,
bioresorbable matials are used as scaffolds or filling spacers allowingir infiltration and
substitutionto the tissue§47,272534-537].

A distinction between bioactive and bioresorbable bioceramics might be associated with a structural
factor only. For example, bieramics made from negworous, dense and highly crystalline HA
behaves as a bioinert (but a bioactive) materialaedetainal in an organism for at least Byears
without noticeable changes, while a highly porous bioceramics of the same compositibe can
resorbed approximately within a year. Furthermore, submisized HA powders are biodegraded
even faster than the highly porous HA scaffolds. Other examples of bioresorbable materials include
porous bioceramic scaffolds made of BCP (which is an ibtima mi x t u r-T&CP & HA [18180p er b
o r -TAP + HA [711]) or bone grafts (dense or porpusade of CDHA [538], TCP [377,539,540]
and/or ACP [41&41]. One must stress that recently the concepts of bioactive and bioresorbable
materials have convergednd bioactive materials are made bioresorbable, while bioresorbable
materials are made bioactive [542].

In certainin vivo experiments an inflammatory reaction was observed after implantation of calcium
orthophosphate bioceramics [5835] Despite this,the general conclusion on using calcium
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orthophosphates wita Ca/P ionic ratio within 1101.7 is that all types of implants (bioceramics of
various porosities and structures, powders or granules) are not only nontoxic but also induce neither
inflammatory nor foreigrbody reactions [546]. The biological response to implanted calcium
orthophosphates follows a similar cascade observed in fracture healing. This cascade includes
hematoma formation, inflammation, neovascularization, osteoclastic resorption eamdbone
formation. An intermediate layer of fibrous tissue between the implants and bonasvieabeen
detected. Furthermore, calcium orthophosphate implants display the dbilitfrectly bond to

bones [26,38,42,4652,54,60630]. For further detailsnterested readers are referred to a good review

on cellular perspectives of bioceramic scaffolds for bone tissue engineering [374].

One should note that the aforementioned rare cases of inflammatory reactions to calcium
orthophosphate bioceramics wereucmse d by @Aot her o reasons. For |
inflammation occurred when highly porous HA was used. In that particular case, the inflammation was
explained by sharp implant edges, which irritated surrounding soft tissues [544]. Anotherfoeason
inflammation produced by porous HA could be due to micro movements of the implants, leading to
simultaneous disruption of a large number of mieessels, which grow into the pores of the
bioceramics. This would immediately produce an inflammatoryticeacAdditionally, problems could
arise in clinical tests connected with migration of granules used for alveolar ridge augmentation, because
it might be difficult to achieve mechanical stability of implants at the implantation sites [544].

7.2. Osteoindution

Until recently, it was generally considered, that alone, any type of synthetic bioceramics possessed
neither osteogenic [547] nor osteoinductive [548] properties and demonstrated minimal immediate
structural support. When attached to healthy bonegystepid [550] is produced directly onto the
surfaces of bioceramics ithe absence of a soft tissue interface. Consequently, the osteoid is
mineralized and the resulting new bone undergoes remodeling [549]. However, several reports have
already shown ostéenductive properties of certain types of calcium orthophatgph
bioceramics [168,415,4551-563]. Namely, bone formation was found to occur in dog muscle inside
porous calcium orthophosphates with surface microporosity, while bone was not observed on th
surface of dense bioceramics [559]. Furthermore, implantatibn p o-TGP Wiscer@mics appeared
to induce bone formation in soft tissuesdsChPof d
implants [556]. More to the point, titanium implants coated by a microporous layer of OCP were found
to induce ectopibone formation in goat muscles, while a smooth layer of carbonated apatite on the
same implants was not able talite bone formation there [5683].

Although the mechanisms of intrinsic osteoinduction of calcium orthophosphate bioceramics are
not unravéed, the dissolution/precipitation behavior of calcium orthophosphates [479], as well as their
microporosity [564,565] and specific surface area [565] have been pointed out as the relevant
parameters. A positive effect of increased microporosity on edbopie formation could be direct and
indirect. Firstly, an increased microporosity is directly related to the changes in surface topography,
I.e., iIncreases a surface roughness, which might affect cellular differentiation. Secondly, an increased
microporosty indirectly means a larger surface is exposed to the body fligdding to elevated
dissolution/precipitation phenomena as compared tenmoroporous surfaced-urthermore, other
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hypotheses are available. Namely, Reddi explained the apparent osteeegroperties as an ability

of particular bioceramics to concentrate bone growth factors, which are circulating in biological fluids,
and that these growth factors induce bone formation [56@&ther researchers proposeadsimilar
hypothesis that the inbsic osteoinduction by calcium orthophosphate bioceramics is a result of
adsorption of osteoinductive substances on their surface [561]. Moreover, Ripamonti [567] and
Kuboki et al [568] independently postulated that the geometry of calcium orthophedpbaeramics

is a critical parameter in bone induction. Specifically, bone induction by calcium orthophosphates was
never observed on flat bioceramic surfaces. All osteoinductive cases were observed on either porou:
structures or structures contained hagfined concavitiesMoreover bone formation was never
observed on the peripheries of porous implants and was always found inside the pores or concavities
aligning the surface [179]. Some researchers speculated that a low oxygen tension in theegemtral

of implants might provoke a dedifferentiation of pericytes from blood miessels into
osteoblasts [569]. Finallyandimportantly, both nanstructured rough surfaces and a surface charge

on implants were found to cause an asymmetrical divisidhe stem cells into osteoblasts, which is
important for osteoinduction [564].

7.3. Biodegradation

Shortly after implantation, a healing process is initiated by compositional changes of the
surrounding biefluids and adsorption of biomolecules. Followitigs, various types of cells reach the
bioceramic surface and the adsorbed layer dictates the ways the cells respond. Further, &
biodegradation of the implanted bioceramics begins. This process can occur by either physicochemica
dissolution with a possility of phase transformation or cellular activity (so called, bioresorption), as
well as by a combination of both processes. Dissolution is a physical chemistry process, which is
controlled by some factors, such as solubility of the implant matrix (TBbksurface area to volume
ratio, local acidity, fluid convection and temperature. For HA, the dissolution process in acids has been
described by a sequence of four ®ssive chemical equations [5301]:

Cao(PO)s(OH) + 2H' Y GofPOy)s(H20),>" (1)
Cao(PQy)s(H20),"" Y 3 LPaDy), + C&™+ 2H,0 ()
Ca(PQ),+2H'Y C'ar 2CaHPQ 3)
CaHPQ+H'Y CG%ar HPQO/ (4)

With few exceptions, dissolution rates of calcium orthophosphates are inversely proportional to the
Ca/P ratio, phase purity and crysted size, as well abeing directly related to the porosity and
surface area. Phase transfor mat i-b@B;T@GRbagdhACP o0 c c
because they are unstable in aqueous envirosmader physiological conditions. Bioresorption is a
biological process mediated by cells (mainly osteoclaststaral lesser extent, macrophages). It
depends on the response of cells to their environment. Osteoclasts attach firmly to the implant and
dissolve calcium orthophosphates by secreting an enzwrimric anhydrase or any other acid,
leading to a local pH drop to4+5 [572]. Furthermore, calcium orthophosphate particles can also be
phagocyotosed by osteoclasts,, they are incorporated intbe cytoplasm and thereafter dissolved by
acid attack ator enzymatic processes. In any case, biodegradation of calcium orthophosphates is a
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combination of various neaquilibrium processes, occurring simultaneously and/or in competition
with each other.

Usually, anin vitro biodegradation of calcium orthophmsate bioceramics is estimated by
suspending the matel in a slightly acidic (pH 5) buffer and monitoring the release ofCans with
time. The acidic buffer, to some extent, mimics the acidic environment during osteoclastic activity.
One studycompaed thein vivob e havi or -®GP bipcerantics prepéred from rsbaped
particles and that prepared from nmu-shaped particles in the rabbit femur. Although the porosities
of bot h -TCK lmoeegamiosfwerb almost the same, more active osiesigavas preserved in
the region where redhaped bioceramics was implanted [573]. This result implied that the
microstructure affected the activity of bone cells and subsequent bone replacement.

Experimental results demonstrated that both the dissolltietics andn vivo biodegradation of
biologically relevant calcium orthophosphates proceed in thdowimg decreasing order:
b-TCP> bovine bone apatite (unsintereelpovine bone apatite (sintereecoralline HA> HA. In the
case of BCP bioceramics, the biodegradation kinetics depends on the HA/TCP ratio: the higher the
ratio, the lower the degradati rate. Similarly,in vivo degradation rate of biphasic TCP (BTCP,
consi stTiCPg -FC®) Ubi ocerami cs appe arTERand highebthan| o w
t h at-TC® tbiocéramics, respectively [141]. Furthermore, incorporation of doping ionsitteer
increase é.g.,COs% , Mg®* or SF") or decreasee(g.,F') the solubility (therefore, biodegradability) of
CDHA and HA. Contrar i | yITCP decreaspdact toirtcaporationsod ditheb i | i
Mg?* or Zr?* ions [415].0ne shouldremenber that ionsubstituted calcium orthophosphates are not
considered in this review; interested readers are adviseeBiQ.[7

7.4. Bioactivity

Generally, bioactive materials interact with surrounding bone resulting in formation of a chemical
bond to this issue (bone bonding). The bioactivity phenomenon is determined by both chemical
factors, such as crystal phases and molecular structures of a biomaterial, and physical factors, such &
surface roughness and porosity. Currently, it is agreed that the f@wilgd bone bonds directly to
biomaterials through a carbonated CDHA layer precipitating at the bone/biomaterial interface. Strange
enough just a few publicationare present in the literatuf¢15,484,57475] that briefly describe¢he
bioactivity mechaism of calcium orthophosphates. For example, the chemical changes occurring after
exposure of a synthetic HA bioceramics to bothvivo (implantation in human) anth vitro (cell
culture) conditions were studied. A small amount of HA was phagocytozethdutajor remaining
part behaved as a secondary nucleator as evidenced by the appearance of newly formed mineral [574
In vivo, cellular activity €.g.,0f macrophages or osteoclasts) associated with an acidic environment
were found to result in partiaissolution of calcium orthophosphates, causing liberation of calcium
and orthophosphate ions to the microenvironment. The liberated ions incrédaseldcal
supersaturation degree of the surrounding biologic fluids, causing precipitation of nanocrystals of
biological apatite with simultaneouscorporaton of various ions presented in the fluids. Infrared
spectroscopic analyses demonstrated that these nanocrystals were intimately associated witl
bioorganic components (probably proteins), which might alse baginated from the biologic fluids,
such as serum [415].
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Therefore, one should bettesly on the bioactivity mechanism of other biomaterials, particularly of
bioactive glassésthe concept introduced by Larry L. Hench {48]. The bonding mechanism of
bioactive glasses to living tissues involves a sequence of 11 successive reaction steps. The initial
stepsoccumgon t he surface of bioactive gl asigdeps ar e
bel ong t othedlditérincludng gofionization by osteoblasts, followed by proliferation and
differentiation of the cells to form a new bone that had a mechanically strong bond to the implant
surface Figure10). Therefore, in the case of bioactive glassebk e bor der bet wéen 0
is postulated between stagége and six. According to Hench, al | l
bonelike apatite layer on their surfaces in the living body and bond to bone through this apatite layer.
The formation of bondike apatite on artificial matial is induced by functional groups, such a©S&i
(in thecase of biological glasses),-OH, Zr-OH, Nb-OH, TaOH, -COOH and-H,PQ; (in the case of
other materials). These groups have specific structures revealing negatively charge and induce apatit
formation via formations of an amorphous calcium compoerml, calcium silicate, calcium titanate
and ACPRE8 [ 46

Figure 10. A sequence of interfacial reactions involved in forming a bond between tissue
and bioactive ceramics. Reprinted from-J4&] with permission.
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To extend the subject, it is important to refer to another set of 11 successive reaction steps for
bonding mechanism of unspecified bioceramics, developed by Paul Ducliéguee (1) [54]. One
can see that the Dunmilretythat @raposed dy ehch; ih@vever atliete ene s
noticeable differences. For example, Ducheyne mentions ion exchange and structural rearrangement ¢
the bioceramic/tissue interface (stage 3), as well as interdiffusion from the swtawtary layer it
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bioceramics (stage 4) and deposition with integration into the bioceramics (stadpci)are absent in
Henchdés model . On t he ok bidogicalhstages (stagélehh),cwhile d e s C
Ducheyne desdres only four (stagesi&1). Both modelavere developed almostwo decades ago

and, to the best of my knowledge, remain unchanged since then. Presumably, both approaches hav
pro et contraof their own and, obviously, should be updated and/or revised. Furthermore, in literature
there are at ledswo other descriptions of biological and cellular events occurrinigeabone/implant
interface [57677]; however, they include less stagé&me more hypothesis has been proposed
recently(Figure 12), which for the first time describes reasonable sagé transformations happening

with calcium orthophosphate bioceramics (iatitase, HA) shortly after implantation [575].

Figure 11. A schematic diagram representing the eventingaklace at the interface
between bioceramics and the surrounding bioklgienvironment: 1) dissolution of
bioceramics; Z) precipitation from solutioninto bioceramics; §) ion exchange and
structural rearrangement at the bioceramic/tissue interfa@einterdiffusion from the
surface boundary layer into the bioceramics); folutionmediated effects on cellular
activity; (6) deposition of either the mineral phase (a) or the organic phase (b) without
integration into the bioceramic surfacey) (deposition with integration into the
bioceramics; §) chemotaxis to the bioceramisurface; 9) cell attachment and
proliferation; (L0) cell differentiation; {1) extracellular matrix formation. All phenomena,
collectively, lead to the gradual incorporation of a bioceramic implant into developing
bone tissue. Reprinted from [54] withrpgssion.
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An important studyon formation of calcium orthophosphate precipitates on various types of
bioceramic surfaces in both simulated body fluid (SBF) and rabbit muscle sites was performed [578].
The bioceramics were sintered porous solids, inolydiioglass, glass e r a mil € ® ;TCFdand
HA. An ability to induce calcium orthophosphate precipitation was compared among these types of
bioceramics. The following conclusions were made: (1) OCP formation ubiquitously occurred on all
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types of bioceram surfaces botim vitro andin vivo, e x c eTCP. (2p Apatife formation did not
occur on every type of bioceramic surface; it was less likely to occur on the surfaces of HA and
UTCP. (3) Precipitation of calcium orthophosphates on the bioceramféces was more difficuin

vivo than in vitro. (4) Differences in calcium orthophosphate precipitation among the bioceramic
surfaces were less noticeabte vitro than in vivo. (-5QP bibceramics showed poor calcium
orthophosphate precipitation both vitro and in vivo [578]. These findings clearly revealed that
apatite formation in the physiological environments could not be confitsmbdthe common feature

of bioceramics. Nevertheless, for want of anything better, currently the bioactivity nsuhahi
calcium orthophosphate bioceramics could be described by anabées@ombination of Figures 1112,
eg,by updating the Duc he yhathréanitiabstages takemfrofiigurel2.mo d e |

Figure 12. A schematic diagram representing thleenomena that occur on HA surface
after implantation(1) beginning of the implant procedure, where solubilization of the HA
surface startg;2) continuation of the solubilization of the HA surfa¢8) the equilibrium
between the physiological solutiomsid the modified surface of HA has been achieved
(changes in the surface composition of HA does not mean that a new phase of DCPA or
DCPD forms on the surface)4) adsorption of proteins and/or other bioorganic
compounds;(5) cell adhesion;(6) cell proliferation; (7) beginning of a new bone
formation;(8) new bone has been formed. Reprinted from [575] with permission.
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Interestingly, bioactivity of HA bioceramics might be enhanced by -bigdrgy ion
irradiation [579]. The effect was attributed to fotroa of a unique 3D macroporous apatite layer of
decreased crystallinity and crystal size on the irradiated surfaces. To conclude this topic, the atomic
and molecular phenomena occurring at the bioceramic surface in agueous solutions and their effects o
the relevant reaction pathways of cells and tissues must be elucidated in more Fdetadr
investigation of this topic requires a careful analysis of the available experimental data, which is
beyond the scope of this review.

7.5. Cellular Response

Fixaton of an implant in the human body is a dynamic process that remodels the interface zone
between the implant and living tissues at all dimensional levels, from the molecular up to the cell and
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tissue morphology level, and at all time scales, from the fexond up to several years after
implantation. Immediately following implantation, a space filled with-thicds appears next to the
implant surface. With time, proteins adsorb at the bioceramic suafabgives rise to osteoinduction

by cell proliferdion and their differentiation towards bone cetisyasculadation and eventual gap
closing. Ideally, a strong bond fosnbetween the implant and surrounding tissues [50]. A detailed
study on interfacial interactions between calcined HA and substisesbeen performed
recently [580].

Osteoblasts culturedn HA bioceramics are generally reported to be completely flattéeading
to difficulties in distinguishing the cytoplasmic ege from the HA surfaces after2~hours
incubation [581]. These obsenais underscore an expected bioactivity of HA and make HA
bioceramics well suited for bone reconstruction. Osteoblasts cultured on porous HA bioceramics
appeared to exhibit higher adhesion, enhanced differentiation and suppressed proliferation rates whel
compared @ the norporous controls [58883]. Furthermore, formation of distinct resorption pits on
HA [ 5 8 4TCP r3fsurfaces in the presence of osteoclasts was observed. Moreover, a surface
roughness of calcium orthophosphate bioceramics wasteelptar strongly influence the activation of
mononuclear precursors to mature osteoclasts [584].

Cellular biodegradation of calcium orthophosphate bioceramics is known to depend on its phases.
For exampl e, a -NCPplreewmdLO20lfibrdiast celltaghesior, thebeby leading to
damage and rupture of the cells [585]. A mouse ectopic model study indicatethximeal bone
growth for the 8@ 0 -T@®PHA biphasic formulations preloaded with human mesenchymal stem cells
when compared to other calm orthophosphates [586]. The effects of substrate microstructure and
crystallinity have been corroborated with envivo rabbit femur model, where rdike crystalline
b-TCP was reported to enhance osteogenesis when comparednmdrike crystallineb-TCP [573].
Additionally, using a dognandibular defect model, a higher bone formation on a scaffold surface
coated by nandimensional HA was observed when compared to that coated by admweasional
HA [587]. Furthermore, recent studies revealediranger stress signaling response by osteoblast
precursor cells in 3D scaffolds when compared to 2D surfaces [588].

Mesenchymal stem cells are one of the most attractive cellular lines for application as bone
grafts [589]. Early investigations by Okumuet al indicated an adhesion, proliferation and
differentiation, which ultimately became new bone and integrated with porous HA bioceramics [590].
Recently, Ungeret al showed a sustained -calture of endothelial cells and osteoblasts on HA
scaffolds forup to six weeks [591]. Furthermore, a release of factors by endothelial and osteoblast
cells in coculture supported proliferation and differentiation was suggested to ultimately result in
microcapillarylike vessel formation and supported a 4tissue gowth within the scaffold [374].

More to the point, investigation of rat calvaria osteoblasts cultured on transparent HA bioceramics, as
well as the analysis of osteogeimcluced human bone marrow stromal cells at different time points of
culturing indicaed a good cytocompatibility of HA bioceramics and revealed favorable cell
proliferation [343]. Positive results for other types of cells have been obtamedther

studies [191,338,33%42].

Interestingly, HA scaffolds with marrow stromal cells in afpeed environmet were reported to
result in 85% incease in mean core strength, A36% incease in failure energy and 855%
increase in podilure strengthThe increase imineral quantity and promotion of uniform mineral
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distribution in that studyvas suggested to attribute to the perfusion effect [449]. Additionally, other
investigators indicated mechanical properties in@edsr other calcium orthophosphate scaffolds
after induced osteogenesis [448]].

Furthermore, the dimensions, extent antérconnectivity of pores in bioceramics are known to
influence bone wgrowth, blood vessels formatiand canaliculi networks [4Q8,0457]. Initial reports
have estmated a minimum pore size 050 e m f or b | oooahd asneinsnsira pore fsizeroima t
~200 em forgroetshh epAa&lF] inPore di mens50nsm ogre 9~-21]0
reported in later studies to support bongyiawth. Additionally, vascularization, cell migration and
nutrient diffusion required for sustained cell viability and tissue function are possible if pores within the
scaffolds are well interconnected. For example, an essential mean pore i@etioonsize of + 0 & m
was necessary to allow cell migration betwelka pores [593]. As such, both porosity and general
architecture are critical in determining the rate of fluid transport through porous bioceramics, which, in
turn, determines the rate and degree of bone ingriowtio [122,412,41%94].

8. Calcium Orthophosphate Bioceramics in Tissue Engineering
8.1. TissueEngineering

All modern orthopedic implants lack three of the most critical abilities of living tissues:
(i) self-repairing; (i) maintaining blood supply; (iii) sefhodifying their structure and @perties in
response to external aspects such as a mechanical load [429]. Needless to mention, bones not on
possess all of these properties but, in addition, aregeakrating, hierarchical, multifunctional,
nonlinear, composite and biodegradable;dfae, the ideal artificial bone grafts must possess similar
properties [117].

The last decades have seen a surge in creative ideas and technologies developed to tackle tt
problem of repairing or replacing diseased and damaged tissues, leading to theneemef a new
field in healthcare technology now referred tatiasue engineeringThis is an interdisciplinary field
that exploits a combination of living cells, engineering materials and suitable biochemical factors to
improve, replace, restore, maimar enhance livingissues and whole organs [5996]. However, as
two of three major components (namely, cells and biochemical factorghetissue engineering
subjectappear to be far beyond the scope of this review, the topic of tissue enginsdirimted to
the engineering materials prepared from calcium orthophosphate bioceramics only.

Regeneration, rather than repair, is the central goal of any tissue engineering strategy [597]. Thus,
tissue engineering has potential to create tissues andsalgaiovo This field of science [599] started
more than two decades ago [68@] and a famous review article by Langer and Vacanti [602] has
greatly contributed to the promotion of tissue engineering research worldwide. The field of tissue
engineering, articularly when applied to bone substitutes where tissues often function in a
mechanically demanding environment [603], requires a collaboration of excellence in cell and
molecular biology, biochemistry, material sciences, bioengineering and clinicalraleséor the
success, it is necessary that researchers with expertise in one area have an appreciation of th
knowledge and challenges of the other areas. However, since the technical, regulatory and commercis
challenges might be substantial, the intrctchn of new products is likely to be slow [598].
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Nowadays tissue engineering is at full research potential due to the following key advantages:
(i) the solutions it provides are lostgrm, much safer than other options and -edf&ctive as well;
(i) the need for a donor tissue is minimal, which eliminates the imrsuppression problems;
(iif) the presence of residual foreign material is eliminated as well.

8.2. Scaffolds and heir Properties

It would be very convenient to both patients and physicifrtevastated tissues or organs of
patients ould be regenerated by simple cell injections to the target, fitdsuch cases are rare. The
majority of largesized tissues and organs with distinct 3D form require a support for their formation
from cells. The support isnamed a scaffold [604], template and/or artificialxteacellular
matrix (ECM) [151,152386,600,60305608]. The major function of scaffolds is similar to that of the
natural ECM that assists proliferation, differentiation and biosynthésislis. In addition, scaffolds
placed at the regeneration sites will prevent disturbing cells from invasion into the sites of
action p09610]. The role of scaffoldsvas perfectly decribed by André Segovia (1893987), a
Spani sh «c¢| as sherr a@é puty up & laitdingsdne makegVan elaborate scaffold to get
everything into its proper plac&ut when one takes the scaffold down, the building must stand by
itself with no trace of the means by which it was erected. That is how a musician shoukd wo

The idea behind tissue engineering is to create or engineer autografts by either expanding
autologous cellé vitro guided by a scaffold or implanting an acellular tempiateivo and allowing
the patientds cel |l s t caffaldeThafirst phaseiisethevitrofosmaton aj ui d e
a tissue construct by placing the chosen cells and scaffolds in a metabolically and mechanically
supportive environment with growth media (in a bioreactor), in which the cells proliferate and
elaborate extracellular matrix. It is expected that cells infiltrate into the porous matrix and
consequently proliferate and differentiate therein. In the second phase, the construct is implanted in the
appropriate anatomic location, where remodelingvivo is intended to recapitulate the normal
functional architectwe of an organ or a tissue [6612]. The key processes occurring during bath
vitro and in vivo phases of tissue formation and maturation are: (1) cell proliferation, sorting and
differentiation, (2)extracellular matrix production and organization, (3) biodegradation of the scaffold,
(4) remodeling and potentially growth of the tissue.

To achieve the goal of tissue reconstruction, the scaffolds must meetal sesypecific
requirements [151,15205]. Areasonable surface roughness is necessary to faciéhteeeding and
fixation [613614]. A sufficient mechanical strength and stiffness are mandatory to oppose contraction
forces and later for the remodeling of damaged tissues. A high porosity anchtedpore dimensions
(Tables 2 and 6) are very important to allow cell migration, vascularization, as well as diffusion of
nutrients [352]. Namely, scaffolds should have a network of intexected pores where more than
~60% of the pores sluld haveaseg r anging from ~150 ¢ n% ghauldbed 00
smaller than 20 em [ 11, 1 (46945%,8570186@13.,SBaffcldls must be manufactured
from materials with controlled biodegradability and/or bioresorbability, such as calcium
orthophosphi@ bioceramics, so that new bone will eventually replace the scaffold [622]. Furthermore,
the resorption rate has to coincide as much as possible with the rate of bone forinegtioet\een a
few months and abounvo years) [623]. This means that whiells are fabricating their own natural
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matrix structure around themselves, the scaffold is able to provide structural integrity within the body
and eventually it will break down leaving the newly formed tissue that will take over the mechanical
load. Bediles, scaffolds should be easily fabricated into a variety of shapes and sizes [624] and be
malleable to fit irregularly shaped defects. In many cases, ease of processability, such as an easiness
conformation, and injectability of calcium orthophoaphcements and concretes [149,4831], can
determine the choice of a certain biomaterial. Finally, sterilization with no loss of properties is a
crucial step in scaffold production at both a laboratory and an industrial level [603]. In conclusion,
since calm and orthophosphate ions regulate bone metabolism, calcium orthophosphates appear tc
be among the few bone graft substitute matetielscan be considered as a drug [1].

Table 6.A hierarchical pore size distribution that an ideal scaffold should#Xhil].

Pore sizes of a 3D scaffolg Biochemical effect or function
Interaction with proteins

Responsible for bioactivity

Type of cells attracted

1i20 em Cellular development

Orientation and directionality of cellular ingrowt
Cellular growth

1001000 & m Bone ingrowth

Predominant function in the mechanictieagth
Implant functionality

>1000 e&m Implant shape

Implant esthetics

<lem

Many fabrication techniques are available to produce porous calcium orthophosphate scaffolds
(Table 2) with varying architecturaandedaPores
sections above). In order to achieve the desired properties at minimum expense, the production proces
should be optimized [625]. With the advent of tissue engineering, the search is on for the ultimate
optoma fAti ssue engiineered, booresissutbhisng of a sy
scaffold impregnated with cells and growth factofsgure 13 schematically depicts a possible
fabrication process of su@nitem that, afterwards, will be implanted into a living organisnmtue
bone regeneration [422)].

From the structural perspective, a degree of scaffold porosity is responsible for regulating the
bioactivity of bone graft substitutes as a function of its influence on structural permeability, which
controls the initial ratefdone regeneration and the local mechanical environment, which mediates the
equilibrium volume of new bone within the repair site. Parameters such as pore interconnectivity, pore
geometry, strut topography and strut porosity all contribute to modulat@ribhcess of osteogenesis
and act synergistically to promote or screen the osteoconductive or osteoinductive poftdotize
graft substitutes [412,62&7]. However, since bones have very different structures depending on their
functions and locationghe same pore sizes and shapes may not be ideal for all potential uses.
Therefore, bioceramic scaffolds of various porosities are required.



J. Funct. Biomater201Q 1 63

Figure 13. A schematic view of a third generation biomaterial, in which porous calcium
orthophosphate bioceramic acas a scaffold or template for cells, growth factets,
Reprinted from [42,52] with permission.

8.3. Scaffolds fronCalcium Orthophosphate Bioceramics

Philosophically, the increase in life expectancy requires biological solutions to orthopedeanzobl
previously managed with mechanical solutions. Therefore, since the end of 1990s, biomaterials
researchhas focusal on tissue regeneration instead of tissue replacement [628]. The alternatives
include useof hierarchical bioactive scaffolds to engindar vitro living cellular constructs for
transplantation or usaf bioresorbable bioactive particulates or porous networks to activateo the
mechanims of tissue regeneration [68390]. Thus, the aim of calcium orthophosphate bioceramics is
to prepareartificial porous scaffolds able to provide the physical and chemical cugside cell
seeding, differentiation and assembly into 3D #ssaf a newly formed bone [5831-635]. Particle
sizes, shape and surface roughness of scaffolds are knownctocaffelar adhesion, proliferation and
phenotype. Additionally, the surface energy may play a role in attracting particular proteins to the
bioceramic surface and, in turn, will affect the dedifinity to the material. More to the point, cells
are excedingly sensitive to chemical composition and their Blmnming functions can be dependent
on grain morphology of the scaffolds. For example, osteoblast functions were found to increase on
nanofiber structures if compared to nanospherical ones becaudéeesimore closely approximate
the shape of biological apatite in bones [636]. Besides, a significantly higher osteoblast proliferation
on HA bioceramics sintered at 1200 € as compared to that on HA bioceramics sintered at 800 € and
1000 € was reportd [637]. Thus, to meet the tissue engineering requirements, much attention is
devoted to further improvements of calcium orthophosphate bioceramics [638]. Frarhethial
point of view, the development includes synthesis of novel-sutstituted calcium



