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CHAPTER 1: GENERAL INTRODUCTION

This chapter consists of three sections. The first section is the organization of this
dissertation. The second section gives an overview of the bone structure and formation, anc}
the role of trace element on the biomineralization process. The third section introduces
ceramic materials as synthetic bone substitutes focusing on the resorbable calcium phosphate

bioceramics and their crystal structure.

1. Dissertation Organization

This dissertation is organized in an alternate format. Several manuscripts which have
already been published or are to be submitted for publication have been included as separate
chapters. Chapter 1 is a general introduction which describes the dissertation organization
and introduces the human bone and ceramic materials as bone substitute. Chapter 2 is the
background and literature review on dissolution behavior of calcium phosphate, and
discussion of motivation for this reésearch. Chapter 3 is a manuscript entitled “Si,Zn-modified
tricalcium phosphate: a phase composition'and crystal structure study”, which was published
in Key Engineering Materials [1]. Chapter 4 gives more crystal structure details by neutron
powder diffraction, which identifies the position for Si and Zn substitution and explains the.:
stabilization mechanism of the structure. A manuscript entitled “Crystal structure analysis of
Si, Zn-modified Tricalcium phosphate by Neutron Powder Diffraction” will be submitted to
Biomaterials [2]. IR

Chapter 5 is a manuscript, entitled “Dissolution behavior and cytotoxicity test of S,
Zn-modified tricalcium phosphate”, whicﬁ: is to be submitted to Biomaterials [3]. This paper
discusses the additives’ effect on the dissolution behavior of TCP, and cytotoxicity test result
is also included. Chapter 6 is the study of h:ydrolysis process of o-tricalcium phosphate in the
simulated body fluid, and the phase de\}éldpment during drying process is discussed. A
manuscript entitled “Hydrolysis of oa—tricaiéiiim phosphate in simulated body fluid and phase
transformation during drying process” is to Se submitted to Biomaterials [4]. Ozan Ugurlu is

included as co-authors in these two papers due to his TEM contributions.



Appendix A is the general introduction of the materials synthesis, crystal structure
and preliminary dissolution result. A ; manuscript entitled “Resorption rate tunable
bioceramic: Si&Zn-modified tricalcium phosphate” was published in Ceramic Engineering
and Science Proceedings (the 29th International Conference on Advanced Ceramics and
Compositeé - Advances in Bioceramics and Biocomposites) [5].

Dr. Mufit Akinc as major professor has been included as co-author on all of the

manuscripts included in this dissertation.

II. Bone
2. Properties and structure

Bone is highly specialized tissue and makes up the skeletal system along with
cartitage. The two basic functions of boné are: (1) to provide structural support for the body
and sites for muscle attachment, and (2) to §erve as a reservoir for ions, particularly calcium
and phosphate and other trace elements such as magnesium and iron, which are employed in
various metabolic reactions in the body. -

Bone can be classified according to its anatomic function (weight bearing and
protective), shape (long, short, flat), mechanism of formation and/or micro architectural
structure (cortical (compact), trabecular (spongy)) [6,7]. Similar to most other living tissues,
bone is composed of various types of cells with a distinct extracellular matrix. The
characteristic cells in bone are osteoblasts, osteocytes, osteoclasts and bone lining cells [7],
which play the important role in the bone resorption and formation. Osteoblasts, which are
responsible for bone matrix synthesis, appéar‘ on the surfaces of bone undergoing growth and
development. They have the charactcristic"microscopic features of cells, which are actively
involved in the synthesis of proteins and the ‘(')rganic component of bone (collagen) as well as
several bone-associated noncollegenous pfoteins in vitro. Osteocytes (presumably derived
from osteoblasts) are found buried deep w1thm matrix of mineralized bone, connected to one
another or to the osteoblasts and are respcifﬁs'ifble for nutrition of bone. Osteoclasts are found
where the bone is being resorbed and they carry out resorption processes. The last type of

cell, bone lining cells, are flat, elongated and line the bone surface and can be considered as



inactive osteoblasts. Bone-lining cells are thought to regulate the movement of calcium and
phosphate into and out of the bone [8].

The extracellular matrix of bone, .in. order of decreasing proportion, consists of
mineral, collagen, water, noncollagenous.proteins and other organic moieties. Although the
proportions vary from one part of the: skeleton to another, on a dry weight basis, bone
contains 60-70% inorganic and 30-40% organic materials and are in dynamic equilibrium
with the body fluid [6].

The mineral of bone is a calcium-deficient, carbonate-containing, poorly-crystalline
analogue of the naturally occurring mineral hydroxyapatite (Ca;o(PO4)s(OH); or HAp). Bone
apatite is distinct from the geological apatites. It has smaller size with tubular to needle-like
morphology measuring 20-80 nm in length and 2-5 nm in diameter [9]. The small crystalline
size of bone mineral is coupled with its high surface area (~180 m?/g) [6]. Bone apatite is
also less i)erfect in atomic arrangement and stoichiometry, resulting in a more reactive and
soluble phase compared to the stoichiometric mineral hydroxyapatite. The composition of
the bone mineral is heterogeneous with aiCa/P=1.54-1.73 [10,11] and contains surface and
structural impurities/substitutions. A large’number of research work refers to bone apatite as
carbonate-apatite, given carbonate is the most prevalent bone mineral constituent not found
in hydroxyapatite. Because of its small crystalline size and correspondingly large surface

area, a high proportion of bone mineral patticles is available for exchange and reaction with
ions in the body fluids. Ions with the similar size and charge readily substitute for Ca**,
PO} and OH~ on the surface and within the growing crystal. In general, incorporation of
such ions makes mineral crystals less pe}fcct and more soluble, while some of these ions
including Na™, CI” and F~ are reported to s_'tz_ibii‘_ize\HAp structure and decrease its solubility
[12]. Other ions capable of incorporaai_g:ing iﬁto the bone mineral are X L, Mgh
COY ,HCO; ,HPOY . i

The organic portion of bone consists of collagen, organic cement and cells. As much
as 90 to 95 percent of the total organic weight is in the form of collagen fibers. Collagen is a

gelatin-like protein, being the chief constituent of organic fibrils of bones, but also of skin

and connective tissues. It is characterized by high praline and glycine and low aromatic



. amino acid content {13]. The collagen.fibfi'ls in bone tissue are surrounded by an organic
substance often referred to as cement. This organic cement, along with the bone mineral fills
inter-fibrillar spaces. Although the chemical composition of the cement is not definitely
known, its nature suggests it is a protein-polysaccharide complex.

3. Bone formation

In general, bone formation and/or mineralization of hard tissues takes place in four
distinct stages. The cellular activities of osteoblasts, osteocytes and osteoclasts are essential
to the process [9].

The first step in bone mineralization is the production of extracellular organic matrix
known as osteoid (mostly collagen) sxmultaneously by osteoblasts and chondrocytes, which
provide an environment favorable for ‘ineralization. The collagenous precursors are
typically synthesized and laid down by osteoblasts in concentric layers. Once the organic
framework is initially formed, the earliest ‘détectable_ event is an increase in extracellular
calcium and phosphate concentrations associdted partially with the loss of these ions from the
chondrocytes or osteoblast cells [14]. In addition, proteins as well as activities of certain
enzymes associated with the mineralization process increase, preparing the matrix for
calcification [15-17].

The formation of initial mineral crystals (nucleation) is the second stage. The
transient nature of the first phase makes it very difficult to detect, and verify its mineralogical
identity. Some in vitro studies suggested that several calcium-phosphate minerals besides
HAp might be the first nucleated mmeral durmg the bone mineralization [18,19]. These
studies propose that HAp does not prec1p1tate directly from serum, but a less basic calcium
phosphate salt is initially formed, su_ch- as brushite (CaHPO42H,0) and octacalcium
phosphate [20-22], which subsequently h')i?:f:lrolyzcs to HAp. The experimental support for a
precursor to HAp comes from the above studies on the solubility of calcium-phosphate salts
in aqueous solutions. Other investigators noted that amorphous calcium phosphate (ACP)
may be the intermediate to HAp [23]. The earliest evidence for the presence of an amorphous,
or noncrystalline mineral-phase in bone came from electron-microscopy studies [24]. The

subsequent X-ray diffraction studies suggested that this amorphous phase is a major



component of bone mineral [25,26]. Fleisch’s result showed that the non-reversible
transformation of ACP to HAp could occur in a media at physiological pH values [27].

Bone cells are assumed to play a direct role in formation of the first bone mineral
because they generally surround and cover the areas being mineralized. In addition, both the
deposition of the calcium-phosphate minerals as well as the initial formation of HAp occurs
due to the elevation of local calcium and phosphate concentration coordinated by the cells.
Similarly, the formation of specific molecules that can serve as epitaxial nucleators, and the
enzymatic removal or modification of macromolecules that inhibit mineral formation are
regulated by the cells [28]. Various theories of mineral formation differ as to whether the
nucleation can be considered homogenous or heterogeneous. The theories also differ as to
how and to what extent the organic tissue is involved in nucleation of bone mineral. In the
_ past, collagen was thought to be a promot'é;r of HAp deposition in bone. Glimcher et al., has
demonstrated that only native collagen, showing a periodic arrangement, will calcify in vitro
and suggested that initial precipitation is associated with the periodic sites and the gaps
created due to the specific organization of collagen macromolecules [29]. Robinson and
Watson suggested that amino acids arranged on the surface of collagen molecules to mimic
the apatite structure, providing a site fbr‘l't'he heterogeneous bone crystal nucleation [24].
Collagen is now considered a passive templaté for the oriented deposition of the mineral.
Platelet-shaped nano-crystals of apatite are incorporated in a parallel way between collagen
molecules, with the crystallographic ¢ axis'parailel to the fiber axis (Figure 1).

Although there is some uncertainty about the chemical and crystallographic nature of
the first mineral formed, the mineral dcpog_ited over this mineral is hydroxyapatite [7]. This
third step, the growth of bone apatite crygtals, is biologically regulated, as evidenced by
regular orientation and size of bone mineral crystals. It should be noted that blood plasma is
considered supersaturated in calcium and ‘phosphate ions with respect to the apatite growth
{301, but apparently undersaturated with .respect to its nucleation [27].

The initially deposited mineralized matrix does not persist, but rather, in the fourth
phase of bone formation, it is resorbed and reformed. Hence, the cycle starts again to meet
the mechanical function; bone undergoes dyhamic remodeling by a coupled process of bone

resorption by osteoclasts and reformation-by osteoblasts. Hormones and vitamins together



with the local factors have been implicated in initiating resorption and regulating the

remodeling process [31].

4. Role of Trace Elements in Bone

Bone mineral contains 36.6% calcium and 17.1% phosphorus, with various and
significant amounts of carbonate, sodium, magnesium, potassium, chloride, fluoride, citrate
ions and many other trace elements. The'role of these elements in bone maintenance and
metabolism and the effect of dietary restrictions has been extensively investigated [32-39].
Table 1 gives the composition of the human bone [40].

Magnesium (Mg) easily replaces calcium in the lattice due to the similar ionic radius

(r(CN=6) = 0.65 for Mg*"; r(CN=6) = 0.99 for Ca®" [41]). It is always associated with the

mineralization of calcified tissues, mainly in bones and teeth[32]. As reported by Althoff and
Bigi [33,34], Mg influences mineral metabolism through activation of alkaline phosphatasé
and the crystallization process of mineral substances as well as the pattern of mineral
formation. It inhibits HAp formation, but prefers to form poorly crystalline or amorphous
phase. Although the relative content of zilnc (Zn, r(CN=6) = 0.74) is much smaller than that
of magnesium, it has been found in all hufhén tissues and the concentration of Zn in bone is
higher than in most other tissues [42].‘T{:hé important role of zinc in many biological
functions is well known, such as enzyme a(;t?{/ity, nucleic acid metabolism, protein synthesis,
maintenance of membrane structure and fli'r;ctibn, as well as hormonal activity [38,43,44]. Zn
was reported to be essential in bone metabolism as cofactors for specific enzymes [45]. In
addition, a possible zinc involvement has been suggested in the modulation of the
morphology and crystallinity of biologiéaf ‘apatite crystals under in vivo conditions [39]. In
clinical studies, Walsh et al. have demonstrated the efficacy of Ca, Cu, Mn and Zn
supplementation on spinal bone mineral d"e:nrsity in postmenopausal women [45]. These trace
elements were proposed to promote the formation of strong bones and connective tissue [46]
Each of these studies demonstrated the necessity of trace elements for optimal bone matrix
development and bone density sustenance. |

In addition to these essential trace él'éments, vanadium (V), silicon (Si) and boron (B)

may emerge as being important in bone health. Silicon is known to be essential for the



growth and development of vertebrates, being involved in cell wall formation, cross-linking
in connective tissues, nucleic acid synthesis, photosynthesis, and other biological processes,
particularly with regard to aging [35,36]. It has also been found to perform a vital role in
skeletal development. Being a constituent of collagen [37], silicon deficiency has been found
to retard bone development in chicks [471. Dietary silicon has been found to increase the rate
of bone calcification, and nodular ill-form'c_("i‘ bone results from silicon deficiency [35,36]. An
increase in dietary silicon has been direcfly linked to an increase in bone mineralization;

particularly when associated with a calcium-deficient diet.

III. Ceramics as synthetic bone substitute

An ideal bone substitute should mimic the tissue which it replaces in size, shape,
consistency and function. It should not induce an infection and/or a healing response. As it
degrades, it must not alter the function of the adjacent tissues. If it does not degrade, it must
be tolerated by the body permanently. From the orthopedic point of view, mechanical
integrity, time controlled degradation and'sirﬁultaneous replacement by newly formed bone
define the function of ideal bone substitutélmaterial. Within the scope of these constraints,
there is a continuing search for an ideal material for bone repair combining the total

biological function with adequate material properties.

1. Classification

Ceramics began to be utilized for the repair, reconstruction, and replacement of
diseased or damaged parts of the body as early as nineteen century. According to the
bioceramic-tissue interface, they are cl.éfgsified as inert, microporous and macroporous,
bioactive and resorbable ceramics [48]. '

For inert implants, the interface is not chemically or biologically bonded. They
develop a non-adherent fibrous capsule which isolates the implant to protect the surrounding
tissues [49]. The thicker the capsule is, the faster the implant loosens which results in clinical
failure. Stress shielding is also a problem ‘With these types of implants and will occur if the

implant is stronger than the surrounding bone tissue. The typical examples of inert implant



are high-density alumina (Al,Os) and zirconia (ZrO,), which are used as bone screws, dental
implants, and bone substitutes for jaw bone and middle ear reconstruction [50].

For microporous (pore size ~1 pm) and macroporous (pore size >100 um)
implantable materials, the increased interfacial area between the implant and the tissues
results in an increased resistance to movement of the device in the tissue [51]. However, the
limitation of porous ceramics is that the requirement of the pore size which should be greater
than 100 um to maintain a blood supply to the ingrown tissues. The tissue and blood supply
could be damaged by micromovement at the interface of a porous implant and tissue, leading
to inflammation and the interfacial instability. The increased surface area can be also
detrimental as it increases the dissolution of the implants, especially the rates of corrosion
and ion leaching for metal materials. The best and most common examples are porous
hydroxyapatite and hydroxyapatite-coated porous metals.

Bioactive material is one that “elic"it 'a"specific biological response at the interface of
the materials which results in the formation of a bond between the tissue and the materials”
[51]. The bioactive materials available corﬁtﬁ'ercially for clinical use are 4585 bioactive glass, .
A/W bioactive glassceramic, dense synt’hetic HA, or bioactive composites, such as a
polyethylene—HA mixture. In the case of bioactive glasses or glass-ceramics, Si-OH bonds
induce a calcium phosphate layer forming on top of the SiOz-rich layer [48,51,52], leading to
the formation of an interfacial bonding zone between tissue and the implanted bioactive glass
in vivo. However, the time dependence of bonding, the strength of the bond, the mechanism
of bonding, and the thickness of the bonding zone differ for various materials.

Resorbable materials are designed to degrade gradually over a period of time and be
replaced by the natural host tissue, which are based on the same principles of natural tissue
repair. These materials degrade because tﬁéy '.are soluble in the fluid environment and occur
in vivo in three ways [48]: (1) physical ‘disintegration due to the inherent weakness for
chemical attack at the grain boundaries, '(2!') éhemical dissolution due to the solubility of the
material in the surrounding fluid and (3) biological factors, i.e. stimulating osteogenic
activity and being resorbed by osteoclasts' The advantages of using resorbable bioceramics
are a ready ions supply, the elimination of a second surgical procedure, and the elimination

any long-term function or biocompatibility problems due to the replacement of normal and



functional bone. However, there are some complications in the development of resorbable
bioceramics also: (1) Maintenance of strength and stability of the interface during the
degradation period and replacement by the natural host tissue; (2) Matching resorption rates
to the repair rates of body tissues, which themselves vary enormously, depending upon type
of tissue and its age and health [48]. The biodegradation ability of the material depends on
many factors, which are listed in Table 2[49]. Successful examples of resorbable bone
replacement are particulate calcium phosphate ceramic materials, such as tricalcium
phosphate (TCP), for hard tissue replacements when only low mechanical strength is

required, such as in some repairs of the jaw or head [53,54].

2. Resorbable calcium phosphates

In nature and biological system;.there are a variety of stoichiometric calcium
phosphates. Figure 2 is the phase diagram for the system CaQO-P;Os [55]. The compound
name, abbreviations, formula and solubility are listed in Table 3 [50]. A brief description of
some calcium phosphates is given below, focusing on tricalcium phosphate and
hydroxyapatite which are used as resorbable bioceramics for bone substitutes.

Tricalcium phosphate (TCP) was shown as early as 1920 to accelerate bone defect
healing. It has been found in several pathological calcifications as a single phase or
associated with other phosphates [11]. In Driskell’s study [56], the beta-tricalcium phosphate
(B-Caz(PO4)>, p-TCP) showed good bioresorbability and the resorption process continued for
approximately six to 18 months [57]. The implant has a shelf life of at least eight years. TCP
was also reported to have better bioresorbability than hydroxyapatite [58,59]. In combination

with HA, B-TCP is also used as a “biphasic calcium phosphate (BCP)” as a bone-substitution

ceramic [60-63]. Whitelockite is a term foff-the mineral or synthetic materials in which Mg>'

and HPO. ions substitute in B-TCP étructure. It occurs in various pathological
calcifications [64] and as a major constituent of human dental calculus [65]. Its solubility is
remarkably lower than the pure B-TCP [66], which is a reflection of the increased stability of
the lattice [67]. '

Alpha-tricalciumn phosphate (0-Cas(POy4)2, o-TCP) is a metastable phase at room

temperature, prepared by heating B phase up to 1125°C. o-TCP is more reactive in aqueous
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systems than 3-TCP and is considered to be a biological precursor of the apatitic phase since
it can be hydrolyzed to various reaction products [68-71]. Dicalcium phosphate dihydraté
(CaHPO4-2H;0, DCPD) forms below pH 5.5, octacalcium phosphate (CagHy(POas)s-SH>O,
OCP) forms at pH 5.5-7.5, and HAp above pH 7.5 [68]. The HAp produced by this cement-
type reaction exists over a compositional range and Ca/P ratio varies from 1.5 to 1.67 [72].
These “nonstoichiometric” HAp compositions are more soluble than stoichiometric HAp,
and are assumed to incorporate into bone more readily by osteocytes. Hence, o-TCP is used
as a cement-type material, which was moldable and could adapt to the bone cavity. Bonding
with bone will finally be realized through the converted apatite phase.

Hydroxyapatite (Ca;o{(PO4)s(OH), or HAp) is most stable and least soluble of all
calcium phosphates in physiological environment. Due to the chemical similarities to bone
and teeth mineral, HAp is widély used as a coating for orthopedic (e.g. hip-joint prosthesis)
and dental implants [48]. Some investigatofs suggested that there might be a bonding of HAp

with host bone [73,74]. However, pure HAp does not exist in biological systems. It occurs

only with nonstoichiometric and ionic substitutions: Na*,K*, Mg* , Sr* for Ca™; COF

for PO, ;Cl”, F~ and CO} for OH ", and some water. It forms the so-called “biological

apatite” or dahllite, the main inorganic component of animal and huﬁan normal and
pathological calcifications [11]. These differences between synthetic HAp and biological
bone result in the inability of the body’s Eoﬁe cells to remodel. That is, synthetic HAp has
low biodegradability {23]. Moreover, HAp fabrication method, usually sintering at high
temperature, represents a significant dréwlgabk for these materials, since it limits their shape
and size. This often causes problems of adaptation and fixation to the bone cavities where
they have to be placed. |

Although amorphous calcium pho_Sphate (ACP) is not used as resorbable material, it
brings a great attention since it is a transient phase during the formation of calcium
phosphates in aqueous systems. Usually, ACP is the first phase that is precipitated from a
supersaturated solution prepared by rapid -mixing of solutions containing of calcium and
phosphate ions [75-78]. The chemical composition of ACP strongly depends on the solution
pH value and the concentrations of calcium and phosphate ions in the solution. For example,
ACP phases with Ca/P ratios in the range of 1.18:1 (at pH 6.6) to 1.53:1 (at pH 11.7), and
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even up to 2.5:1 have been reported [11,79]. The structure of ACP is still uncertain.
According to X-rziy diffraction experiments, the compounds are amorphous. Electron
microscopy of ACP usually reveals spheric:al Iparticles with typical diameter ranging between
20 and 200 nm. However, it is likely that ACP has an apatitic short-range order based on
EXAFS (extended X-ray absorption fine structure) data for the hatural bone and synthetic
materials [80,81]. On the other hand, ACP was proposed to consist of roughly spherical
Cag(POy)s clusters with a diameter of 9.5 nrh, so-called Posner's clusters (PC), closely packed
to form larger spherical particles with water in the interstices [82,83]. These clusters were
found experimentally as seed nuclei during the crystallization of HAp, and a model was
developed to describe the crystallization O:f HAp as a stepwise assembly of these units [84].
Biologically, ACP (often containing magnesium, carbonate, and pyrophosphate) is found in
soft-tissue pathological calcifications (é.g. heart-valve calcifications of uremic patients)

[10,12].

3. Crystal structure of tricalcium phoslihate and hydroxyapatite

o-TCP crystallizes in the monoclinié space group P2, /a with lattice parameters a =
12.887(2), b =27.280(4), c = 15.219(2) K‘,‘B = 126.20(1)° with 24 formula units per unit cell
[85]. The structure is comprised of columns of Ca® and PO ions parallel to the c-axis
arranged as shown in Figure 3. There are gation columns, ---Ca Ca Ca Ca--., and cation-anion
columns, --PO4 Ca POy, O PO4 Ca PO, 0 POy Ca POy, where {J indicates a vacant site.
These columns are arranged to form a pseudohexagonal pattern: each cation column is
surrounded by six cation-cation and cation-anion columns. There is a prominent approximate
subcell with b-axis parameter of b/3 (9.09A). This corresponds to the hexagonal HAp a-axis
parameter, while half the c-axis parameter :of o-TCP corresponds to the c-axis parameter of
HAp. The hexagonal HAp structure can thus be derived from o-TCP by replacing the cation-
cation columns at the corners of the HAp.‘ cell by anion columns. The remaining cation

columns in o-TCP become the columnar Ca;( 1) ions in HAp, whilst the PO;~ and Ca®* ions

that form the cation-anion columns in o-TCP have approximately the same positions as
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the PO} and Ca(2) ions in HAp. The hexagonal HAp unit cell is marked as dashed-dotted

lines in the Figure 3.

B-TCP possesses the rhombohedrall' 's-Pece group R3C with unit cell a = 10.439(1), c =
37.375(6) A (hexagonal setting) with 21 ferﬁlula units per hexagonal unit cell [79]. Similar to
o-TCP, the structure can be described. as two types of columns (A & B), arranging in the
hexagonal unit cell along the c-axis [79]. The A column has the form of ---P(1)OQ4 Ca(4)
Ca(5) P(1)Og4---, while the B column --P(3)O4 Ca(l) Ca(3) Ca(2) P(2)O4 P(3)O4--. Each
column is surrounded by six others, but with alternating displacements from each other in the
c-axis direction to provide the oxygen coordination of the Ca®* ions [67,79,86]. The
coordination number for Ca sites are: Ca(1) = 7, Ca(2) = 6 or 8, Ca(3) = 8, Ca(4) = 3, and
Ca(5) = 6. The Ca(4) cation site is on the three-fold axis and has an unusual coordination to
the O(9), O(9%), O(9”) face of the P(1)O4 group. The Ca---O(9) bonds are long (3.041(1) A)
in accord with Pauling’s rule. There was on-l'y one Ca®" ion per pair of Ca(4) sites in a column
to maintain the charge balance. For the Ca(5) site, the coordination is essentially octahedral
with no shared POy edges, and all six Ca -O distances are relatively short, falling into the
range 2.238-2.287 A. These two sites are very suitable for the smaller cation ions, but are
highly constrained for a Ca** ion [67,86]. ;Sheroeder et al reported that, in the Mg-containing
B-TCP, Mg*" jons with ionic radius O.S’HC{ could substitute Ca(4) and Ca(5) positions up to
15% [67]. The Mg(4)--O(9) bonds were 2.907A, about 0.134A shorter than that of
Ca(4)---O(9) bonds. The approach of O---Mg(5)---O angles toward 90° with increasing Mg
content provides further confirmation of the trend toward a more ideal octahedral
configuration. |

According to the structure, each formula unit occupies 180 A? in a-TCP compared
with 168 A? in the B form. o-TCP is therefore a less compact structure than B-TCP and has a
higher internal energy; this is consistent w1th the o. modification being the high temperature
form and having a higher reactivity in water than 3-TCP.

Pure HAp crystallizes in the monoclinic space group P2, /b and lattice parameters a

= 9.4214(8), b = 2a, ¢ = 6.8814(7) A, and y= 120° [87]. At temperatures above 250°C, there

is a monoclinic to hexagonal phase transition in HAp (space group P63/m) [79,88,89]. During
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biomineralization and chemical precipitation from aqueous solution, the partial substitution
of hydroxide by some impurities, such as fluoride or chloride ions, and nonstoichiometry
may stabilize the hexagonal structure of HAp at ambient temperature. The approximate

lattice parameters are @ = 9.4 A and ¢ = 6.9 A with two formula units per unit cell in the
hexagonal structure [79]. The OH " ions are at z = % (Figure 5). In the monoclinic system,
there is a short range ordering of the OH~ ion columns along the same direction of
displacement from z = %. This ordered arfangement of OH" ions chahges the mirror planes

in P6,/m into b glide planes in P2, /b, and doubled the b-axis parameter.

The structural details of the carbonate apatite have been controversial, and remain
subject to uncertainty. Its crystal structure is still based on the hexagonal symmetry.
According to IR absorption spectra and the a-axis parameters relative to those of HAp, the

carbonate apatites were classified to two t‘lypes‘, A-type and B-type. A-type carbonate apatite

has an larger g-axis parameter with the CO_f“ ions on the six-fold screw axis to replace OH ",
and the B-type has a smaller a-axis parameter and CO;~ ion position corresponding to PO;”

ion sites. In biological apatites, a small fraction of the CO;™ ions replace OH " ions and most

of them adsorbed on the crystal surfaces [90,91].

New approach of biomaterials design emphasizes a more biologically based method
of repair/regeneration of tissues. The resorbable calcium phosphates are a promising
synthetic substitute to fulfill requirements-for the reconstruction of bone defects. It can be
made more bioactive by doping the trace elements which may stimulate specific cellular
responses at the level of molecular biology. Even though the basic questions concérning
crystallography, thermodynamics, and phase relationships have been answered, there are still
many open questions within the area of calcium phosphate chemistry. Related to the
biological formation of calcium phosphates, issues including rate of crystallization, control of
morphology, incorporation of foreign iéﬂs, and interaction with biomolecules remain hot
topics and are not well understood even today. A better understanding of structure,
formation, dissolution and mineralization of these materials will lead to improve their

properties for bone and teeth substitutes.
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Table 1 The Composition of Human Bone (Dry Weight) [40]

Major Composition Trace Elements Concentration (ug g" Dry Weight)
Concentration
Component (wt%) Element Range Element Range
Ca 36.6 Li 1-26 As 0.011
P 17.1 Be 0-4 Se 0.1-21
CO, 4.8 B 2-4 Br 1-5
Na 1.0 Al 3-241 Rb 0.3-0.7
K 0.07 Si 3-40 Sr 75-150
Mg 0.6 S 0.69-1.83%" Zr 0.3-6
Sr 0.05 Ti 0.1-2 Mo 0-0.1
Cl - 0.1 v 0.04-8 Ag 1-19
F 0.1 Cr 0.1-6 Cd 1-8
Mn 0.2-26 Sn 3-13
Fe 3-120 Sb 0-3
Co 0-04 Ba 20-5940
Ni 2-18 Hg 0.012
Cu 1-3860 Pb 10-50
Zn 50-280 Rare earths  0.001-2.2
* Weight percent.

Table 2 Factors Affecting Implant-Tissue Interfacial Response [48]

Tissue Side Implant Side

Type of Tissue Composition of Implant
Health of Tissue Phases in Implant

Age of Tissue Phase Boundaries
Blood Circulation in Tissue Surface Morphology
Blood Circulation at Interface Surface Porosity
Motion at Interface Chemical Reactions
Closeness of Fig Closeness of Fit

Mechanical load Mechanical load
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Table 3 Solubility product constants of calcium phosphates compounds at 37° [49]

Compound Formula pKsp

Dicalcium phosphate dihydrate (DCPD)  CaHPO,-2H,0 6.63

Dicalcium phosphate anhydrous (DCPA) CaHPO, 7.02

Octacalcium phosphate (OCP) Ca,H,(PO,),-5H,0 95.9

o-Tricalcium phosphate (a-TCP) a—Ca,(PO,), 25.5

B-Tricalcium phosphate (B-TCP) f—Ca,(PO,), 29.5

Hydroxyapatite (HAp) Ca,(PO,),(OH), 117.2
Calcium-deficient hydroxyapatite Cay, (HPO,) (PO,)s (OH),_,

(CDHA) (0<x<1) 8
Amorphous calcium phosphate (ACP) Ca (PO,), -nH,0 25-33
Tetraclacium phosphate (TTCP) Ca,(P0,),0 37-42
Fluorapaatite (FAp) Ca, (PO,) F, 137
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Figure 5 Simple apatite hexagonal system (PQO; tetrahedrons are represented by a phosphorus
atom) [77]
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CHAPTER 2: BACKGROUND AND LITERATURE REVIEW ON THE
DISSOLUTION BEHAVIOR OF CALCIUM PHOSPHATES

This section presents the basic thermodynamic and kinetic theories on the stability of
solid salts in the aqueous solution, and then focuses on the solubility and dissolution of
calcium phosphates. Review of the literature on the role of additives on the dissolution

behavior is also presented.

2.1 Stability of solid salts in aqueous solution
Solubility is defined as the maximum concentration of solute in the solution under the

equilibrium conditions. This concept of solubility is a very convenient way to know how
rﬁuch of the material has actually dissolved into the solution. Howeuver, it is not convenient
for showing general solubility of the material since its value depends on the pH of the
solution. Therefore, a thermodynamic equilibrium constant known as the s'olubility product
constant K, is used for sparingly soluble salts. It describes the equilibrium state between a
mineral compound and an aqueous phase. The reaction that controls this equilibrium for a
single compound AX can be represented by

AX(s) & A"; (ag)+ X" (aq) ‘ (2.1)
where (s) indicates solid and (aq) aqueous states, respectively. Change in Gibbs free energy
in above equation is represented by [1]: .

AG _ s+ Hg = e

+Inrp* (2.2)
RT  RT

where 4° is the molar Gibbs free energy under normal conditions of ionic species in
solution; 2, . is the Gibbs free energy of the solid compound; and IP** is the ionic activity

product of compound AX. The ionic activity product of compound AX in solution is defined

as
P™ = (A" )XY (2.3)
where (A"™) and (X" )are the molar activity of cation and anion, respectively. In a state of

equilibrium AG =0, so that Equation 2.4 can be expressed by



29

1] 0
/uA.uc +tuX,ar: - AUAX S

e ~InIP¥ =—InK ™ 2.4)

My, is a constant for a pure solid of fixed composition and /) are fixed at a determined

temperature and pressure. Therefore, the equation shows: the ionic activity product for
compound AX in a saturated aqueous solution must also be constant. This constant is called
the thermodynamic solubility product, or solubility product.

When AG # 0, the dissolution or precipitation will proceed in the aqueous solution.
The driving force controlling dissolution and precipitation reactions are based on super-
funder-saturation levels or the Gibbs free energy of transfer from supersaturated to an
assumed saturated soluti_on at surface or inverse. Derived from Equation 2.2, the driving

force can be expressed as [2):

AG =(RTy) 1n(f%m) = (RT/yins (2.5)
where Kso is the equilibrium constanf"or the ionic activity product at equilibrium
(K = K% AX] [AX]~1 for the slightly soluble solid), v is the number of ions in the

molecule, and § is defined as the thermodynamic saturation level. Hence, the direction of the
dissolution/precipitation is determined by the difference between the /P and the equilibrium
constant Kso. When S=1, the aqueous solufipn is saturated with respect to the compound AX.
When S<1, the aqueous solution is undersaturated and AG < 0, which provokes dissolution
until saturation is achieved. The dissolution rate will decrease with increasing of IP. The
reaction of the surface will reverse to precipitation when S >1.

Generally, the dissolution and. precipitation rate of calcium phosphates may be
interpreted in terms of an empirical kinetic'éQuation [3]: '

R=km F(Z o (2.6)
L

in which k& is the corresponding rate constant m and mg are the masses of solid phase
initially and at time ¢, o is the relative super— or undersaturations, and » is the kinetic rate
order of reaction. The relative super- apd understaturation may be expressed in terms of

equation 2.7.
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The values of IP for some calcium phosphates are given by equations 2.8-2.9:
For tricalcium phosphate (TCP), .

IP =[Ca® FIPOI Ty} y? (2.8)
and stoichiometric hydroxyapatite (HAP),

1P =[Ca™1°[PO} 110K 1 i Y5 (2.9)
where y; is the ionic activity coefficient decided by the ionic strength. Since /P is tightly
related to the concentration, the dissolution and precipitation reaction could be simply
implied by the concentration change in the solution. If the ionic concentration C is smaller
than the-equilibrium concentration C_ in the solution, the dissolution happens and the
precipitation begins under the opposite condition.

The solubility of a mineral compo_t:iln_d_ AX in aqueous solution can be described with
the concentration of the A™ and X" ior;s. However, in the case of acidic (e.g. H,X) or
basic compounds (e.g. A(OH);) it is necessary to use pH as a variable for complete
description of solubility. A graph describir{g the relationship between these variables is called
as a solubility diagram. Figure 2.1 is a solubility diagram for a mineral compound AX in a
hypothetical ternary system of A(OH),-H,X-H,O, which shows the stability regions as
function of concentration of A (log[A]) an&l solution pH. The geometric figure (in the form of
a line) in the solubility diagram defines ‘the equilibrium conditions is called a solubility
isotherm. As shown in Figure 2.1, the solution can be either undersaturated (U) or
supersaturated (S). In the first case, the solid:s tend to dissolve. In the second case, the solids
tend to precipitate until equilibrium is reachied once again.

More complex aqueous systems cémprise compositions that produce more than one
solid compound. The singular points of this diagram predict solution-derived precipitation.
For example, a singular point (or invariant:point) as shown in Figure 2.2, is the intersectioﬁ
of two isotherms, where both salts are equally stable. If these compounds are in a solution
more acidic than the singular point (e.g. P;), the compound AX will dissolve. Since the

solution at this point is supersaturated with respect to AX;, the AX; will precipitate. In general,
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for a given pH value, any salt whose isotherm lies below another, will be relatively more
stable than the other. This dissolution and precipitation process continues until pH and
composition reaches a singular point. Thetconclusion would be similar if the initial solution
composition is located in a more basic solution relative to the singular point such as P;. In

‘that case AX, will dissolve and AX will precipitate until the singular point is reached [4].

2.2 Calcium phosphate system

According to the solubility product constants (Table 3 in chapter 1), Brown and Chow
calculated the solubility isotherms at 37°C over a wide pH range (Figure 2.3) [5]. The
solubility of each calcium phosphate was plotted with the concentration of calcium and
_phosphorus as the function of pH. A commion characteristic of the isotherms in Figure 2.3 is
that they have a negative slope in the neﬁ_.:tfél' and acid regions (pH < 7). This suggests that
these compounds became more soluble when pH decreases as most other basic oxides do.
The gradient of the slope shows that the Séj]ﬁbility increases as the pH decreases. In general,
ata givén pH, a salt with its isotherm lying"; below that of other salts is less soluble and more
stable in the solution. There are only two calcium phosphate materials that are stable at room
temperature when in contact with aqueous solution. At a pH lower than 4.2, the component
DCPD is the most insoluble phase, while at higher pH (>4.2) HAp is the one. HAp and
DCPD have equivalent stabilities at pH 4.2, indicating that these two will be the equilibrium
assemblages of phases at this pH. This- occurs when the solution is mutvally and
simultaneously saturated with respect to thgse two solids. Therefore, during the dissolution of
other calcium phosphates, HAp or DCP}E)' or both will precipitate when the solution is
supersaturated with respect to them, as in:\tfoduced in the previous section. The gradual
transition from these salts to HAp/DCPD'Jiéurface leads to the change in solubility of other
calcium phosphates to a value approachiﬁ’g Athe solubility of HAp/DCPD. This dissolution
and precipitation process continues until pH and composition reaches the singular point.

Ducheyne et al. compared the dissSIution rates of six calcium phosphates in calcium
and phosphate free solution at pH 7.3. In terms of the dissolution of calcium, the dissolution
rate increased from the stoichiometric HAp (s-HAp) to TTCP in the following order [6]:

TTCP > o-TCP >> OCP > B-TCP > CDHA > s-HA
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where CDHAp is calcium-deficient hydroxyapatite. Klein et al. [7] proposed the degradation
rates of calcium phosphates were determined by neck dissolution rate and neck geometry.
The latter factor is dependent on the crystallography, the stoichiometry of the material, and
the sintering conditions. It is also worth to note that, contrary to general salts, the solubility
of calcium phosphates decrease with the increase of temperature (Figure 2.4), which may be

taken into consideration for HAp biomimetic or coating process strategy [8].

2.3 Additives Effect on the Calcium Phosphates

As introduced in Chapter 1, ions with the similar size and charge to the component
ions are capable to incorporate into the bone mineral and to substitute Ca*, PO;” or OH~

sites. This leads to the change of the crystal structure, composition, morphology, and even the
porosity, which are the principal factors determining the stability and solubility of calcium
phosphates. The important influence of iiripurities on crystallization and dissolution has been
the .subject of numerous studies [9-19]. |

AS reported, the addition of magnéisium to TCP produced B-whitlockite ceramic and
reduced the dissolution rate of the TCP [9,16,17,20]. Further investigation suggested that Mg
might substitute Ca sites and stabilize TCP structure [21,22], which also effectively
suppresses the phase transition from B- to o-TCP. Okazaki presented that Mg-containing
HAp dissolve to a greater extent than Mg—frée apatites with the subsequent reprecipitation of
Mg-poor apatites [23]. The high Mg/Ca in solution favored the reprecipitation of Mg-
containing B-TCP rather than HAp. Termine and Posner reported that the pfesence of Mg**
ions enhanced amorphous apatite (ACP) formation and retard the transformation of ACP into
HAp at a givén degreé of supersaturation 'f24,25]. Similar to Mg effect, it was found that the
solubility of sintered Zn-TCP decreaseci “‘s_teeply with an increase in zinc content beyond
0.126 wt%[12,13,26,27]. It decreased to a. level of the equilibrium solubility of pure HAp
when the zinc content was raised to 3.70wt%. The decrease in solubility was attributed to the
increased stability of the TCP structure cau::sed by the addition of zinc ions. On the contrary,
zinc addition could increase the solubility of HAp [28]. It was proposed that Zn might
produce an increase in the activity of acid phosphatase or induce dissolution of the

hydroxyapatite matrix in a biological environment. It was possible that the Zn may form
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Zn(OH);.; species in solution which may, in turn, lower the pH in the vicinity resulting in an
increase in the dissolution/resorption of ﬁAp. From the point view of crystallography, Bigi
[29] explained that the addition of zinc decreased the crystal size and increased crystal strain
of HAp, and so it cannot appreciably substiti.lte for calcium in the HAp structure. Hence, zinc
was assumed to be adsorbed on the surface of apatite crystallites and or in the or in the
amorphous phase, and thus decrease the stability of' HAp.

Due to its important role in bibmineralization process, silicon has also been
investigated extensively as additives for calcium phosphates. Ionic radii considerations
suggested that the most likely substitution. site for Si was that of phosphorus. Langstaff et al '
reported that the dissolution rate of silicon-doped HAp was higher than non-doped one and
B-TCP, and it was resorbed when acted upon by osteoclasts [11]. Si substituted HAp was
assumed to be more bioactive than pure HAp since it bonded faster to the bone after
implantation, ensuring the osteointegratioﬁ of the materials and reducing the risk of implant
failure. Porter et al. confirmed that the in vivo dissolution of Si-HAp increased with the
silicon content and it was found to be prevél‘e‘nt at grain boundary and triple junctions [30,31].
Botelho et al. [32] presented that, at physidlogiéal pH=7 4, zeta potential of HAp was -SOi'Sl
mV, whereas it significantly decreased to 7145 mV by the presence of silicate gréups (0.8
wt% Si) in the HAp lattice. These mechanisms were suggested to be the reason of the good
bioactivity. The amount of silicon which can be incorporated into HAp was limited due to the

increased distortion of the PO, tetrahedra [14,33). At low silicon levels in HAp, B-TCP
would form as the secondary phase, while high silicon levels favored o-TCP[15,34]. Some

results revealed that CI~, F~ and CO. substitution for hydroxide and phosphates groups

could decrease OH ™~ directional disorder.and stabilize HAp structure [35-40), leading to
decrease in the dissolution.

In spite of large body of research exists in this area, solid evidence to demonstrate the
effect of additives on the solubility of tricalcium phosphate is still lacking. Careful and
systematic analysis of structure of the ijon-substituted phosphates is prerequisite for
understanding the role played by these elements on the mechanisms of dissolution behavior.

In the present research, Si and Zn were cl;gosen as the additives under the consideration for
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the dissolution and pharmaceutical effects. The final purpose of this research is to: (1)
develop a resorbable and implantable cerainic structure that would act as a bone substitute
initially and eventually be resorbebd by the body during the natural process of bone
remodeling; (2) control the resorption rate to match the new bone growth rate and maintain

the necessary strength by chemical modification of the material.
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