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ABSTRACT

Hydroxyapatite is the principal inorganic constituent of human bone and teeth and its
formation has widely been investigated. The formation of crystalline hydroxyapatite is
preceded by an amorphous calcium phosphate precipitate, the composition of which
depends on the reaction solution. The effect of pH, T, precursors and ionic medium on the
precipitation of calcium phosphate have been investigated. At both 23 °C and 37 °C , with
the pH neutral to alkaline and at moderate supersaturation conditions, apatite is the main
phase precipitated. The material is non-stochiometric (Ca/P=T.3 to 1.8) and poorly
crystalline. At high supersaturation calcium phosphate dibasic and apatite form.

In higher animals silicon has been shown to be an essential trace element and its
involvement in bone mineralisation is well established. Since silica seems to have an
important role to play in mineralisation processes, studies ofthe precipitation of calcium
phosphate have been carried out in the presence of silica. Calcium phosphate crystals were
precipitated from a solution containing 10 mM Ca(N03)2and 6 mM (NH4)2HP04 in the
presence of soluble silicon species (0-0.409 mM) at both 23°C and 37°C from solutions at
an initial pH of 7.4. Results showed that silica promotes calcium phosphate precipitation
and crystallisation. Electron microscopy analysis showed that soluble silicon species act as
nucleation sites for apatite crystals. By contrast, it is believed that aluminium might play a
role in the development ofbone fragility and inhibit bone mineralisation. The effect of
aluminium on calcium phosphate precipitation has also been investigated. Calcium
phosphate was precipitated from a solution containing 10 mM Ca(N03)2and 6 mM
(NH42HPO04 in the presence of freshly prepared aluminium chloride (7.5 and 75 pM) at
both 23°C and 37°C from solutions at an initial pH of 7.4. The presence of aluminium
decreased the crystallinity ofthe principal phases. Electron microscopy analysis showed
that aluminium species were incorporated into apatitic material and into complex
amorphous aggregates. The presence of aluminium chloride in the reaction medium
appeared to inhibit the transformation of amorphous calcium phosphate and/or octacalcium
phosphate to stoichiometric hydroxyapatite.

In the early 90’s, Birchall hypothesised that silicon species could be involved in a
mechanism to protect against aluminium poisoning. Birchall and co. workers showed that
Si could lessen the toxic effect of Al in a variety of organisms. Some studies have shown
that silicic acid could release and excrete aluminium from the body stores including bone.
Based on these studies, the ability ofsilicic acid to ameliorate the effect of aluminium on
crystal composition, crystallinity and morphology have been investigated. The presence of
silicon in the aluminium-containing reaction medium (up to 0.082mM) appeared to
enhance the formation of hydroxyapatite at room temperature. The presence of silicon did
not improve the crystallinity of dicalcium phosphate dihydrated but it seemed to improve
the transformation of amorphous phosphate and/or octacalcium phosphate into
hydroxyapatite. Although the hydroxyapatite crystals were not as crystalline as the control
they were more perfect than the crystals formed in the presence of aluminium in the
reaction media.

The bioactivity ofa silica-coating was assessed using the simulated body fluid method.
The osteoblast response to a silica-coating was also assessed. Primary human osteoblast
cells were seeded on the surface ofupright silica-coated discs. Results showed that silica-
coated surfaces stimulate apatite precipitation and may promote mineralisation of
osteoblast cells in vitro.
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Chapter 1 Introduction

CHAPTER 1: INTRODUCTION

1.1 THE FORMATION OF PRECIPITATES

1.1.1 Nucleation

The generation of crystals from solution is of particular significance not only in analytical
chemistry but also in physiology and in the geochemical sciences. In the field of
physiology, nucleation occurs under normal conditions (e.g. bone growth) and under
abnormal conditions (bladder, kidney, gout, etc.).

Nucleation or the birth of crystals from solution is a process which controls the number,
size, structure, and morphology of precipitated crystals1.

The interaction between ions and between molecules which leads to cluster formation and
to the evolution of crystals has been likened to a chemical reaction. Similarly to a chemical
reaction, before crystallisation can occur the energy barrier to nucleation must be
overcome. There must be a degree of supersaturation before spontaneous crystallisation
will occur.

The largest cluster which may exist before spontaneous crystallisation occurs is usually
referred to as the critical cluster or nucleus. The process for the crystallisation ofa

molecular species can be represented as follows:

A+A <>A2

A2+ A < A3

AX] +A<H>AX

AT L mudenton A

AxH + A >crystal growth where A = molecule.
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There are two different forms ofprecipitate nucleation: heterogeneous nucleation and
homogeneous nucleationl. Heterogeneous nucleation occurs at a supersaturation level

lower than that required for homogeneous nucleation (fig. 1.1).

NUMBER OF
PRECIPITATE
PARTICLES

/' HOMOGENEOUS
NUCLEATION

So sa sfe ST
INITIAL CONCENTRATION OF PRECIPITATING SPECIES

Figure 1.1 Typical curves for the number ofprecipitate particles produced as a function ofthe initial
concentration. Curve a is for a system of AQ impurity particles, each equally efficient in catalysing
heterogeneous nucleation. Curve b corresponds to the precipitation onto NOimpurities of varying nucleation
efficiency. Heterogeneous nucleation occurs at a supersaturation s’ and homogeneous nucleation occurs at a
much higher (critical) supersaturation s* s0is the solubility of'the precipitant.

In heterogeneous nucleation, the influence of solids other than the precipitating phase and
impurities is strong. The influence ofthe substrate can affect the energy barrier to
nucleation and the formation of precipitates can be catalysed by impurities, (e.g. lattice
match between precipitate crystal and impurity substrate)l. Homogeneous nucleation
occurs only at high supersaturation values.

The nature of'the initiating nucleus will affect the structural morphology ofthe product. If
the critical nucleus size is less than one unit cell, amorphous or partially crystalline
material is produced. Agglomeration of small crystallites into larger aggregates also

favours an amorphous precipitatel.
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1.1.2 Crystal growth

The way in which a crystal grows depends upon the structure ofits surface in contact with
the solutionl. Some molecules will move out from the crystal surface and will be replaced
by solvent molecules; some molecules from the solution will adsorb onto the crystal
surface. The surface is in dynamic equilibrium with the solution and when the solution is

supersaturated the equilibrium will be disturbed .

solution

1 crystal surface

LT

Figure 1.2 Schematic representation ofthe development of a surface.

crystal

Molecules from solution will absorb at the top ofthe layer and at the bottom molecules of
solvent will diffuse out ofthe lattice layer to be replaced by solute molecules; thus the
disordered layers move upwards leaving behind an ordered crystal (fig. 1.2). Each
molecule is incorporated into the crystal without any discontinuous change in the essential
structure of'the interface. Macroscopic crystals are unlikely to be perfect; they will

normally contain lattice dislocations and other imperfections1,2

1.1.3 Impurities and additives

When a crystal grows from an impure solution or from one containing an additive, it will
reject the impurity ifthe impurity is less soluble in the crystal than in the solution. As the
interface moves, impurities may be rejected into the solution more rapidly than they can be

carried away by diffusion. In consequence the impurity concentration in the solid will be
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determined by the impurity concentration in the enriched diffusion layer and not by the
mean concentration in the solution’.

The impurities may adsorb onto the crystal from the neighbouring enriched solution and
the molecules after certain time may desorb back into the solution. An advancing growth
layer on meeting an adsorbed molecule may brush it ahead until it desorbs, or, ifthe
impurity is more strongly adsorbed and less mobile on the surface, surround and partially
embed it. Succeeding growth layers will repeat the process and the chances ofthe impurity
desorbing decrease the more deeply it is embedded .

During crystallisation, the largest crystals are those which would have nucleated first at the
highest solute concentrations and are subjected to rates of growth varying from the highest
to the lowest rate. They will be the most impure crystals and unless there is diffusion
within the crystal, they will be most impure near their centres. Smaller crystals born later
and grown more slowly will be more pure. When Ostwald ripening occurs, these smaller
crystals will dissolve and the larger crystals will grow. The new growth on the latter will be
purer than the dissolved crystals2.

The distribution of impurity molecules will not only be radial but may be anisotropic since
the growth and adsorption are likely to be different for different faces4. For example, the
presence of lead ions cause potassium chloride crystals to grow in an octahedral habitl
(fig. 1.3). Low concentrations (<1%) cause the disappearance ofthe (1 0 0) faces and the
appearance ofthe octahedral (111) planes. Higher concentrations (>1%) cause higher-

index planes to appear, giving a faceted spherel.
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Figure 1.3 Some possible modifications of a cubic system showing first the formation ofthe octahedral
faces, then higher-index facesl

1.1.4 Ostwald ripening

A supersaturated state does not spontaneously transform directly into the phase which is
the most stable ofthe possible states but into the phase which is less stable than itself6. If
the immediate product of a crystallisation or other phase change is the unstable form, then ,
during ageing, this may transform into the stable or a more stable form. The mechanism of
the transformation will vary with the conditions .

Nucleation ofthe stable form may have occurred to a small extent alongside the nucleation
and growth ofthe major product, the unstable form. The stable form has the lowest
solubility but as it is likely to be present as smaller crystals with enhanced solubility these
may either dissolve back into solution or grow at the expense ofthe unstable form. On the

other hand no stable nuclei may have been formed, and if the unstable product is to
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transform, nuclei ofthe stable form must be created. It seems likely that these nuclei will
not be formed within the solution but will be generated from the unstable crystals .

The new phase may be of a different lattice structure to the parent crystal, or with different
orientation or conformation of molecules on lattices sites, or be different in

4l 6,7,8,9
composition .

1.1.5 Morphology

The morphology or physical appearance of precipitates is determined by nucleation and
growth rates, colloidal stability, recrystallisation and ageing processes, and various habit
modifications brought about either by ions or molecules present in solution or by the
solvent itself1,2 The first feature affecting the grain size of precipitates is its solubility 10,11
The final particle size will depend upon the number ofnucleation sites and the amount of
material precipitated. With little material in solution the growth rate will be slow at
controllable levels of supersaturation. The degree of supersaturation also strongly affects
the degree of crystal perfectionlz. At concentrations close to those of homogeneous crystal
nucleation, the critical nucleus is typically the size of a few unit cells; however, at higher
concentrations the critical nucleus is much smaller and looses its identity with the new
phaseB. For simple compounds the ions or molecules will rapidly reorganise to satisfy the
minimum energy requirement ofthe regular lattice; however, there are many complicated
structures known where it is not easy for the ions or molecules to rearrange in the
appropriate configuration (e.g. apatites, silicates, cholesterol, and most polymers and
enzymes). There is often an intermediate amorphous gel structure from which the

molecules undergo a transition state before attaining its normal structurel.
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The rate of growth also influences the morphology. For slow growth rates, precipitate
particles often take on a compact, well-defined shape which is related to the crystal
structure. At faster rates of growth, changes in crystal habit are observed and at higher
supersaturations dendritic growth usually occurs1415. Crystals produced at low
supersaturation are compact and small, at higher concentrations are large and dendritic, and
at still higher concentration are much smaller, but compact, and agglomera‘cedm’m’i

The addition of foreign ions to a crystallising solution causes changes in the crystallisation
process which are partially described by the changes in growth rate and coprecipitation
involving the foreign ion19. The added ions may have a cation, anion, or neither in common
with the crystallising phase, and the effect ofhabit modification may be brought about as a

result of changes in a lattice dimension by incorporated ions or surface blocking20. Habit

modifications may then be observed21'23.

1.2 BIOMINERALISATION

Mineralisation in living organisms is defined as the deposition of inorganic chemical
compounds under normal or pathologic conditions. In mammals, mineralisation is
synonymous with calcification because the major inorganic minerals deposited are calcium
containing compounds. The most familiar calcified structure is bone. Bone refers to a
family of materials each with a different structural motif (eg. dentin, mineralised tendons),
but all having in common the basic building block, the mineralised collagen fibril24.

Bone not only has a mechanical function providing the architecture ofthe human body,
but is also the major reservoir of calcium and phosphate necessary for a wide variety of

. . 25
metabolic functions™ .
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The components of bone are classified as organic and inorganic. The organic constituents
are made up of acidic glycoproteins, proteoglycans, a host of serum proteins and type I
collagen, a fibrous protein that constitutes the extracellular matrix ofbone, and water - .
The collagen fibrils constitute a three dimensional framework on which crystals form24,26.
The range of mineral contents ofbone is between about 45 and 85 % by mass and
approximately half of that by volume®*. The mineral can exist in three different possible
compartments in relation to the collagen fibrils: 1) within the fibrils, 2) on the surface of

the fibrils and 3) between the fibrils, but not in direct contact with them?26.

1.2.1 The processes of calcification

Bone mineralisation occurs in the extracellular space. The process in which the mineral is
deposited within an organic matrix has been extensively reviewed24,2638. Calcification
depends on the interaction of cells, extracellular macromolecules and other matrix
components. The extracellular macromolecules, particularly collagen, non-collagenous
proteins, proteoglycans, proteolipids, and glycoproteins regulate the manner in which the
mineral is deposited. Smaller molecules and ions, such as pyrophosphate2832
carbonate3940, magnesium4l' 43, and nucleoside triphosphates4l,44 as well as certain
hormones4445 and non-matrix proteins469 are involved in the regulation of in vivo
calcification and the production of'the calcifiable matrix.

Although physiological solutions such as plasma or lymph, are supersaturated with respect
to hydroxyapatiteso, apatite precipitation does not occur spontaneously within them.
Physiological solutions can maintain their metastability with higher free calcium and
phosphate concentrations because ofthe chelation ofthese ions by macromolecules and

because ofthe presence of calcification inhibitors®**®. Extracellular macromolecules and
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certain cells (osteoblasts, odontoblasts, chondroblasts, etc.) are believed to control
calcification by increasing local calcium and phosphate concentrations, providing sites for
crystal growth and deposition, and controlling mineralisation in areas where mineral
formation is not desired.

Three different mechanisms have been proposed to explain the calcification process:

a) Physiochemical mechanisms. It was first suggested that collagen could provide a
suitable template for the formation of the apatite which would grow from collagen by
epitaxy5l. However electron microscopic studies failed to confirm an association between
the first detectable mineral crystals and collagen fibrils™.

A second theory was the “amorphous calcium phosphate” hypothesis37. Non-crystalline
compounds called amorphous calcium phosphate (ACP) are formed from calcium and
phosphate prior to the appearance of crystalline apatite. ACP was thought to compose
mostly oftricalcium phosphate. Once formed, ACP converted to crystalline mineral.

A third physicochemical theory was that apatite mineral was formed through a simpler, but
crystalline, intermediate, namely octacalcium phosphate53.

b) Local ion-concentrating mechanisms. One ofthe most important theories has been the
phosphatase theory, introduced by Robinson5in the 1920s. He and his co-workers showed
that phosphatases were highly concentrated within bone and cartilage during the process of
initial mineralisation55. Robinson proposed that phosphatase functions at the calcification
front were to hydrolyse a naturally occurring phosphate ester substrate, producing a
localised high concentration of phosphate ions and a supersaturated condition for calcium
and phosphate ions. This would cause spontaneous nucleation of a calcium phosphate
mineral phase. However, the theory was challenged on several points. First, no natural

substrate was identified for bone alkaline phosphatase to act upon. lodoacetate and
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fluoride, which could inhibit mineralisation in rachitic rat, did not inhibit alkaline
phosphatase under the experimental conditions used by Robinson. Finally, in biological
fluids, in which it was shown that calcium and phosphate concentrations were metastable
with regard to apatite, apatite never spontaneously precipitated.

A second theory relied on the attraction of calcium ions to certain acidic phospholipids,
(e.g. phosphatidyl serine) which had been identified in calcifying regions of cartilage56.
Phosphatidyl serine and other phospholipids could act as a non-energy-requiring calcium
trap localised at the site of mineralisation.

Phosphoproteins have also been shown to be present in higher concentration at the
mineralisation front, suggesting a possible role in mineralisation” .

¢) Removal ofcalcification inhibitors. In the calcification sites, inhibitors are present and
can prevent the formation of mineral. Thus mineralisation could only occur at sites where
local enzymatic and other anti-inhibitory activity could remove inhibitors (such as
pyrophosphate). The proposal that pyrophosphate could serve as a mineral inhibitor was
first suggested by Fleisch and Neumanp, who showed that pyrophosphate had two effects
on apatite: 1) preventing its formation from metastable calcium phosphate solutions and 2)
preventing its dissolution once formed. Thus the phosphatase hypothesis was revitalised by
showing that this enzyme could promote mineralisation not only providing orthophosphate,
but locally destroying pyrophosphate at the precise site of mineralisation.

Proteoglycans had also been implicated as calcification inhibitors because of their ability to
chelate Ca2+ Acidic proteoglycans which are abundant in cartilage matrix58 are present in
lower concentrations in bone and dentin™®. Anionic proteoglycans would have to be

degraded in order to allow progressive mineralisation. There is biochemical, histochemical
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and electron microscopic evidence of proteoglycan removal at sites of incipient

calcification396l.

A second mode of calcification, not always present, involves the release of so-called matrix
vesicles into the extracellular space, which also induces crystals to form. The matrix

vesicles contribute to the mineralisation ofthe intercollagen fibril compartment

1.2.2 The nature of the initial mineral

The nature ofthe initial mineral deposited in calcified tissues is uncertain. Literature
reports the presence ofa variety of calcium phosphate phases such as amorphous calcium
phosphate2'63, brushitet465 and octacalcium phosphatet in addition to hydroxyapatite
itself. It has been suggested that brushite is the first mineral to form in the process of
calcification65.

The presence of brushite has been confirmed in newly mineralised tissue from the bony
part ofthe tibias of 17-day-old chick embryos65. However brushite, which accounts for
approximately 1% ofthe total mineralised tissue, is not found in mature bone67. In vitro
studies suggested that brushite might act as a precursor to hydroxyapatite deposition, and
that hydroxyapatite growth could occur on the brushite crystals6468 However, brushite
forms in vitro at a lower pH than that which is believed to exit in the extracellular matrix .
It is most likely that the earliest mineral deposited in bone osteoid is a less perfect
hydroxyapatite than that of mature bone. The identification of all the mineral phases that
exist within the living organism is extremely difficult and the determination ofthe precise
nature ofthe first mineral formed is one ofthe major unsolved problems in the field of

calcification.

11
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1.2.3 The nature of the mature bone mineral

It was once believed that mature bone was a mixture of an X-ray amorphous tricalcium
phosphate (ACP) and hydroxyapatite (HAP), but nowadays it is known that the mature
bone is formed from poorly crystalline carbonated apatite crystals named Dahllite”’. They
crystals are plate-shaped, with average lengths and widths of 50 x 25 nm’’. The crystals are
very thin, with thickness appearing to be remarkably uniform 2-6 nm (fig. 1.4). These
crystals are extremely small and they may be the smallest biologically formed crystals
known. Although the crystals are plate-shaped, they have hexagonal symmetry70. It has
been proposed that this is because they grow via an octacalcium phosphate transition
phase66. Octacalcium phosphate crystals are plate-shaped and have a structure very similar

to apatite except for the presence of an hydrated layer70.

12



Figure 1.4 a) Electron diffraction of b) femoral head cortical bone, c) femoral head
cancellous bone and d) electron diffraction of c) (see appendix IV for protocol for the
preparation of bone samples for TEM analysis).
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1.3 CALCIUM PHOSPHATES

Calcium Phosphates form a large family of isomorphous materials. Each one has
different properties depending on its crystallographic characteristics. Table 1.1 summarises

the crystallographic characteristics of some ofthe crystalline calcium phosphate phases.

NAME MOLECULAR FORMULA SYMMETRY SYSTEM Ca/P
GROUP

Hydroxyapatite (HAP) CalqPO49HqOH)2 P2t/b Monoclinic 1.67

Non-stoichiometric Calax(HPO49x(PO46xOH)2 P63m Hexagonal 1.4-2

hydroxyapatite (AP) x «H20 0<x<1,n=0-2.5

Hydroxycarbonateapatite CalqPO4HqCO3)3(OH) P2yb Monoclinic 1.67

(HCA)

Monocalcium Phosphate Ca(H2P 04)2 Triclinic 0.50

(MCP)

Monocalcium Phosphate Ca(H2P 042 H20 Triclinic 0.50

hydrated (CPMH)

Dicalcium Phosphate CaHP04 P-1 (2) Triclinic 1.00

(DCP)

Dicalcium Phosphate CaHP04.2H20 la Monoclinic 1.00

dihydrated (DCPD)

Amorphous Calcium Ca3}(P042-nH2 “ 1.50

Phosphate (ACP)

Tricalcium Phosphate Ca3P04)2 R3m Rhombohedral  1.50

(TCP)

Tetracalcium Phosphate Ca3P04)2Ca0 P2i(4) Monoclinic 2.00

(TTCP)

Octacalcium Phosphate Ca3(P04)2.CaHP04 P-1 Triclinic 1.33

(OCP)

Table 1.1 Name, molecular formulae, symmetry group, system and Ca/P ratio of calcium
phosphates.

The structure of'the relevant calcium phosphate phases found in this work are described

below.
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1.3.1 Hydroxyapatite structure (HAP)

Because of'its crystallographical similarity to various calcified tissue of vertebrates,
hydroxyapatite, Cal(PO4)6(OH)2 (HAP), has been well studied for biological applications
as a substituted material for damaged teeth or bone.

DeJ ong71 was the first to observe the similarity between the X-ray diffraction pattern of
bone powder and the pattern obtained from the basic calcium phosphate mineral,
hydroxyapatite. In fact the X-ray diffraction and electron diffraction patterns (Fig. 1.4) of
bone powder are identical to the pattern obtained from non-stoichiometric synthetic HAP.
The crystal structure of non-stoichiometric HAP belongs to the space group P63m in the
hexagonal system with the lattice parameters, a(6=)9.432 A and ¢=6.881 A (ref.)70. A

simplified unit cell of HAP is shown in Fig. 1.5.

120% 60*

3/4

Figure 1.5 Simplied view ofthe unit cell ofhydroxyapatite70.

The two oxygen atoms ofthe P 04-tetrahedron locate on the mirror planes at z=1/4 and 3/4,
and the other two symmetrically occupy the sites above and below the planes. Calcium
ions occupy two different sites; the column Ca at z=0,1/2 and the screw axis Ca at z=1/4,

3/4. Three ofthe screw axis Ca2+form a triangle on a mirror plane (Fig. 1.6)70.
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Figure 1.6 Crystal structure of apatite70.

The arrangement of OH" ions surrounded by a Ca2+triangle along the ¢ axis is also
characteristic ofthe HAP structure. Most wet-chemically synthesised HAP powders are
non-stoichiometric. The following formula is mainly used for the explanation ofthe non-

stoichiometry.

Calox(HPOAX(POH6X(OH)2x «HD 0<x<1, n=0-2.5

The crystal structure of stoichiometric HAP belongs to the space group P2 Ib71'72. It is

monoclinic pseudohexagonal. It has been postulated that the monoclinic phase results from

a statistical disorder ofthe OH" ion around the mirror plane (Fig.1.7).

16
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n!OiZ/\

~r--b
o-— T-T f ;0H
/ 1 ©: Ca
0"T 0:0
HAp

Figure 1.7 A cross-section ofthe apatite lattice parallel to the c-axis70.

Such displacements of OH" ions from the mirror plane changes the 63 axes into the 2 } axes
and the mirror plane into a b axial glide plane. There are two non-equivalent
crystallographic sites for Ca2+. Each Caj ion is surrounded by 9 oxygens from 6 P (043"

groups and Can by 7 oxygens from P04 " and 1 OH" group.

1.3.2 Octacalcium phosphate structure (OCP)
Octacalcium phosphate belongs to the space group P-1 in the triclinic system70,73. OCP
consists of alternative stackings of an “apatitic layer” with 4[Ca3(P04)2 «0.5H20] at z = -

1/4, 1/4 and a “hydrated layer” with 4{CaHP04 -2H20] at z=1/4, 3/4 (fig. 1.8).
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Figure 1.8 Structure of OCP projected down the c-axis. Heights are slightly idealised70.

The x-ray diffraction pattern resembles that of HAP. A characteristic x-ray diffraction peak
of OCP is from the (100) plane. The composition ofthe hydrated layer corresponds to that

of brushite CaHP04 -2H20. It contains four HP04 ’ groups which two ofthem form pillars
as [Ca-HPO04-Ca], and the other two are linked tightly to the apatitic layer through oxygen.

The chemical formula of OCP is written by:

Ca§HP04)2(P04)4 -SH20

1.3.3 Brushite (DCPD)

The original studies by Beevers# suggested that brushite (CaHP04-2H20) has a
monoclinic cell of space group /2la or la. Further studies by Jones  and Berrymr concluded
that the space group for brushite was /a. Brushite converts to monetite (CaHP04, DCP) at

37°C and above. Monetite has a triclinic cell of space group P-/(2).
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1.3.4 Amorphous Calcium Phosphate (ACP)

ACP is amorphous with the composition of Ca3(P04)2 -«H20 (n=3-4.5; 15-20% H20),
which corresponds to a calcium-deficient HAP with the composition

Ca9H2(P046(0H?2) «H20. ACP forms mostly as spherical particles of ca. 300-1000 A in
diameter. X-ray diffraction of ACP gives an amorphous pattern. ACP is not a simple
accumulation of HAP unit lattices” . It has been proposed that ACP is composed of
clusters. Each cluster has a unit having the composition of Ca9(P04)6 with ca. 9.5 Ain
diameter centring on the Caxsite ofthe HAP structure. ACP has been found to contain no

HPO4" groups. ACP seems to be glass-like amorphous phase without HP 042’ groups.

1.4 SILICON AND BONE MINERAL

Silicon is the second most abundant element in the earth’s crust after oxygen and it
is an element required in trace amounts for life. It can be found combined with aluminium
to form the aluminosilicates ofrocks, clays, and soil minerals, and dissolved as soluble
silica-silicic acid, Si(OH)4. At approximately neutral pH silicic acid is uncharged and has a
solubility of 2mM, above which polycondensation produces oligomeric silicic acids and
colloidal particles of hydrated silica, S102-xH20 77. Silicic acid is found in the interstitial
water of soils, lakes, rivers and oceans. Marine organisms such as diatoms, radiolaria, etc.
use silica to construct their exoskeletons . Some plants such as the primitive plant
Equisetum have silica deposits that exhibit a wide range of structural motifs at the
microscopic level P
The human ingestion of silicon in its most bioavailable form, silicic acid, has been

estimated to be 30 mg Si per day with 60% ofthis from cereals and 20% from water and

. 77
drinks .
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The involvement of silica in osteogenesis and connective tissue metabolism is well-
established. In the early 1970s, almost simultaneously, Carlisle® and Schwarz® published
similar results demonstrating the essentiality of silicon in chicks and rats respectively. In
both studies, silicon deficiency produced defective collagenous connective tissue formation
and defects in the growth of bone. Experiments with chicks showed that birds on a silicon-
deficient diet presented small and flexible bone structures®. Their femora and tibiae

fractured more easily under pressure than those birds on a silicon-supplemented diet (fig

1.9).

Figure 1.9 Four-week old chicks on silicon supplemented diet (left) and low-silicon basal diet (right)82

Rats maintained on low silicon diets showed skull and pigmentation abnormalities&. Later
on, Carlisle showed that silicon was present in osteoblast cells and it was concentrated at
the mineralisation front in growing bone®. The analysis of bone from animals maintained
on a silicon-deficient diet presented a reduction in the proportion of collageneous organic

matrix.
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The effect of silicon not only appears to be on the synthesis of collagen but also on the
formation of'the bone mineral itself85.

The level ofsilica in connective tissues (100 ppm) and in regions of active calcification is
approximately 100 times higher than most other tissues (1-2 ppm)m. As a minor
constituent of saliva® , it has been suggested to influence the mineralisation of dental
plaque and promote the formation of calculus&. Silicon concentration in dental plaque is
enhanced in areas with hard drinking water, where silicon is present in higher
concentrations than normal, or as a result ofthe consumption of foods with a high silicon
content, such as certain cereals®.

Studies ofthe effect of different silicon species on the formation of calcium phosphate
have shown that silica can act as an heterogeneous nucleation substrate and that the
formation of HAP nuclei is favoured over other calcium phosphate (CP) nuclei.90. Recent
studies have shown that silica and silicate ions promote calcification91,92. Tanizawa et al.,
(1995)92, proposed that ACP is formed in an early stage followed by formation of DCPD
and HAP. They reported that the transformation was enhanced by the presence of silica.
The effects observed were attributed to polymeric silicon species rather than monomeric

silicon species.

1.5 ALUMINIUM AND BONE MINERAL

Aluminium is the most abundant metallic element in the Earth’s crust, the third most
abundant element overall. It can be found in measurable quantities in food, soil, water and
air . Aluminium can be found as insoluble sulphates, phosphates, silicates and hydroxides
as well as in solution in the bedrock and soils¥. Until recently, the majority of aluminium

was locked in the soils and minerals in these insoluble forms and significant amounts were
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found in only few natural waters. However, with the advent of acid deposition, the
buffering capacity of soils and natural waters is slowly decreasing and as a consequence of
this, their pH falls to levels which allow for the mobilisation of aluminium from its mineral
stores”” .

Despite being present at trace levels in almost all vegetation and animals, even a small
increase in the concentration of aluminium can have deleterious effects. In animals,
aluminium can cause growth disorders and disturbed neurological functions. It is believed
that aluminium is involved in Alzheimer disease% and amyotrophic lateral sclerosis, a type
of Parkinson’s disease’ . Aluminium is also associated with skeletal toxicities such as low
bone remodelling and defective mineralisation” but the exact mechanism of aluminium
toxic actions on bone is still under debate. It is not clear whether the aluminium-associated
defect in mineralisation is due to a physicochemical impairment of hydroxyapatite
formation by deposition of aluminium at the bone-osteoid interface or to an effect of
aluminium on osteoblast function essential for normal mineralisation. Osteomalacia in
patients on long-term hemodialysis has also been associated with aluminium accumulation
in boneM,100. Several studies have been carried out to clarify the physicochemical effect of
aluminium on the in vitro formation and growth of HAP10l. Aluminium chloride has been
shown to delay the formation of calcium phosphate mineral from supersaturated solution
and the transformation of ACP to HAP, and to inhibit growth ofpoorly crystalline HAP 101

It has also been reported that the adsorption ofaluminium to HAP crystals inhibits their

dissolution rate 12
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1.6 BIOMATERIALS

A large number of materials are available for osseous repair and reconstruction.
However, bone-bonding is restricted to a limited number of “surface-reactive materials”.
These materials, named bioactive implants, create an environment compatible with bone
growth and develop a layer of biologically active hydroxycarbonateapatite (HCA) on their
surfaces during implantation. The HCA crystals bind to collagen fibrils and form a strong
interface between the organic matrix and inorganic material. Hydroxyapatite ceramic is a
material chemically similar to bone mineral and consequently is one ofthe few materials
characterised as bioactive capable ofundergoing bonding osteogenesis ‘in vivo,103.
Hydroxyapatite coating of a metal substrate is an alternative to obtain an implant that can
be used in tensile load-bearing applications 1B'105. Tricalcium phosphate, Ca3(P04)2,
together with hydroxyapatite, is one ofthe most widely investigated calcium phosphate
ceramics. It has been reported to possess good biocompatible properties 133.

In the last 25 years, silicate glass-ceramics containing calcium phosphate have
been developed for application in prosthetic or bone implant materials. In the early 1970s,
Hench and co-workers discovered and developed bioactive glasses. These glasses are
registered as Bioglass® and their constituents are Nazo -Cao -P205-Sio 2 . Other researchers
such as Kokubo, ( 1992)]07 ,and Li, (1994)1(“? have developed glass-ceramics by modifying
Bioglass®, decreasing or substituting Na20 and adding MgO. Some bioactive glasses are
osteoproductive, what means that they can bind with both bone and soft tissues due to an
intracellular and an extracellular response at their interface. Bone cells (osteoblasts) in
contact with the bioactive surface undergo rapid proliferation and quickly form new

bonel®. It has been proposed that the rapid bone formation is a result of soluble silica
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being released from the glass which activates genes in the cell to produce growth

factors %!

1.7 AIMS

1. To develop methods to identify and characterise calcium phosphate materials by
FT-IR, XRD, TEM and EDX analysis,

2. To study the effects of pH, T , concentration and initial precursors on the
formation of calcium phosphate and establish a model system to produce these materials,

3. To study the effects of'soluble silica species and aluminium (III) species on
calcium phosphate nucleation and transformation,

4. To study the possible ameliorating effects of soluble silica species on the toxic
effect of aluminium (III) species on calcium phosphate formation, and

5. To assess the bioactivity of a silica gel based surface.
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CHAPTER 2: EXPERIMENTAL METHODS

2.1 Transmission Electron Microscopy (TEM)T5

The TEM probes the internal structure of solids and allows access to
microstructural or ultrastructural detail that may not be visible by the human eye.

The principles of light microscopy also follow for electron microscopy. Three
important attributes of microscopes should be considered: resolution, contrast and
magnification. Features in a magnified image subtend an enlarged viewing angle at the eye,
and are thus more easily detected than in the object itself. The magnifying system must be
capable of: 1) carrying sufficiently fine detail (the system’s resolving power), and 2)
providing adequate contrast between features in the image.

Optics can be approached from two viewpoints. In geometrical optics, we assume that the
imaging radiation travels in straight lines except when it is refracted by the lenses; this
enables us to explain magnification and some aspects of contrast, but gives no information
on why resolution might be limited. Wave optics, on the other hand, involves consideration
ofthe wave nature ofthe radiation, of diffraction and interference, and clearly
demonstrates the limits to resolution and explains some other mechanisms of contrast
enhancement.

In terms of geometrical optics, the lenses of microscopes can be compared to three familiar
instruments: a camera, a projector and a magnifying glass (which is itselfa simple
microscope).

The condenser acting like a camera lens throws an image of'a light-source on to the
specimen. The objective, like lens of'a projector, forms a magnified image (the primary

image) of an object placed just in front of'its first focal plane. In a light microscope, the
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eyepiece acts as a magnifying glass providing further magnification ofthe central portion
ofthe primary image. In a transmission electron microscope subsequent ‘projector-type’
lenses form further images, the final one ofthese on the screen or film.

Magnification is arguably the least important ofthe three attributes ofthe microscope, and
certainly the easiest to achieve; any microscope can be arranged to produce images of any
magnification by simple manipulation of lenses and distances. Magnification is useful up
to the point where it is just sufficient to enable the eye to resolve the finest detail of
interest; any more is empty magnification.

The resolving power ofthe light microscope has been close to its theoretical limit for the
past 100 years, and the optical systems of light microscopes are technologically almost
perfect. As an example, an electron microscope image ofa specimen may contain useful
information down to about 3nm. A total magnification of 100,000 will enlarge 3nm detail
up to 300 pm and make it comfortably visible. However, since photographic film can be
enlarged at least fivefold without significant loss of quality, this magnification of 100,000
might be made up from a magnification 0£20,000 in the microscope and 5 in the enlarger.
Increasing magnification reduces the area ofthe specimen observed. Doubling the
magnification reduces the area observed by a factor of4. A tenfold increase in
magnification reduces the area of view to one-hundredth. The electrons which illuminate
the viewing screen or film to an appropriate brightness all must pass through the tiny area
of specimen being observed; hence, other things being equal, for constant screen brightness
we must subject the specimen to irradiation by electrons increasing with the square ofthe
magnification. Furthermore, an area of Imm2, at a magnification of 10,000, will require

about 10,000 micrographs for complete coverage. Using the lowest adequate magnification
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will thus provide maximum information about the specimen, minimum specimen damage
by irradiation, and lowest costs for photography.

The contrast ofthe image is produced by the absorption ofthe incident electron beam by
the specimen. The amount of contrast is dependent on the atomic number ofthe material.
In order to create contrast in the image, the scattered electrons must be separated from the
unscattered electrons using the objective lens aperture. Ifthere were no objective aperture
most of the electrons would recombine with the unscatterred electrons and form a
featureless image. When the objective aperture is introduced parts of the image with high
mass and/or density will appear darker.

Fine detail can be enhanced by phase contrast on each side of focus. The objective aperture
must be sufficiently large to allow the diffracted beam and the undeviated beam to
interfere. At high magnifications it can be an advantage to enhance certain regular spacings
(e.g. lattice fringes) defocusing the image. Defocusing will enhances certain spacings but it
will also reduce the visibility of others for the same defocus. Although it is possible to
calculate the amount of defocus required, in practice it is easier to take a through-focal
series of micrographs and select the underfocused image which improves the fine level of

detail ofthe desired feature.

2.1.1 Electron diffraction7

Diffraction describes the interaction of waves with an object, and the relative sizes
of wave and object determine the importance ofthe effect. Diffraction in effect ‘encodes’
information about the object in the radiation.
Electron diffraction patterns produced in the electron microscope can be ofthree different

types:
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a) Ring pattern (polycrystalline specimen).

b) Spot pattern (single crystal region ofthe specimen).

¢) Kikuchi line pattern (single crystal region of the specimen).

Ring and spot patterns were the common patterns obtained in the characterisation ofthe
materials presented in this thesis.

The major use ofring patterns is in the identification of phases using extraction replicas.
These diffraction patterns also arise from very fine grain size polycrystalline material. For
a given beam direction a number ofprecipitate particles within the area illuminated by the
beam will be oriented to satisfy the Bragg law for all allowed reflecting planes. However,
one individual precipitate will produce a specific beam reflected from a particular (hkl)
plane, such that the angle between it and the incident beam is 20, satisfying the Bragg law.
For randomly oriented particles and a specific reflecting plane (hkl) these beams will lie in
a cone with apex angle 40(hd) centered on the incident beam direction to produce a ring in
the diffraction pattern. Since a number of {hkl} planes will reflect depending on the
structure factor a series of concentric rings will be produced to a particular set of (hkl)
reflections, as indexed.

Using a spot pattern it is possible to determine the sample orientation in the microscope;
the crystal can be quickly surveyed and the accessibility of certain orientations and hence
diffracting vectors determined. Details ofthe fine structure ofthe pattern can be used to

obtain information on the defect structure ofthe specimen.
2.1.2 Energy Dispersive X-ray Analysis (EDAX)89
When a high speed incident electron strikes a specimen it may generate an X-ray,

the energy or wavelength of which is detected and counted by a suitable detector. A
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bombarding electron with sufficient energy may completely displace an inner shell electron
from a specimen atom. An unstable ion is produced and an outer electron drops into the
inner shell vacancy. This transition results in the emission of a characteristic X-ray. Hence
chemical information concerning the specimen is obtained. X-rays are detected by a
lithium drifted silicon detector attached to the microscope column. The X-rays pass
through the window ofthe detector and create electron hole pairs in the lithium drifted
silicon crystal. A charge pulse is created, which is proportional to the energy ofthe X-ray.
This is then amplified and passes to a multichannel analyser where the signals are sorted
according to their energy. This energy is characteristic for each element. By measuring the
different energies, the elements present in the specimen are determined.

The detection and counting of X-rays may be performed using an energy dispersive
spectrometer (EDS) detection system. The production of an X-ray spectrum in this way is

often referred to as the energy dispersive analysis of X-rays (EDAX).

TEM analyses were performed using a JEOL 2010 TEM with a LaB6electron gun filament
operating at 200 KeV. Energy Dispersive X-ray Analysis was performed using the
attached PentafetST X-ray detector and TEMQUANT function within the Link-Isis
software from Oxford Instruments.

The TEM was calibrated to check the camera length using an aluminium standard. As the
d-spacings are already known, diffraction patterns are obtained at the camera length to be

used with the samples and a back calculation performed to obtain the exact length.
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2.1.3 Specimen Preparation

Specimens for transmission electron microscopy study were prepared by placing
drops ofthe suspension directly on holey-carbon formvar-coated copper grids at specific
time points in the reaction, e.g. 1,5, 15, and 30 min ofreaction. Excess water was removed
by blotting with filter paper. For analysis ofthe dried final precipitate, powder samples

were suspended in acetone and then dropped onto holey carbon coated copper grids which

were allowed to dry in air.

2.2 Scanning Electron Microscope (SEM) 1011

The scanning electron microscope is used to study the surface or near surface
structure of specimens. The SEM has a similar setup to that ofthe TEM as it requires the
use of'an electron gun, electromagnetic lenses and apertures to image the specimen.
However the placement ofthe beam deflector or scanning coils, below the objective lens is

where the two instruments differ.

SEM analysis were performed using a Cambridge Stereoscan 600 SEM operating at 25K V.

2.2.1 Specimen Preparation
The powdered sample was dispersed on double-sided sticky tape that had been mounted on
aluminium SEM stubs. In order to obtain a sharp image the samples were rendered

electrically conducting by coating with a thin layer of gold.

2.3 Fourier Transform-InfraRed Spectroscopy (FT-IR)12*8

From the infrared spectrum it also is possible to obtain structural information.

Molecules are excited to a higher energy when they absorb infrared radiation. A molecule
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absorbs the frequencies of infrared radiation which match the natural vibration frequencies
ofthe molecule. They correspond to the range encompassing the stretching and bending
vibrational frequencies ofthe bonds in a covalent molecule. The energy absorbed serves to
increase the amplitude ofthe vibrational motions ofthe bonds in the molecule. Only those
bonds with a dipole moment can absorb infrared radiation. They must have an electrical
dipole which changes at the same frequency as the incoming radiation in order for the
energy to be transferred. The absorptions of each type of bond are found in specific parts of
the infrared region.

The infrared spectrum can also be used as a fingerprint. Since every type ofbond
has a different natural frequency of vibration, and since bonds ofthe same type of different
compounds are in slightly different environments, molecules with different structures
would not have the same infrared spectrum. By comparing the infrared spectra of
substances thought to be identical you can establish whether they are identical or not.

The FT-IR spectrometer operates on a different principle from the dispersive
spectrometer. The design ofthe optical pathway produces a pattern called an interferogram
which contains all the frequencies which make up the infrared spectrum (a plot of intensity
versus time). By the mathematical operation (Fourier-transform) the individual absorption
frequencies are separated from the interferogram and a spectrum identical to that obtained
with a dispersive spectrometer is produced. The FT-IR spectrometer can acquire the
interferogram of a sample in less than a second. It is possible to collect dozens of
interferograms ofthe same sample and accumulate them. The spectrum obtained from the
sum ofthe accumulated interferograms has a better signal-to-noise ratio. The FT-IR

spectrometer is faster and more sensitive than the dispersive spectrometer.
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A computer-interfaced FT-IR operates in a single-beam mode. The computer
software automatically substracts the spectrum ofthe background, which is previously
collected, from the sample spectrum. The spectrum obtained is identical to that obtained
from a traditional double-beam dispersive spectrometer.

To determine the infrared spectrum of a compound, it must be place in a sample
holder which must be constructed ofionic substances, typically NaCl or KBr.

The main disadvantage of KBr is that it absorbs water which may interfere with the
spectrum that is obtained. If a good disk is prepared, the spectrum will not have interfering

bands since KBr is transparent down to 400 cm'1.

FT-IR was performed using a Nicolet Magna-IR™ Spectrometer 750 with a DTGS (KBr)

detector and a KBr beam splitter. Resolution was set at 4 cm'land 64 scans collected.

2.3.1 Specimen preparation
For FT-IR Spectroscopy analysis, the powder samples were analysed as potassium bromide
(KBr) discs. Approximately 0.5 mg of sample was ground with 100 mg of KBr in an agate

mortar and compressed into a thin, homogeneous disc using an hydraulic press at 10K tons.

2.4 X-Ray Diffraction (XRD)19 4

X-ray diffraction analysis is a non-destructive technique and requires only a small
amount of sample. The method determines the actual compound or compounds present in
the sample, and is able to distinguish different crystalline forms ofthe same compound.
As with other types of electromagnetic radiation, interaction between the electric vector of

X-ray radiation and the electrons ofthe matter through which it passes results in scattering.
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When X-rays are scattered by the ordered environment in a crystal, both constructive and
destructive interference occurs among the scattered rays because the distance between the
scattering centers is ofthe same order of magnitude as the wavelength of'the radiation, and
this results in diffraction.

The powder X-ray diffraction method is useful in qualitative phase analysis because every
crystalline material has its own characteristic powder pattern. The powder patterns have
two characteristic features:

a) the d-spacings of'the lines

b) the intensities of the lines (I/1i)

Materials are identified from these values in conjunction with the JCPDS (Joint Committee
on Powder Diffraction Standards) Powder Diffraction File. This contains sets of cards
containing X-ray data for known crystalline phases.

X-ray diffraction was performed on samples using a Hiltonbrooks modified Philips
PW1050 Powder Diffractometer with CuKa radiation at Koc=1.540562A. The samples

were scanned over the range 10-40° of 20, at 0.02° of20 step size.

2.4.1 Specimen preparation

For x-ray diffraction analysis, powdered samples were packed into the hollow ofa
cavity in a glass sample holder and smoothed off by sliding a flat glass slide over the

surface.
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2.5 Preparation of calcium phosphate material§® *°

Synthesis of apatites can be brought about by wet, dry and hydrothermal methods.
1. Dry chemical methods by solid-state reactions. An heterogeneous mixture of

appropriate solid ingredients when heated to an optimum temperature can lead to the
formation of a desired lattice through solid state diffusion ofthe constituent ions. They
have the advantage of providing stoichoimetric HAP powders. The synthesis is usually
carried out at high temperatures (1200-1400 °C).

2. Wet chemical methods use either precipitation from mixed aqueous solutions or
the hydrolysis of calcium phosphates. They are the most suited for preparation of
appreciable quantities of apatites. HAP powders produced by wet chemical methods
generally possess high surface areas and fine particle size. Non-stoichiometry (Ca-
deficiency; Ca/P < 1.67) and low crystallinity are also characteristics of HAP obtained by
precipitation synthesis. These are mainly due to the fact that a gel of amorphous calcium
phosphate (ACP) with low Ca/P ratio (~ 1.5) precipitates initially and much water is
incorporated in ACP. Crystallinity and Ca/P ratio depend on various factors such as pH,
aging time and temperature and the type and concentration of starting materials.

3. Hydrothermal methods as the name implies, deal with the application ofhigh
temperatures to aqueous solutions to facilitate the precipitation of crystals of dimensions
larger than those attainable using ordinary wet methods. Because the aqueous precipitating
medium at atmospheric pressure has its boiling point as the upper limiting temperature,
heating under high pressure enables this limit to be exceeded. The principal advantage of

such methods has been to enhance considerably the crystallinity and purity ofthe product.
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The method used in this study was a wet method. It was based on precipitation from
aqueous solutions. It was a modification of the method suggested by Hayek and Stadlman,

(1955)0n. Figure 2.1 shows a schematic representation ofthe method.

Ca2t+(aq) filter by suction

wash with deionised distilled H20
mix » CP precipitation

dry 250°C, 1h

H2P 047HPO4 grind

XRD, FT-IR, TEM

Figure 2.1 Schematic representation ofthe method used to precipitate calcium phosphates

The calcium solution (pH 5.1) was added to the phosphate solution, the pH of which had
previously been adjusted to 7.4 by the addition of'an acid or base. The precipitation
reaction was carried out at 23°C (RT) and 37°C (in a thermostatically controlled water
bath). The reaction was constantly stirred using a magnetic stirrer. The effect of different
parameters such as T, pH, precursors, initial precursor concentrations, and the presence of

other ions in the reactive solutions were assessed.
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The precipitate was dried at different temperatures to assess changes in crystal phases and
crystalline sizes. Table 2.1 shows the crystallites sizes for the reflections corresponding to

the Miller Indexes (0 0 2) and (2 12) for the precipitate formed at 37°C (see chapter 3).

T(°C) (002) 211)
40 171 43
110 156 45
250 166 44

Table 2.1 Crystallites sizes (A) for the precipitate formed at 37°C. The Miller Indexes correspond to HAP
(JCPDS 9-432), (p<0.05 compared to control).

No changes were observed up to a temperature of 250°C which was the temperature chosen
to dry the precipitate to eliminate any volatile nitrate salts formed during the

precipitation26.

2.6 Preparation of silica thin film§®
13 mm round Thermanox® Coverslips were coated with silica sol-gel by the spin
coating method which is a fast and convenient method for preparing sol-gel coatings.
Figure 2.2 illustrates a Basic Spin Coating system. The coverslip to be coated was

attached to a motor-driven turntable and the coating solution is applied from the top to the

center of'the coverslip.
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(T) * Dropper
AN N— Solution
Coverslip
Turntable
Motor

Fig 2.2 Schematic Diagram ofa Basic Spin Coater (Thomas, 1994)**.

An excess of sol-gel solution was applied from the dropper to the coverslip while
the latter is rotating. The solution deposited on the center ofthe coverslip moves radially
outwards driven by centrifugal force. On reaching the edge of'the coverslip excess solution
is thrown off'in droplets. The solution film solidifies by solvent evaporation or by gelation

and a thin coating was obtained which covers the surface ofthe substrate.

2.6.1 Preparation of silica sol-gef9

10 ml of TEOS was mixed with 10.23 ml of dry ethanol in a beaker. After stirring
for 10-15 seconds, 3.165 ml 0of 0.2 M HC1 was added (ITEOS:4EtOH:4H20:0.045HCI).
The beaker was covered and the solution was stirred for lh. The sol-gel solution was used
to prepare the silica thin films onto the coverslips. The thin films were assessed for
bioactivity.
The coverslips were also sent to Queen Medical Center at the University ofNottingham for

biological studies.
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2.7 Identification of Calcium Phosphate Phases

Different phases of calcium phosphate form during precipitation depending on the
experimental conditions. To identify the phases present by FT-IR analysis, combinations of
commercial dicalcium phosphate (DCP) and hydroxpapatite (HAP) were used at ratios of
100%, 75/25%, 50/50%, 25/75% and 0% (w/w) of DCP/HAP. To identify the phases
formed by XRD analysis, combinations of commercial dicalcium phosphate (DCP) and
hydroxyapatite (HAP) in the ratio DCP:HAP; 100%, 80/20%, 60/40%, 40%60, 20/80%
and 0% in weight were used with corundum as an internal standard reference material.
Figure 2.3e shows the spectrum obtained from commercial HAP with significant bands at
1094 cm-1, 1035 cm'lL 961 cm'l, 634 cm'1, 601 cm't and 564 cm"1. When HAP is diluted
with DCP there is no major change in the spectrum until 75% DCP by weight is present in
the sample, Figure 2.3b, where there is a broadening ofthe top ofthe band at 1035 cm'l, a

loss of a recognisable band at 601 cm’1 and an increase in intensity ofthe band at ca. 905

4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600
..... Wavonumbors (cm-1)

Figure 2.3 FT-IR spectra of mixtures of commercial DCP and HAP a) 100 % DCP, b) 75/25 % DCP/HAP,
¢) 50/50 % DCP/HAP, d) 25/75 % DCP/HAP and e) 100 % HAP.
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These changes are due to the superposition of the infrared spectrum of DCP on that of
HAP. Even when there is an excess of DCP in a given sample it is very difficult to confirm

its presence using infrared spectroscopy and other techniques must be employed.

40000

counts
35000
30000
25000 -
20000
15000

10000

5000 -

10 15 20 25 30 35 40
2-theta

Figure 2.4 XRD spectra of mixtures of commercial DCP and HAP a) 100 % DCP, b) 80/20 % DCP/HAP, c)

60/40 % DCP/HAP, d) 50/50 % DCP/HAP, e) 40/60 % DCP/HAP, f) 20/80 % DCP/HAP and g) 100% HAP.
*SRM, #HAP, 0DCP.

X-ray diffraction data obtained from mixtures of commercial HAP and DCP, figure 2.4a-g,
show that it is possible to identify 20% DCP in the presence of well crystalline HAP (fig
2.4f). It is also possible to identify up to 20% of crystalline HAP in the presence of DCP.
With increasing concentration of HAP, the reflections at ca. 20=10°, 26° and 32°
corresponding to HAP become more prominent while the main reflections for DCP at ca.

20=13°, 26.6° and 30° decrease.
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CHAPTER 3: CHARACTERISATION OF CALCIUM PHOSPHATE CRYSTALS

3.1 Introduction

Over the last 50 years much has been written about the formation of “calcium phosphates”
from aqueous solutions. The main reason for all these studies is that calcium phosphate, in
particular hydroxyapatite is chemically and structurally very similar to the main inorganic
component of bonel.

Hydroxyapatite does not normally precipitate directly from solution although it has been
shown to grow from seeded solutions2' 10.

It was found that at higher supersaturations apatite did not precipitate directly from solution
but a precursor phase was formed which was amorphous to electron diffraction, named
amorphous calcium phosphate, thereafter ACP 11. However, evidence suggesting that at the
lowest supersaturations, without seeding, apatite could nucleate directly from solution without
the formation of precursor phases has been presented by Boskey et al. (1976)12

The transformation of ACP to HAP has been described as an autocatalytic conversion
processi3,14 with the first crystals appearing on the surface ofthe amorphous phasel5. The
composition of ACP depends on the reaction solution s and it has been reported to have an
effect on the final HAP precipitated .Numerous studies have also been carried out to
investigate the formation ofthe intermediate crystal phases formed from the conversion of
ACP1925. Crystal phases which have been proposed as precursors to HAP fonnation are
DCPD26, OCP27 and TCP28.

As the final apatite precipitate is not a stoichiometric hydroxyapatite, some investigations of
the structure of non-stoichiometric or Ca-deficient apatites have been made29. It is also
important to note that the solution parameters of pH, temperature and ionic concentration have

a large effect on the type of calcium phosphate precipitated from solutions containing Ca2+and
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HPO4"ions2730"32. Table 3.1 summarises the experimental conditions which have been used

in the preparation of apatite crystals and the main conclusions obtained from those studies.

Starting materials

Ca(N03)2CaCl2
0.75M
(NH42HP040.25 M
CaCl21.3x10" M
NaXIP04

CaCl24x10™* M
NaH2P 044x1 O3M

CaC123 mM
Na2HP043 mM
Ca(OH)20.9-1.3 mM
H3P040.8-1.1 mM
CaC12 10.4 mM
Na2HP0410.4 mM

CaCl2 8.0 mM
NaZHP043.4 mM
CaCl2

H3P 04high and low
supersaturating
solutions

Ca(N03)2 1.33-3.9
mM

Na2HP04 1.0-2.4 mM

CaCl2Na2HP040.25-
1.7 mM2
Ca(N03)20.2-1.15M
k2hpod4+kh2po4d
0.12-0.74 M
CaCI20.15-3.00 mM
KH2P040.075-1.8mM
CaCl12 1-7 mM

NaH2P 041 mM

CaCI20.1-10mM
NaZHP040.1-100mM

Conditions

pH=10.5

pH=7.4
seeded

pH=7.4
non-stirred
additives:
NaCl
citrate
EDTA
gelatin

pH=74
pH=7.4

pH=7.4
buffered
TRIS

pH=7.6-8.0

NaCl 0.16M
pH=7.4
seeded

pH=7.5
buffered 25
mM HEPES

seeded

pH=7.4
NaCl 0.15 M

pH=6.70-
8.50

pH=6-8.5

seeded
pH=6.3-9.1

pH=7.0

Temp
°C)
25

25

25
37

25
25

25

35

25

20

26.5

26

37

37

23

Ca/P
molar
ratio

1.71

1.2-
1.6

1-2.3

1-2.3

1.67

1-2

1.0-
1.7
1.55-
1.70

1-1.66

0.4-2

Results

autocatalytic conversion of
ACP to HAP

crystal growth occurs in two
stage process with a precursor
Ca/P close to 1.5

less precipitate fonned with
increasing [NaCl]

gelatin enhanced secondary
precipitation

citrate decreased the rate of
recrystallisation

no evidence of specific
interaction of EDTA with
calcimn phosphate crystals
ACP appeared as a template to
OCP nucleation

SEM studies of the growth of
hydroxyapatite

amorphous calcium phosphate
has two morphologically
distinct form: spheroidal and
discoidal

OCP&HAP at high
supersaturation
HAP at low supersaturation

seeding did not affect the
formation of apatite crystals
but reduced the amount of free
ACP formed

growth of HAP occurred by
ripening process

OCP intermediate in the
conversion of ACP to HAP

solubility decreased in

DCPD>TCP>OCP>HAP
ACPhad Ca/P < 1.5

DCPD stabilisation

Table 3.1 Summary ofstudies on calcium phosphate formation over the last 30 years.
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Ref.

Eanes et al.
(1965)

Nancollas et
al. (1970)

Furedi-
Milhofer et al.
(1971)

Brecevic et al.
(1972)
Meyer et
cr/.(1972)
Eanes et al.
(1973)

Nancollas et
al. (1974)

Eanes (1976)

Boskey et al.
(1976)
Feenstra et al.
(1979)

Koutsoukos et
al. (1980)
Walton et al.
(1981)

Cheng et al.
(1983)
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Starting materials Conditions Temp  Ca/P Results Ref.
(°C) molar
ratio
CaCI2 10 mM 7.40 15 1.67  DCPD formed independently Christoffersen
K2HP046-7.5 mM 30 133 of ACP etal. (1989)
42 Formation of OCP or d-HAP
through ACP2
Ca(N0325.71x10°4 various pH RT 1.67  HPO04'retarding parameter of Lazic et al.
5.71x102M crystallisation (1995)
KH2P043.43x10"4-
3.43x102M
Ca(N03)24-16 mM pH 25 1 ACP transformed into DCPD Tsuge et al
k2hpo4-kh2po4 controlled 50 at 25°C and into OCP at 50°C (1996)
various by changing
k 2hpo 4t
kh2»o4

Table 3.1 continued Summary of studies on calcium phosphate formation over the last 30 years.

Despite all the previous studies on calcium phosphate precipitation, there are still some
contradictory questions such as: does DCPD hydrolyse to HAP?, does ACP really transform
into DCPD or does DCPD forms independently?, is OCP an intermediate phase in the
conversion of ACP to HAP?. The aim ofthe current study presented below was to determine
which calcium phosphates formed under various conditions of pH, T and concentrations of
calcium and phosphate and to answer some ofthe above questions using specific conditions
for the precipitation of calcium phosphate before going on to study ofthe effect of certain ions
on the formation of calcium phosphate. The nucleation and crystal growth of calcium

phosphate crystals was also studied.

3.2 Experimental
3.2.1 Materials
Sodium dihydrogen orthophosphate dihydrate 98% (NaH2P 04.2H20) from East Anglia

Chemicals, diammonium phosphate dibasic 99% ((NH4)2HP04) from Sigma Chemical Co,
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calcium nitrate anhydrous 98+% (Ca(N03)2 from Avocado Research Chemicals Ltd.,
calcium chloride dihydrate 98% (CaCl2*2H20) from Aldrich, sodium chloride 99% (NaCl)
from BDH were used.

Standards: Calcium phosphate monobasic (CaH2P 04) from Sigma Chemical Co, calcium
phosphate dibasic (CaHP04) from Sigma Chemical Co, calcium phosphate tribasic
(Hydroxyapatite, Cas(P04)3(0H) from Sigma Chemical Co, and p-Tricalcium phosphate

(Ca3(P04)2 ) from Fluka Chemika (see Appendix I for XRD and FT-IR spectra).

3.2.2. Method

Experiments were carried out by following the method described in Chapter 2. The
effect of T, pH, precursors and the concentration of calcium and phosphate solutions was
studied. The precipitations were carried out at 23°C (room temperature) and 37°C
(thermostatically controlled water bath). CaCl2/NaH2P 04 and Ca(N03)2/(NH4)2HP 04
solutions were used to study the effect ofthe precursors on the nature ofthe final
precipitate. At 23°C the precipitations were carried out by first keeping the pH constant
with the addition of IM (NH4)OH during the precipitation reaction and second, prior to
adjusting the phosphate solution to pH 7.4 with 1M HN 03 before the addition ofthe
calcium solution, without further pH control. Three different concentrations of calcium
and phosphate solutions were used to study the effect of concentration on the final
precipitate: 3.2 mM and ¢ mM, ¢ mM and 10 mM, and 0.145 M and 0.242 mM for
Ca(N03)2 and (NH4)2H P04 respectively. The precipitates were calcined at 600°C and
1000°C for 10 h to study phase changes ofthe final precipitate on heating. For experiments
at the ¢ mM (CazN) and 10 mM (HPO42") concentrations, the solutions were prepared in

0.15M NaCl and during the precipitation reaction , the reaction mixture was continuously
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stirred and the pH monitored using a pH93 reference pH meter (Radiometer Copenhagen).
After 30 min, the reaction mixture was filtered, rinsed with distilled deionised H20 and
dried at 250°C for lh to eliminate any volatile ammonium salts produce during the
precipitation process. The method of Hidaka e al. (1991) was used to follow the
formation and transformation of calcium phosphate phases by monitoring the rate of

change of pH with time. Samples were analysed by TEM, EDX, FT-IR and XRD (see

chapter 2).

Statistics
The mean + standard deviation was calculated using the t-test Student. Statistical

comparisons were made by the F-distribution test. The difference was considered

significant atjo< 0.05.

3.3 Results
3.3.1 Effect of temperature

The precipitate formed at 23 °C depended upon the initial solution concentrations
used for the precipitation reaction (see section 3.3.3). The precipitate formed at 23 °C
using 0.242 M Ca2+and 0.145 M HP047H2P 04*(Ca/P 1.67) was dicalcium phosphate (for
10 mM Ca2t+and ¢ mM HP042 see section 3.3.3). This was confirmed by FT-IR analysis
(Fig 3.1). The FT-IR spectrum showed bands at 998,1070 and 1128 cm'1 corresponding to
HPO04 stretching modes and at the range 600-500 cm'1 corresponding to the OPO bending

modes34.
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Fig 3.1. FT-IR spectra of precipitate formed by mixing 0.242 M and 0.145 M solutions of calcium nitrate
and diammonium hydrogen phosphate at 23 °C after drying at 250°C for 1h.

X-ray diffraction analysis also confirmed that the calcium phosphate formed was DCP
(N.B. after heating at 250°C for lh), JCPDS 9-80. Figure 3.2 shows the XRD pattern ofthe

dried precipitate with the main reflections and their corresponding Miller Indices.

300
counts
250 -
200
150 ..

100

50

2-theta

Fig 3.2. XRD pattern ofprecipitate formed by mixing 0.242 M and 0.145 M solutions of calcium nitrate and
diammonium hydrogen phosphate at 23 °C after drying at 250°C for 1h.
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EDX analysis in the transmission mode by TEM showed a Ca/P molar ratio 0.93 £ 0.05,
indicating a lack of stoichiometry (Ca/P molar ratio for stoichiometric DCP is 1). The
product was unstable under the electron beam indicating that it was highly hydrated. This
agreed with the XRD data which showed a poorly crystalline material (fig. 3.2).

SEM analysis of'the precipitate showed that the crystals had a plate-like morphology (Fig
3.3). A higher magnification view in the TEM mode showed that these plates were formed
from lath-like subunits aligned parallel to one another (Fig 3.6b). Table 3.2 lists the d-
spacings and Miller indices obtained by electron diffraction (appendix II) and correspond

to calcium phosphate dibasic (JCPDS 9-80).

d-spacings (A) Miller indices (DCP JCPDS 9-80)
2.953 -1 12)
2910 211

Table 3.2 d-spaces (A) obtained from ED analysis and Miller indices for the material precipitated at 23°C
after drying at 250°C for 1h.

Fig. 3.3 SEM micrograph of precipitate formed by mixing 0.242 M and 0.145 M solutions of calcium nitrate

and diammonium hydrogen phosphate at 23 °C after drying at 250°C for lh.
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The precipitate formed at 37 °C depended upon the concentration and precursors used for
precipitation (see section 3.3.3 and 3.3.4). When concentrations of 10 mM Ca2+and ¢ mM
HPO4 ° (Ca/P 1.67) were used to precipitate calcium phosphate crystals, the main calcium
phosphate phase formed was apatite (fig 3.4). The FT-IR spectrum showed bands at 1098,
1035 cm'1 assigned to the antisymmetric PO stretching mode, at 961 cm'1 assigned to the
symmetric P-0 stretching mode. The band at 3567 cm'1 is attributed to the OH stretching
mode and at 633 cm’1to the OH vibrational mode. The bands at 603 and 566 cm'1 are

assigned to the O-P-O bending modes35,36.

3.0 2

2.8
2.64
2.44
2.24
203
18
161

0.8 H
3
0.64

IM31.377 _] )
g] 3&7.47 yA M3l

1636.7>7367/63 “2.3B6

W . — v/ \. I M

4000 3800 3000 3400 3200 3000 2B00 2600 2400 2200 2000 1800 1600 1400 1200 1000 800
Wavenumbore (cm-1)

Fig 3.4 FT-IR spectrum ofprecipitate formed at 37 °C by the mixing 10 mM calcium nitrate and 6 mM
diammonium hydrogen phosphate after drying at 250°C for 1h..

XRD analysis showed the main reflections corresponding to hydroxyapatite at ca. 25.5 2-
theta degrees and ca. 32 2-theta degrees. The broad reflections observed in the XRD
spectra indicate that the crystals are very small and poorly crystalline, JCPDS 9-432,

(Fig 3.5).
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Fig 3.5 XRD pattern of precipitate formed at 37 °C by the mixing 0.242 M calcium nitrate and 0.145 M
diammonium hydrogen phosphate after drying at 250°C for lh.. *SRM

TEM analyses showed that the crystals were agglomerated and had a needle-like
morphology typical of non-stoichiometric hydroxyapatite crystals (Fig.3.6a)18 The
electron diffraction patterns obtained corresponded to polycrystalline materials. The
precipitate was also highly hydrated and it decomposed under the electron beam. It had a
Ca/P molar ratio of 1.56 + 0.22. The Ca/P ratio was not the stoichiometric value expected
for hydroxyapatite (Ca/P=1.67).

Table 3.3 lists the d-spacings and Miller indexes obtained by electron diffraction (appendix

II) for the precipitate formed at 37°C then dried at 250°C for 1h.



Continuation Figure 3.6 Calcium phosphate was precipitated from a solution
containing 0.242 M Ca(N03)2 and 0.145 M (NH4)2HP04 at a) 37°C, b) 23°C and
¢)23°C and pH=7.4, and then dried at 250°C for lh. The d-spacings obtained from the
electron diffraction pattern for the material formed at 37°C were ca. 3.46 A attributed
to the HAP Miller Index (0 0 2) (JCPDS 9-432). The d-spacings obtained from the
electron diffraction pattern for the material formed at 23°C and pH=7.4 were ca.

3.44 A and 2.80 A attributed to the HAP Miller Indices (0 0 2) and (2 11) (JCPDS 9-
432).
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d-spacings (A) from d-spacings (A) from HAP Miller Indices
electron diffraction analysis (JCPDS 9-432) HAP (JCPDS 9-432)
3.522 3.51 20 I(w)
3.462 3.44 00 2(s)
2.822 2.814 2 11(s)
2.788 2.778 112(s)
1.753 1.754 40 2(m)
1.746 1.722 0 0 4(m)

Table 3.3 lists the d-spacings obtained for the precipitate formed at 37°C by the mixing 10 mM calcium
nitrate and 6 mM diammonium hydrogen phosphate after drying at 250°C for 1h..

3.3.2 Effect of pH

The effect of pH was studied using 0.242M Ca(NO03)2 and 0.145M (NH4)2HPO4 as
precursors at a temperature of 23°C. During precipitation the pH was kept constant ca. 7.4
+0.1 by the addition of 1M (NH4)OH. The precipitate formed under these conditions was
apatite confirmed by FT-IR and XRD analysis (fig 3.7, and fig 3.8). The precipitate
showed the same structural and chemical characteristics as the precipitate formed at 37°C
with 10 mM Ca2+and ¢ mM HPO4£"(fig. 3.6¢c). The FT-IR spectra showed bands at 1034
cm'1and 962 cm'1 corresponding to the P-O stretching mode and at 603 cm*1 and 565 cm'1
corresponding to O-P-O bending mode. It also showed the HAP characteristic band at 3568
cm'1 corresponding to an OH" stretching mode although the band expected at 630 cm'1 was
a shoulder. The shift to higher wavenumber observed for the band at 1097 cm'1 and the

appearance ofthe band at 906 cm™ showed the presence of HP04"in the material37.
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Fig 3.7 FT-IR spectrum ofthe precipitate formed by mixing 0.242 M an d 0.145 M solutions of calcium
nitrate and diammonium hydrogen phosphate at 23 °C and pH=7.4 after drying at 250°C for 1h.
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Fig 3.8 XRD pattern ofthe precipitate formed by mixing 0.242 M an d 0.145 M solutions of calcium nitrate
and diammonium hydrogen phosphate at 23 °C and pH=7.4 after drying at 250°C for Ih.

The broad reflections observed in the XRD spectrum (fig. 3.8) indicated that the crystals

were poorly crystalline and very hydrated. The XRD analysis showed the presence of DCP
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in the precipitate with reflections at ca 26 2 -theta degrees and 30 2 -theta degrees being

observed.

3.3.3 Effect of concentration

The main calcium phosphate phase detected after heating the precipitate at 250°C for lh to
remove ammonium salts for reactions carried out at 23°C from 0.242M Ca2t+and 0.145M
HPO42 and at 10 mM Ca2t+and ¢ mM HP042 was DCP. However the proportion of apatite
in the final precipitate increased with a decrease in the calcium and phosphate
concentration (fig. 3.9 and fig. 3.10). The FT-IR spectrum ofthe precipitate formed at
0.242M Ca2tand 0.145M HP 042 corresponded to that of DCP (fig 3.9a). The FT-IR
spectrum ofthe precipitate formed at 10 mM Ca2tand ¢ mM HP042"'showed bands at 1107
cm'l, 1076 cm'1and 905 cm'1 attributable to the presence of OCP (fig 3.9b). Finally the
FT-IR spectrum ofthe precipitate formed at 6 mM Ca2tand 3.2 mM HP042 showed a

spectrum typical of apatite (fig 3.9¢ ).

244

HAP
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204 ‘\jl
164 OCF |
i.64 / HAP
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b 104 HCPOCp
o 064 /\ia p
b 064 /\ DCP
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024
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064 I wbce
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Fig 3.9 FT-IR spectra of precipitate formed at 23°C from solution containing a) 0.242M Ca(N03)2and

0.145M (NH4)2HP04, b) 10 mM Ca(N03)2and 6mM (NH4)2HPO04, and ¢) 6 mM Ca(N03)2and 3.2 mM
(NH4)2H P 04 after drying at 250°C for lh.
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The XRD patterns ofthe precipitates also showed an increase in the reflections due to the
apatite phase with decreasing concentrations ofthe precursors (fig 3.10). The XRD pattern
for the precipitate formed using 0.242M Ca2+and 0.145M HP 042 corresponded to DCP
(fig 3.10a). The presence of apatite even in this sample could not be excluded due to the
likely difference in crystal size (TEM data see later). The DCP crystals were much bigger
than the apatite crystals which were not only small but poorly crystalline and gave broad
and low intensity reflections compared to the DCP, crystals, whose reflections were narrow
and ofhigh intensity. When 10 mM Caz +and ¢ mM HP042 were used to precipitate
calcium phosphate, the XRD pattern showed the presence of apatite via a peak at ca. 32 2-
theta degrees (fig. 3.10b). When ¢ mM Ca2+ and 3.2 mM HP042 were used, the XRD

pattern corresponded to very poorly crystalline apatite (fig 3.10c), still with some DCP

present.

counts
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12 17 22 27 32 37
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Fig 3.10 XRD patterns of precipitate formed at 23°C from solution containing a) 0.242M Ca(N03)2and
0.145M (NH42HP04, b) 10 mM Ca(N03)2and 6mM (NH4H2HP 04, and ¢) 6 mM Ca(NO03)2and 3.2 mM
(NH4)2H P04 after drying at 250°C for lh. * HAP, °DCP.

62



Chapter 3 Characterisation of Calcium Phosphate Crystals

For reactions performed at 37°C, DCP was formed at the highest concentration of calcium
and phosphate as shown by XRD analysis (fig 3.11a). The spectrum showed the main
reflections for DCP at ca. 26 2-theta and 30 2-theta degrees. The reflections at ca. 25.5 2-
theta and 32 2-theta degrees corresponded to HAP. At the remaining concentrations the
main product was apatite (fig 3.11b and 3.11c¢). With decreasing concentrations of

precursors, the spectra showed a decrease in crystallinity.
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Fig 3.11 XRD patterns of precipitate formed at 37°C from solution containing a) 0.242M Ca(N03)2and
0.145M (NH42HP 04, b) 10 mM Ca(N03)2and 6mM (NH42HP04, and c¢) 6 mM Ca(N03)2and 3.2 mM
(NH4)2HP 045 °DCP, *HAP.

3.3.4 Effect of precursors
For precipitations carried out at 37°C and at 0.242M Ca2tand 0.145M HP042, the
use of different precursors affected the calcium phosphate phase precipitated and the yield.

Table 3.4 show the weights ofprecipitate obtained.
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23 °C 37 °C
CaCl2.2H20/ Ca(N032 CaCl22H20/ Ca(N03
NaH2P 04.2H20 (NH4ZH P04  NaH2P 042H20 (NH4ZH P04
no pHc  1.0683 (0189 0.6447+
f able 3.4 Weights (g) of from solutions containing 0 242M Ca2' and 0.145M HP04 and

then dried at 250°C for 1h, (¥ p<0.05 compared to precipitates formed from CaC122H20ZNaH2P0O4.2H20).

The XRD patterns obtained from the precipitate formed at 37 °C (fig 3.12) showed the
formation oftwo calcium phosphate phases, DCP and HAP. The precipitate formed from

NaH2P 04 showed a higher content of DCP than the precipitate formed from (NH4)2HP04.
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Fig 3.12 XRD spectra of precipitate formed at 37°C from solution containing a) 0.242M Ca(N03)2and
0.145M (NH42HP04 and b) 0.242M CaCl2and 0.145M NaH2P 04 after drying at 250°C for lh.* HAP,
°SRM.

The DCP crystals synthesised at 23 °C using NaH2P 04 as precursor showed

interpenetrating growthss (Fig 3.13).
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Fig 3.13 SEM micrograph of precipitate formed at 23 °C and using as precursor 0.242M NaH2P 04 and
0.145M CaCl2after drying at 250°C and lh.

The different precursors appeared to affect the crystal differently in different directions.
The reflection at ca. 30 2-theta degrees corresponding to the Miller Index (-1 12) (JCPDS
9-80), for the material precipitated at 23°C using (NH4)2HP 04 as precursor, showed a

decrease in intensity (fig. 3.14a) compared to the material precipitated using NaH2P 04 as

precursor (fig. 3.14b).
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Fig 3.14 XRD patterns of precipitate formed at 23°C from solution containing a) 0.242 M Ca(N03)2and 0.145 M
(NH4)2P 04 and b) 0.242 M CaCl2and 0.145 M NaH2PQ4 after drying at 250°C for lh.
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Table 3.5 shows the crystalline sizes for the precipitate formed at 23°C and 37°C
calculated using the Debye-Scherrer equation . The crystal size varied depending on the
axis-direction. There was not any crystal size change for the (0 2 0) direction indicating
that the crystal grow in the b-axis was not affected by the use of different precursors. Since
there was not much change in the measured crystallite size for the (-2 2 0) and (-2 3 0)
directions, the crystal grow in the a-axis was not affected either. However, for the (-1 12)
direction, the crystallite size was much smaller for the DCP crystals precipitated at both
23°C and 37°C degrees using (NH4)2HP 04 as the precursor. This indicated that the c-axis
was affected by the use of'the different precursors. The crystal size calculated by the
Scherrer equation corresponded to the sub-domains which formed the DCP crystal. The use

ofNaH2PQ4 appeared to affect the c-axis direction ofthese sub-domains (see fig. 3.6b).

T DCP HAP
020 (-220) -112) (-230) 002)
23°C
CaCl2NaH2P 04 : 166 327 192
Ca(N03)2(NH4)2H P04 , 271% 198* 248*
37°C
CaCI2NaH2P 04 690 556 603 : :
Ca(NO 3)2(NH4)2HPO 4 649 612* 494* ; 225

Table 3.5. Crystalline sizes (A) for the precipitate formed at 23 °C and 37°C using 0.242 M Caztand 0.145 M
HPO/VHjPOf after drying at 250°C for lh, (* p<0.05 compared to control).

3.3.5 Heat treatment

Samples ofthe precipitates formed from 0.242M Ca(N03)2/CaClz2 and 0.145M
(NH4)2HP04/NaH2P 04 at 23°C were calcined at 600°C and 1000°C for 10h. The FT-IR
spectrum ofthe precipitate formed at 23 °C and calcined at 600 °C for 10 h showed that

there was some transformation of DCP into (3-Ca2P20 7 ((3-CPP) (Fig 3.15b). This was
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confirmed by XRD analysis (Fig 3.16b) (JCDPS 9-346). The FT-IR spectrum ofthe
precipitate calcined at 1000 °C corresponded to p-Caz2P20 7 (Fig 3.15¢). It was also

confirmed by XRD analysis (Fig 3.16c). EDX analysis ofthe precipitate gave a Ca/P=1.01

+ 0.01.
m()-z‘_
I
@ DCP
0.00 mu
-0.05
1
a0k DCP + P-CPP
Y )
{).157|
-0.20 -1
-0.254
-0.30-]; P-CPP
035
4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1200

Wavenurrbers (cm-1)

Fig 3.15. FT-IR spectra of precipitate synthesised at 23 °C from 0.242M Ca(N03)2and 0.145M (NH42HP 04 and
then dried at (a) 250 °C for lh and calcined at (b) 600 °C for 10h and (c) 1000 °C for 10h. (see appendix (I) for
the FT-IR spectrum of P-Ca2P2) 7used as a standard).
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Fig 3.16. XRD patterns of precipitates synthesised at 23 °C from 0.242M Ca(N03)2and 0.145M
(NH42H P04 and then dried at (a) 250 °C for 1h and calcined at (b) 600 °C for 10h and (c) 1000 °C for 10h.
(see appendix (I) for the XRD of (3-Ca2P20 7used as a standard for identification).

Samples of'the precipitate formed from 0.242M Ca(N03)2/CaClz and 0.145M
(NH4)2HP04/NaH2P 04 at 37 °C were calcined at 600 °C and 1000 °C for 10h. The FT-IR
spectrum ofthe precipitate calcined at 600 °C showed the transformation of the precipitate
into p-Ca3(P04)2 ((3-TCP) (Fig 3.17b). At 1000 °C, the precipitate had transformed into (3-
Ca3(P04)2 as its FT-IR spectrum showed (Fig 3.17¢c). There was also the presence of some

p-Caz2P20 7.
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Fig 3.17. FT-IR spectra o fprecipitate synffiesised*at 37°C from 0.242M C a(N d**d " O 45M ~fH 42HP04
and then dried at (a) 250 °C for lh and calcined at (b) 600 °C for 10h and (c) 1000 °C for 10h. (see appendix
(D) for the FT-IR and XRD of'the p-Ca2P20) 7and P-Ca3P04)2used as a standard for identification).

XRD analysis confirmed the transformation of DCP and apatite crystals into p- Ca3(P04)2
and P-Caz2P20 7 (fig. 3.18).
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Fig 3.18. XRD spectra of precipitate synthesised at 37°C from 0.242M Ca(N03)2and 0.145M (NH42HP 04

and then dried at (a) 250 °C for 1h and calcined at (b) 600 °C for 10h and (¢) 1000 °C for 10h. (see appendix
(D) for the FT-IR and XRD ofthe p-Ca2P20 7and P-Ca3(P04)2used as a standards for identification).
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EDX analysis gave a Ca/P=1.59 +0.16 for P-Ca3(P04)2 and Ca/P=1.05 +0.15 for j3-
Ca2P207.

Table 3.6 lists the d-spacings and Miller indices obtained from electron diffraction for the
precipitate calcined at 1000 °C which corresponds to p-Caz2P20 7 and p- Ca3(P04)2 (JCPDS

9-346 and 9-169).

d-spacings Miller indices
(P-Ca2P20 7JCPDS 9-346,
P-Ca3(P04)2JCPDS 9-169)

3.753 (114) p-Caz2P20 7w
3.042 (008) P-Caz2P20 7s)
2.953 211) P-Ca2P20 7m
2.404 2 16) p-Caz2P20 1m
(12 11) p- Ca3(P042Am
1.859 320) P*“Caz2P20 71m
1.793 (308) P~Caz2P20 7w
(502 P" Cas(Po 42m)
1.545 (517) P-Ca3(P042m
1.460 (15 11) P- Ca3(P04)2w)

Table 3.6 d-spaces (A) and Miller indices for the material precipitated from 0.242M Ca(N03)2and 0.145M
(NH4H2HPO04 at 23 °C and calcined at 1000 °C for 10h. (s) strong, (m) medium, (w) weak.

3.3.6 The formation and transformation of calcium phosphate crystals
The formation and transformation of calcium phosphates in vitro occurs in several distinct

steps which can be followed by monitoring pH changes as a function of time. Figure 3.19
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shows the pH changes with time during the precipitation reactions from solutions

containing 10 mM Ca(N03)2 and ¢ mM (NH4)2HP04 at 23°C and 37°C.

pH
7.4

7.2

6.8 -

6.4

0 200 400 600 800 1000 1200 1400 1600 1800

time (sec)

Fig 3.19 pH changes with time during precipitation reactions from solutions containing 10 mM Ca(N03)2
and 6 mM (NH42HPO4at a) 37°C and b) 23°C ( .ccceceevenneee. time when samples were taken for XRD and
FT-IR analysis only, ---------- time when samples were taken for XRD, FT-IR and TEM analysis).

At 23°C, after the first sharp pH drop due to the addition ofthe calcium solution, there was
aperiod of more or less constant pH. During this time nucleation and formation ofthe
precursors occurred. Samples taken after ca.l min ofreaction showed the presence of
spherical particles of ca. 100 nm diameter and Ca/P =1.1 + 0.4 (fig 3.20a). The structures
which grew, forming colloidal chains, were amorphous as they did not give electron
diffraction patterns. After 5 min, the particles had a flake-like structure (fig 3.20b). They
grew in clusters forming aggregates. The structure gave a weak polycrystalline electron
diffraction pattern and had a Ca/P =1.4 = 0.2. FT-IR and XRD analysis ofthese samples
were characteristic of'a poorly crystalline apatitic calcium phosphate phase (fig 3 .21a) and

fig 3.22a). After ca. 10 min of constant pH, there was a pH drop and two different types of
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Figure 3.20 Calcium phosphate was precipitated from a solution containing 10 mM
Ca(NO03)2 and 6 mM (NH4)2HPO4 at 23°C. During the precipitation reaction samples

were taken for TEM analysis at a) 1 min, b) 5 min, ¢) 15 min and d) 30 min of reac-
tion. The d-spacings obtained for b and d were ca. 2.78 A and 3.46 A corresponding
to the HAP Miller Indices (112) and (0 0 2) (JCPDS 9-432). The electron diffraction
at ¢ corresponds to the plate-like structure and the d-spacings obtained were attributed
to the DCP Miller Indices (-1 12) and (2 -1 1) (JCPDS 9-80).
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plate-like crystals corresponding to dicalcium phosphate (Ca/P 1.03) and OCP (Ca/P 1.6 +
0.3) (fig 3.20c) were observed in the TEM. FT-IR and XRD analysis of samples extracted
at this time confirmed the formation ofthis phase (fig 3.22a and fig 3.22b) Then there was
an increase of pH due to the partial dissolution of OCP and apatite crystals which were less
stable at that pH than DCP41. The crystals at this point were less crystalline than in the
early stage as evidenced by the FT-IR spectrum ofthe precipitate which presented shifts in
the main reflections due to the loss of crystallinity (fig 3.21¢) and the XRD pattern
corresponded to a less crystalline precipitate (fig 3.22¢). Finally, there was a last pH drop
attributed to the recrystallisation ofthe main phase, dicalcium phosphate. Non-
stoichiometric hydroxyapatite (Ca/P 1.3 + 0.3) was also detected in the final precipitated
(fig 3.20d).

FT-IR analysis ofthe final precipitate showed shifts ofthe bands attributed to the HP 042"
stretching modes of DCP to lower wavelength values (1107 cm'l, 1076 cm'1 and 905 cm'l)

due to the contribution ofthe apatite presence in the precipitate (fig 3.2 1d).

0.04

-1.24

Fig 3.21 FT-IR spectra ofthe precipitate formed at 23°C from 10mM Ca(N03)2and 6 mM (NH42HPO04at a)
5 min, b) 11 min, ¢) 12 min, and d) 30 min.
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The XRD spectrum showed the presence of apatite in the area to the low 2-theta side ofthe
reflections at around 33° two-theta and to the low two-theta side ofthe reflection at ca. 27°

two-theta (fig 22 d).

counts

6000

5000

4000 -- d a J
3000 C /1
2000

1000

Fig 3.22 XRD patterns ofthe precipitate formed at 23°C from a solution containing 10 mM Ca(N03)2and 6
mM (NH42HPO04at a) S min, b) 11 min, ¢) 12 min, and d) 30 min.

Fig 3.19b also shows the pH changes with time during reaction at 37°C. The crystallisation
process was speeded up with the increase of temperature and for samples taken at the early
stages, OCP plates (Ca/P 1.6 = 0.3 ), flakes and needles (1.6 + 0.1) were detected (1 min)
(fig. 3.23a). DCPD was not detected during electron microscopy studies. After 5 min the
flakes (Ca/P 1.78 £ 0.28) gave an electron diffraction pattern showing a preferential
orientation corresponding to the crystal growth direction (fig. 3.23b). The d-spacing values
obtained from the electron diffraction patterns were ca. 2.87 A which could be attributed to
OCP (JCPDS 26-1056) and 3.44 A which could be attributed to OCP and HAP (JCPDS

9-432). After 15 min plate-like OCP, needles and flakes were observed, although the
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Figure 3.23 Calcium phosphate was precipitated from a solution containing 10 mM
Ca(NO03)2 and ¢ mM (NH4)2HPO04 at 37°C. During precipitation reaction samples
were taken for TEM analysis at a) 1 min, b) 5 min, ¢) 15 min and d) 30 min of reac-

tion. a) The top left electron diffraction pattern was obtained from the needles and the
top right electron diffraction was obtained from the plate-like OCP crystals, (see table
3.7 for d-spacings).
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needles were observed more often (fig. 3.23c,d). The Ca/P ratio for these structures varied
little and were 1.5+ 0.2 for the plates and flakes, and 1.6 £ 0.1 for the needles.
Table 3.7 shows the d-spacings calculated from electron diffraction data for the different

structures during the precipitation process.

time plate needle flakes ocCp HAP
(min) (JCPDS-26-1056) (JCPDS-9-432)
1 9.219 9.360
5.431 5.417
3.945 3.919
3.887 3.879 3.88
3.644 3.660
3.508 3.539 3.539 3.51
3.478 3.478 3.492(s)
3.447 3.447 3.441 3.44(s)
3.331 3418 3.311
3.223 3.209
3.122 3.171 3.17
2.893 3.097 3.117 3.08
2.873 2.852 2.873
2.832 2.832 2.833(s) 2.814(s)
2.812 2.812
2.753 2.745 2.778(s)
2.661 2.631(s)
2.574 2.567 2.296
2.292
2.278 2.271
2.265 2.265 2.262(s)
2.166 2.158
1.924
1.982 1.990
1.870 1.871
1.861 1.861 1.754
1.746 1.762 1.745
1.724
1.408 1.722
1.407
5 4.719 4.72
3.964 3.919 4.07
3.478 3.492 3.51
3.447 3.447 3.441(s) 3.44(s)
2.852 3418 3.424(s)
2.873 2.873
2.812 2.814(s)
2.802 2.779(s) 2.778(s)
2.292 2.296
1.982 1.990
1.924 1.929
1.739 1.743 1.722

Table 3.7. d-spacings (A) for the different crystal morphologies from the precipitate formed during reaction
between 1-30 min at 37°C and d-spacings for OCP (JCPDS 26-1056) and HAP (JCPDS 9-432).
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time
(min)
15

30

plate

3.478
3.447
3.097
2.852
2.832

2.625

2.002

1.827

1.709
8.435

3.417
3.388

3.146

2.792
2.772
2.697
2.679
2.660
2.558
2.332

1.853

needle

3.508
3.478

2.792

1.835

1.746
1.724

3.508
3.478

3.197
3.146
2.873
2.832

2.332
1.934
1.915
1.870

1.754

flakes

3.478

2.873
2.832
2.812
2.792

2.265

1.972
1.879

Characterisation of Calcium Phosphate Crystals

ocCp

(JCPDS-26-1056)

3.492
3.441(s)

2.873
2.833(s)

2.779(s)

1.837
1.832
1.745
1.722

3.492
3.424(s)
3.378
3.180
3.132
2.873
2.833(s)

2.779(s)
2.707
2.671(s)

2.567
2.335
1.936
1.914

HAP

(JCPDS-9-432)

2.51

3.44(s)
3.08

2.814(s)
2.778(s)
2.631(s)
2.262(s)
2.000

1.871

8.17
3.51

3.17

2.814(s)
2.778(s)

1.871
1.841(s)
1.754

continuation Table 3.7. d-spacings (A) for the different crystal morphologies from the precipitate formed
during reaction between 1-30 min at 37°C and d-spacings for OCP (JCPDS 26-1056) and HAP (JCPDS 9-

432).

The d-spacings obtained from the plate-like structure after 1 and 5 min were attributable to

OCP (JCPDS 26-1056). The d-spacings obtained for the needle and flake-like structures

were attributable to both OCP(JCPDS 26-1056) and HAP (JCPDS 9-432). After 15 min,
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the flake-like crystals exhibited d-spacings which corresponded to HAP. After 30 min, the
plate-like crystals showed d-spacings which could be attributed to OCP and the needle-like
crystals showed d-spacings attributable to both OCP and HAP. The polycrystalline electron
diffraction ring patterns obtained for the flakes after 30 min were very diffuse indicating

low crystallinity.

3.4 Discussion

The nature of'the calcium phosphate phase which forms during precipitation from aqueous
solution is markedly dependent upon the calcium and phosphate concentration, pH, T,
ionic strength. Some ofthese factors, such as pH, temperature, type and concentration of
starting materials have been studied. Changes in any ofthese factors will affect
preferentially the rates of one or more processes involved (nucleation, transformation and
crystal growth), thus changing the properties of the precipitate.

Atvery low pH (pH<4.0) the system is governed by the solubility of Ca(H2P 04)2-H20. At
a higher pH (up to 6.00) the system is governed by the solubility of CaHP04-2H20. Above
pH 6.2, CaHP04-2H20 is unstable and undergoes spontaneous hydrolysis40. It has been
reported that the hydrolysis product exhibits the crystal structure of hydroxyapatite which
shows a variable composition and forms very small crystals40. At near-neutral or slightly
alkaline pH’s, HAP is the least soluble phase and in the absence ofkinetic complications it
should be the thermodynamically most stable phase31.

For experiments where the pH was held at 7.4, the main calcium phosphate phase
precipitated was apatitic in nature. The product was non stoichiometric and exhibited low
crystallinity, characteristics of calcium phosphates obtained by precipitation synthesis. It

has been suggested that these characteristics are mainly due to the fact that amorphous
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calcium phosphate (ACP) with low Ca/P ratio precipitates as a gel-like precursor and with
much water being incorporated40.

When precipitation was carried out at high supersaturation (0.242M Ca2tand 0.145M

H2P 047 HP042) , there was no difference in the main calcium phosphate phases formed at
23 °C irrespective ofthe precursors used in the precipitation reaction. However, at 37 °C,
the proportion of calcium phosphate dibasic present in the final precipitate was much
higher compared to the precipitate obtained from the moderate supersaturation experiments
(10 mM Ca2tand ¢ mM HPO0O4").

When precipitation was carried out at 23°C using 10 mM and ¢ mM concentration of
calcium and phosphate concentrations, despite the main phase precipitated being DCP (as
detected by XRD analysis), DCP was difficult to detect by infrared spectroscopy. The
infrared spectrum presented bands attributable to the presence of an apatitic material. The
material precipitated at 37° C from the highest concentration of calcium and phosphate ions
had DCP and apatite crystals. The presence of DCP crystals shifted the values expected for
apatite and the appearance of a shoulder at around 900-870 cm'1 corresponding to HP042
found in DCP and non-stoichiometric hydroxyapatite. The presence of DCP was confirmed
by XRD analysis.

When precipitation was carried out at 37 °C using 10 mM Ca2tand ¢ mM (NH4)2HP 04, an
apatitic calcium phosphate phase was formed. In addition to the absorption bands assigned
to apatite, the FT-IR spectra also exhibited a band at approximately 900

cm'1 indicating the presence of HP 042" from non-stoichiometric apatite. The need for
several techniques to identify the crystal phases present in the final product was obvious

from these studies.
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When the precipitate formed at 23°C was heated at 600 °C and 1000 °C it
transformed into p-Ca2P20 7. This agreed with the results obtained by Berry et al (1967)
who reported that the pyrolysis of HP042 groups to pyrophosphate (P20 4") occurs
according to the reaction:

2HPO04'->P2074 + H20.
Gravimetric analysis has shown that DCPD changes in air to p-Ca2P20 7 when it is heated
at 500-750 °C.
When the precipitated formed at 37°C was heated at 600 °C and 1000 °C it transformed
into (3-Ca3(P04)2 and j3-Ca2P20 7. Jarcho et al have reported that both amorphous calcium
phosphate and calcium deficient hydroxyapatite serve as thermochemical precursors for the
formation of p-Ca3(P04)241. The presence of (3-CazP20 7 in the material heated to such a
temperature, again indicated the presence of calcium phosphate dibasic in the pre-calcined
precipitate for the precipitated obtained from solutions containing the highest
concentrations of calcium and phosphate, 0.242M and 0.145M respectively.

When NaH:2P 04 was used as the phosphate precursor, at moderate supersaturation
the main phase precipitated which was detected by XRD analysis was apatite but at high
supersaturation both calcium phosphate dibasic and apatite were detected. Termine et al.
(1970) found that Na+ K+and citrate did not affect the transformation of ACP to HAP but
Mg2+, C032; P20 A were effective stabilisers of ACP even when used at very low
concentrations42. In this study Na+ seemed to stabilise calcium phosphate dibasic at both
room temperature and 37 °C when used together with high concentrations of calcium and
phosphate ions.

The precipitation process proceeded in two distinct stages (see fig 3.20). Brecevic

et al (1972) obtained similar results by electron microscopy studies when precipitating
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calcium phosphate at moderate supersaturationl9. The first stage corresponded to the
formation of an initial precipitate consisting of amorphous colloidal particles which
showed chain-like agglomerates. In the second stage a crystalline precipitate formed. This
precipitate was calcium phosphate dibasic which was insoluble at pH « 5. Similar results
were also obtained by Christoffersen et a/ (1989) who investigated the formation of
calcium phosphate at 15, 30 and 42 °C by electron microscopy22. They found that at 15 °C,
DCPD nucleated and formed soon after mixing. At 30 and 42 °C the final product was a
deficient form of calcium hydroxyapatite that they called d-HA. d-HA was preceded by an
initial precipitation of an amorphous calcium phosphate phase called ACPI which
transformed into another amorphous calcium phosphate phase called ACP2 after which
OCP and d-HA crystallised. They found that these transformations occurred faster the
higher the temperature. ACP2 was considered necessary for the development of OCP and
d-HA. However, at 30 °C if ACPI was filtered off from the reaction mixture DCPD would
only precipitate. They also reported that DCPD did not transform into HA. Gregory ef al
(1970) found that through the pH range 4.0-6.4 the solubility of DCPD decreased
significantly with increase in temperature43. The results obtained from this study
corroborate the findings of Christoffersen ef al/ (1989)19findings and disagree with the
findings of Tsuge ef al. (1996)25 who reported that at 25°C ACP transformed into DCPD.
In the experimental conditions used in the current study initially ACP and DCPD formed.
Then as ACP disappeared, OCP and apatite crystals appeared and DCPD crystals grew in
size. ACP transformed into OCP and apatite but not into DCP, which formed
independently from ACP.

There is no doubt in the existence of ACP as a first precursor in the formation of apatite

crystals. In this study, ACP had a Ca/P slightly lower (1.1) than the Ca/P reported by others
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researchers (1.4)2. The next precursor observed in this present study and the precursors
described previously as an “OCP-like phase”i "and as a “separate amorphous phase”
ACP219 seemed to be the same calcium phosphate phase taken at different time points in
the transformation process (fig 3.23b). It grows in clusters and consists of flake-like
structures that presented both apatite and OCP structural characteristics as evidenced by
electron diffraction data.

The classical formulation ofthe nucleation process has been used by many researchers to
explain the nucleation of calcium phosphate at physiological conditions. Walton et al
(1967) reported that the stoichiometry ofthe initial phase in calcium phosphate
precipitation at physiological pH was approximately 1.5 and it was thus similar to
tricalcium phosphate Ca3(P04)244. The product was metastable, since hydroxyapatite was
known to be the stable phase under these conditions. The stoichiometry of a product
Ca3(P04)2 represents the minimum number ofions in a neutral molecule and may therefore
have a low entropy of formation. However although the stoichiometry is the same as
tricalcium phosphate, the crystalline arrangement is unlikely to resemble that ofthe latter
compound. Boskey et al. (1976) precipitated apatitic calcium phosphate in nature from low
supersaturating solutions1l. HAP formed without an amorphous precursor phase when the
solution was sufficiently dilute and the crystals grew in only one dimension, the
hydroxyapatite c-axis, as a function oftime. The growth of hydroxyapatite appeared to
occur by a ripening process. In contrast, Koutsoukos et a/ (1980) prepared stoichiometric
hydroxyapatite from solutions at physiological concentrations at 37 °C45. Feenstra et al
(1979) found OCP when moderate supersaturation (0.2-1.15M calcium / 0.12-0.74M
phosphate) was used to precipitate calcium phosphate . They reported the heterogeneous

nucleation of ACP and proposed OCP as an intermediate in the conversion of ACP to an
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apatitic calcium phosphate. Eanes et al. (1965) reported the formation of an ACP when
precipitation was carried out at pH=10.5-9.8 and 30.5 °C13. They applied Ostwald ripening
theory to discuss the growth ofthe precipitate in their system. ACP formed immediately
after mixing. After a progressive transformation ACP totally converted to HAP.

In this system, the crystals seem to grow following the same rules. The pH rise observed
between the two pH drops for the materials precipitated at 23 °C can be attributed to the
partial dissolution ofthe flakes and OCP crystals which became less stable and more
soluble as the pH decreased. At 37°C, after 5 min ofreaction, the OCP plates become so
thin that sometimes they were difficult to detect in the electron microscope due to the lack
of imaging contrast. OCP was more stable at 37°C than at 23 °C. The flakes had d-
spacings, as measured by electron diffraction, that could be attributed to HAP or OCP and
some measured d-spacings had values in between the values ofthe two structures. It seems
that this precursor might have the ability to convert to HAP or OCP depending on the
surrounding conditions. At very low concentration of calcium and phosphate, they could
develop into HAP, but as the concentration ofthe solution increased and the kinetics then
became more important the flakes converted into OCP which later transformed to HAP.

In conclusion, the nature ofthe calcium phosphate phase which forms during precipitation
from aqueous solution is markedly dependent upon the calcium and phosphate
concentration, pH, T, ionic strength. Na+favoured the formation of DCPD over HAP when
high concentrations of calcium and phosphate were used. The transformation of ACP to
HAP occurred by the Ostwald ripening process. At very low concentrations of calcium and
phosphate ACP may develop directly into HAP but as the concentrations of calcium and

phosphate in the solution increase, ACP transforms to HAP through the OCP intermediate.
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CHAPTER 4: EFFECT OF SOLUBLE SILICON SPECIES ON CALCIUM
PHOSPHATE PRECIPTTATTON

4.1 Introduction

Silicon is the second most abundant element in the earth’s crust after oxygen and it is an
element required in trace amounts for life. The human ingestion of silicon in its most
bioavailable form, silicic acid, has been estimated to be 30 mg Si per day with 60% ofthis
from cereals and 20% from water and drinks1. The normal human serum silicon
concentration is ca. 50 pg/dlz. The silicon is present almost entirely as free soluble
monosilicic acid. The involvement ofsilica in osteogenesis and connective tissue
metabolism is well-established. The level of silica in connective tissues (100 ppm) and in
regions of active calcification is approximately 100 times higher than most other tissues
(1-2 ppm)3. In the early 70°s Carlisle reported that silicon might be essential for normal
bone growth and development4'6. Experiments with chicks showed that birds on a silicon-
deficient diet presented small and flexible bone structures. Their femura and tibiae
fractured more easily under pressure than those birds on a silicon-supplemented diet7.
Shwarz and Milne, (1972), also reported that silicon had growth promoting effects in rats.
Rats maintained on low silicon diets showed skull and pigmentation abnormalities8. Silicon
effects appear to be primarily on the synthesis of organic matrix components ofbone and
cartilage , but also on the incorporation of mineral itself. Silicon and silica-containing
particles have also been found in the heart and tongue ofmice and supragingival dental
calculus from humans and Japanese Monkeys9'll. Damen et al.,, (1989), reported that silica
acts as an heterogeneous nucleation substrate with the formation of HAP nuclei favoured

over the formation of other calcium phosphate (CP) nuclei . It has been proposed that
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silicate ions might play an important role in the formation of apatite nuclei . Other recent

studies have shown that silica and silicate ions promote calcification13. Tanizawa et a/,

(1995), proposed that ACP is formed in an early stage followed by formation of DCPD and

HAP14 They reported that the transformation was enhanced by the presence of silica. Table

4.1 summarises the studies ofthe effect of silicon species on calcium phosphate

precipitation over the last few years.

silicon species

silicic acid

silicic acid
polysilicic acid
silica gel

silicic acid
silica gel

silicate ions
silica gel

experimental
conditions
T=17°C, pH=7.4
1 mM
[Ca2H=2.5mM
[H2P 04]=6.6 mM
T=37 °C, pH=7.2
0-5 mM
[Ca2H=ImM
[H2P 04'F7.5mM
T=37 °C, pH-7.4
0-30 mM,
0.05-10 mg/ml
[Ca2H=3mM
[H2P 04']=3mM

T=25 °C, pH=7.25
0-4.4 mM
[Ca2H=6mM
[H2P 04]=3.2mM

results

No inhibition of initial precipitation of
calcium phosphate. No alteration ofphase
composition or microstructure

Stimulation of CP precipitation associated
with polymerized rather than monomeric
silicic acid

Stimulation of CP precipitation associated
with polysilicic acids at low levels (0.01-
0.1 mM)

Inhibitory effect at 3.0-30 mM ofsilicic
acid and 10 mg/ml silica

Silica gel stimulated the rate of HA
transformation (0.05-1.5 mg/ml)

Silicate ions stabilised DCPD

Silica was a substrate for ACP and DCPD
nucleation

researchers

Birchall et al.,
(1986)

Damen et al.

(1989)

Hidaka et al.
(1993)

Tanizawa et al.
(1995)

Table 4.1 Summary of studies of the effect of silica on the precipitation of calcium phosphate crystals.

Although other authors found that the stimulating effect seemed to be associated to

polymerised rather than monomeric silicic acid (table 4.1), the current study is about the

effects of orthosilicic acid on calcium phosphate nucleation and transformation. Electron

microscopic studies on nucleation and crystal growth during the formation of calcium

phosphate crystals in the presence of orthosilicic acid have been performed.
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4.2 Materials and Methods

Materials

Diammonium phosphate dibasic 99% ((NH4)2HP04) from Sigma Chemical Co.
Calcium nitrate anhydrous 98+% (Ca(NO03)2 from Avocado Research Chemicals Ltd.
Silicate standard solution (1000 ppm as Si02) from BDH.

Sodium Chloride 99% (NaCl) from BDH. Ultrapur nitric acid from Prolabo.

Method

Calcium phosphate powders were made as described in chapter 2. The effect of orthosilicic
acid was studied in the precipitation of calcium phosphate using a final concentration of
0.242 M and 0.145 M of calcium nitrate and diammonium hydrogen phosphate solutions
respectively. In experiment 1the pH was kept constant at 7.4 during precipitation. A
second experiment was carried out with the same conditions as experiment 1 but there was
no further pH control after adjusting the pH ofthe phosphate solution to 7.4. Finally a third
experiment (experiment 3) was carried out using concentrations of 10 mM and ¢ mM of
calcium and phosphate solutions respectively. The Ca/P ratio was 1.67. In the three
experiments, 0, 0.082, 0.164, 0.409, and 0.818 mM of orthosilicic acid were added to the
phosphate solution prior adjusting the pH to 7.4 and prior to adding the calcium nitrate
solution except for experiment 1 where orthosilicic acid was added to the calcium solution
to study the effects of'silicic acid on the precipitate depending upon which solution the
silicic acid was added to. Ca(N03)2 and (NH4)2HP 04 were used as precursors. The final
concentrations of orthosilicic acid were 0, 0.041, 0.082, 0.204 and 0.409 mM. In
experiment 3, NaCl was used as a electrolyte to keep the ionic strength constant at 0.165M.

The pH was monitored during the precipitation process and samples were taken for TEM
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analysis as described in chapter 2. After 30 min, the precipitate formed was filtered and
washed with deionized distilled H20. The samples were dried at 250 °C for lh and then

analysed by FT-IR, XRD, EDX and TEM (see chapter 2).

Statistics
The mean + standard deviation was calculated from four/eight experiments using
the t- test Student. Statistical comparisons were made by the F-distribution test. The

difference was considered significant atp < 0.05.

4.3 Results

Experiment 1

This experiment was designed to assess the effect ofsilicic acid in either the phosphate
solution or the calcium solution on the nature of'the precipitate formed. 0.242 M Ca(N03)2
and 0.145 M (NH4)2HP 04 solutions were used and the pH was kept at 7.4 during
precipitation by addition of 1M HNO3. The calcium phosphate phase precipitated was
apatite (see chapter 3). The effect of orthosilicic acid was independent ofthe solution in

which it was initially added.

precursor 0 mM 0.082 mM 0.204 mM 0.409 mM
solution Si(OH)4 Si(OH)4 Si(OH)4 Si(OH)4
(expt. 1)

Ca(N03)2 0.864 £ 0.197 0.916+ 0.117  1.039+ 0.012  1.048+ 0.027
(NH4)HPO4 1.035+ 0.005 1.017 £ 0.005  1.046+ 0.011

Table 4.1 Weights of precipitate in g for n=2 for precipitate formed at 23°C and pH=7.4 after drying at
250°C for lh,( p<0.05).
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There was no significant difference between the yields obtained from samples precipitated
in the absence or presence of orthosilicic acid.

FT-IR spectrum ofthe precipitate formed in the presence of orthosilicic acid showed a shift
in the band at ca. 1095 cm'1 (control) to higher wavelength, 1109 cm'l, indicating the
presence of HP042"in the apatite structure. The bands at 960 cm'1 and 3570 cm'1
corresponding to OH" vibration modes from hydroxyapatite disappear when increasing the
concentration of orthosilicic acid present during precipitation and it seemed to be

independent of which solution the silicic acid was initially present in (fig.4.1).
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Figure 4.1 FT-IR spectra for the precipitate formed at 23°C and pH=7.4 in the presence ofa) 0, b) 0.082 mM
of Si(OH)4 in the HP 04 * solution, c¢) 0.082 mM of Si(OH)4 in the Ca solution, d) 0.204 mM of Si(OH)4 in
the HP042 solution, ¢) 0.204 mM of Si(OH)4 in the Ca2tsolution, f) 0.409 mM of Si(OH)4in the HP04
solution and g) 0.409 mM of Si(OH)4 in the Ca2tsolution, after drying at 250°C for lh.

XRD analysis showed that the shift observed in the FT-IR spectrum from the precipitate

formed in the presence of orthosilicic acid was due to the formation of DCP (fig 4.2). The

XRD patterns ofthe precipitate formed in the presence of orthosilicic acid showed
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reflections at ca. 26 and 30 2-theta degrees corresponding to the Miller Indexes (-2 2 0) and
(-1 12) (JCPDS 9-80) respectively. When orthosilicic acid was added in the HP04
solution, the effect seemed to be more pronounced (fig 4.2d and 4.2f) than when silicic

acid had been added to the Ca%solution (fig. 4.2e and 4.2g).
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Figure 4.2 XRD patterns for the precipitates formed at 23°C and pH=7.4 in the presence of'a) 0, b) 0.082
mM of Si(OH)4 in the HP042 solution, ¢) 0.082 mM of Si(OH)4 in the Ca2t+solution, d) 0.204 mM of
Si(OH)4 in the HP042 solution, ¢) 0.204 mM of Si(OH)4 in the Ca2t+solution, f) 0.409 mM of Si(OH)4 in the
HP04'solution and g) 0.409 mM of Si(OH)4 in the Ca2+solution, after drying at 250°C for lh. * DCP.

The average size ofthe crystals calculated from x-ray broadening analysis showed that the
crystals precipitated in the presence of orthosilicic acid were smaller than in its absence for

the apatite phase, (table 4.2). DCP crystals showed an increment in crystallite size for the

direction (-1 12) with increasing concentration of Si(OH)4 present in the precipitating

solution.
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Si(OH)4 (mM) HAP DCP
©002) (-220) (-11 2)
0 293 - -
0.082 in HP04 272% - -
0.082 in Ca2+ 262* - -
0.204 in HP 042 280 184‘ 308‘
0.204 in Ca2+ 262%* 147 " 360‘
0.409 in HP042" 198* 148>l= 389*
0.409 in Ca2+ 221 % 160* 576>l<

Table 4.2 Crystallite sizes (A) for the DCP and apatite crystals precipitated from 0.242M Ca(N03)2and
0.145M (NH42HP 04 at 23°C and pH=7.4 after drying at 250°C for lh. (*p<0.05 compared to control).

Although the crystallite sizes calculated from x-ray diffraction data indicated that the
apatite crystals precipitated in the presence of orthosilicic acid were smaller than the
control, electron microscopy analysis ofthe precipitates showed that the apatite crystals
formed in the presence of orthosilicic acid appeared to be more crystalline (fig.
4.3b,c,d,e,f,g) compared to the material precipitate in the absence of orthosilicic acid
(fig.4.3a). The polycrystalline electron diffraction patterns obtained for the precipitates
were characteristic of non-stoichiometric hydroxyapatite (see chapter 3) with d-spacings
ca. 2.80 A and 3.45 A corresponding to the HAP Miller Indexes (2 11) and (0 0 2)
respectively. The Ca/P ratios for the apatite crystals formed in the presence of orthosilicic
acid (Ca/P 1.48 + 0.05) were slightly higher than the Ca/P ratios of the precipitate formed

in the absence of orthosilicic acid (Ca/P 1.42 + 0.18).



Figure 4.3 Calcium phosphate was precipitated from a solution containing 0.242 M
Ca(NO03)2 and 0.145 M (NH4)2HPO04at 23°C and pH=7.4 in the presence of a)0, b)
0.082 mM, c) 0.204 mM and d) 0.409 mM Si(OH)4. The d-spacings obtained from

the electron diffraction patterns were ca. 2.78 A and 3.46 A corresponding to the HAP
Miller Indices (112) and (0 0 2) (JCPDS 9-432).
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Continuation Figure 4.3 Calcium phosphate was precipitated from a solution con-
taining 0.242 M CaClz and 0.145 M Nal-"PC” at 23°C and pH=7.4 in the presence
of a)0.082 mM, b) 0.204 mM and c) 0.409 mM Si(OH)4 . The d-spacings obtained
from the electron diffraction patterns were ca. 2.78 A and 3.46 A corresponding to
the HAP Miller Indices (1 12) and (0 0 2) (JCPDS 9-432).
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Experiment 2

Calcium phosphate was precipitated in the presence of silica at 23°C and 37°C. The
final calcium concentration was 0.242M and the final phosphate concentration was 0.145M
in a total volume of 100 ml. After drying and weighing the precipitates, the yield ofthe
product formed in the presence of silica was slightly higher (table 4.3). The addition of

orthosilicic acid appeared to stimulate calcium precipitation.

precursors T(°C) 0 0.082 mM 0.204 mM 0.409 mM
Si(OH)4 Si(OH)4 Si(OH)4
(NH4)2HPo 4/Ca(No 3)2 23 0.8325 0.8460 0.8544 0.8695
37 0.6447 0.7104 0.6995 0.6954

Table 4.3 Weights of precipitate in g for n=1.

The FT-IR. spectra ofthe precipitate formed at 23 °C showed that the calcium phosphate
precipitate in the presence of silica did not differ from the control (fig 4.4). The main phase

was DCP (see chapter 3).
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Figure 4.5 FT-IR spectra for the precipitates formed at 23°C from a solution containing 0.242M Ca(N03)2
and 0.145M (NH42HP 04 in the presence ofa) 0, b) 0.082 mM of Si(OH)4, ¢) 0.204 mM of Si(OH)4, d) 0.409
mM of Si(OH)4, after drying at 250°C for 1h.
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However, the XRD patterns from the precipitate formed in the presence of silica showed an
apparent increase of crystallinity when silica was present in the reagent solution as

evidenced by a decrease in the broadening ofthe reflections on the XRD patterns (fig 4.6).
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Figure 4.6 XRD patterns ofthe precipitates formed at 23°C from a solution containing 0.242M Ca(N03)2
and 0.145M (NH42HP 04 in the presence ofa) 0, b) 0.082 mM of Si(OH)4, ¢) 0.204 mM of Si(OH)4, d) 0.409
mM of Si(OH)4, after drying at 250°C for Ih.

The average crystalline size ofthe apatite crystals, obtained from an x-ray broadening
analysis and particle size determination based on the Debye-Scherrer equation15, increased
when silica was present during the precipitation reaction at 23 °C (table 4.4). Crystallinity
increased for calcium phosphate dibasic precipitated at 23 °C. The widths ofthe lathe-like
crystals which form the DCPD crystals (see chapter 3) were calculated from the TEM
micrographs for comparison to the crystalline size calculated from the x-ray broadening

analysis. The observed effect of orthosilicic acid on the crystal size was not linear.

98



Chapter 4

silica (mM)

0.082
0.204

0.409

Effect of Soluble Silicon Species on Calcium Phosphate Precipitation

crystalline size (A)

©20) (2200 M 1) (-112) (230 TEM

- 246 382

*

- 256 531

* % $
649 424 574

649 556 624$

207 520
284 _

268° 690
348”° 549

Table 4.4 Crystalline size (A) of DCPD crystal precipitates formed from a solution containing 0.242M
Ca(N03)2and 0.145M (NH42HP 04 at 23 °C (* p<0.05, compared to control).

When the precipitation was carried out at 37 °C, the presence of silica appeared to promote

calcium phosphate dibasic formation over apatite formation. The XRD pattern ofthe

precipitate showed the presence of both calcium phosphate phases (fig 4.7). The reflections

in the area at ca. 32 2-theta degrees corresponding to HAP showed a decrease in intensity.

The XRD spectra not only showed increment of one phase over the other but an increase in

crystallinity.
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Figure 4.7 XRD patterns ofthe precipitates formed at 37°C from a solution containing 0.242M Ca(N03)2
and 0.145M (NH4)2HP 04 in the presence ofa) 0, b) 0.082 mM of Si(OH)4 ¢) 0.204 mM of Si(OH)4, d) 0.409
mM of Si(OH)4, after drying at 250°C for 1h. *SRM, °HAP, #DCP.

The XRD analysis not only showed increment of one phase over the other but an increase
in crystallinity of both phases. Table 4.5 shows the average crystallite size ofthe DCP and

apatite crystals. Crystal size increased with increasing concentrations of silica.

silica (ppm) crystalline size (A)
(apatite) (DCP)
©o02 (010) (@020 (2200 (-1-11) (-112) (230
0 245 - 571 595 339 600 -
* * * ¢
0.082 570 672% 680 612 754 664 314
* % * * %
0.204 629 839 751 808 598 686*
% $ $ *
0.409 455 750 639 522 589 664* 378

Table 4.5 Crystalline size (A) ofapatite and DCP crystal precipitates at 23 °C (* p<0.05 compared to

control).
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EDX analysis ofthe samples showed an increase in the Ca/P ratio ofthe precipitate formed

in the presence of silica although there was not a trend (Table 4.6).

silica (mM)
T 0 0.082 0.204 0.409
23°C (DCP) 0.86 £0.19 0.86 £0.17 0.62 £ 0.03 1.09 £0.34
37°C (apatite) 1.56 £0.22 1.50 £0.26 1.64 £0.16 1.64+ 1.64

Table 4.6 Ca/P ofthe precipitate formed at 23°C and 37°C. (mean + SD, n=10),

Figure 4.10 shows TEM images ofthe apatite crystals precipitate in the absence and
presence ofsilicic acid. The polycrystalline electron diffraction patterns were typical of
non-stoichiometric hydroxyapatite (see chapter 3) for the crystals precipitate in the absence
and presence of'silicic acid. The crystals precipitate in the presence of orthosilicic acid

seemed to be more perfect (fig. 4.10b,c,d) and less beam sensitive.



Figure 4.10 Calcium phosphate was precipitated from a solution containing 0.242 M
Ca(No 3)2 and 0.145 M (NH"HPC* at 37°C in the presence of a) 0, b) 0.082 mM,
¢) 0.204 mM and d) 0.409 mM Si(OH)4. The d-spacings obtained from the electron
diffraction patterns were ca. 3.44 A and 2.80 A attributed to the HAP Miller Indices
(002)and (2 11) (JCPDS 9-432).
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For the precipitate formed at 37 °C, the lattice parameters were calculated from TEM and
XRD data using the same method (appendix II) due to the lack of (h k 1) values to apply
Cohen’s method 15 The crystal structure of HAP belongs to the space group P63¥m in the
hexagonal system. Its lattice parameters are a(=b)=9.432 A and c=6.881 A. As the apatite
crystals presented the same morphology and diffraction pattern as hydroxyapatite, the equation
for the hexagonal system which relates d-spacing and lattice parameters was used to calculate
a,b and c from the x-ray diffraction data (table 4.7) and electron diffraction data (table 4.8) to

study the effect of silica on the lattice unit (appendix II).

silica Unit cell parameters (A)
(mM) 37°C
a=b c
0 9.4241 6.8484
0.082 9.3978 6.8368
0.204 9.4116 6.8356
0.409 9.4296 6.8576

Table 4.7 Unit cell parameters (A) of apatite crystal precipitated at 37°C from XRD data.

silica Unit cell parameters (A)
(mM) 37°C
a=b c
0 9.4997 6.9022
0.082 9.5459 6.8470
0.204 9.5060 6.8116
0.409 9.5714 6.7974

Table 4.8 Unit cell parameters (A) of apatite crystal precipitates at 37°C from TEM data.

The apatite crystals precipitated at 37°C were very small and highly hydrated. The x-ray
diffraction pattern of the material had very broad reflections and noisy background and
therefore the x-ray method was relatively insensitive. Although, symmetry-true, indexable

single-crystal diffraction patterns can be obtained with electrons from very minute crystals and
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be analysed very thoroughly for crystalline components present in minor amounts, the electron
diffraction pattern obtained for the apatite phase precipitated was polycrystalline due to the
agglomeration ofthe crystals and only some of'the (h k 1) Miller indices could be assigned.
The dimensions of'the apatite crystals measured from the TEM micrographs showed that
silica affects the length ofthe crystals (table 4.9). Two different values were obtained when
measuring the width/depth ofthe crystals, depending on the way the crystals lay on the
grid. Non-stoichiometric hydroxyapatite has a hexagonal symmetry. The equation for the
hexagonal system relates d-spacing and the a and c lattice parameters (see appendix (II)).
Thus the changes in the ¢ parameter also affected a(-b) and changes in the width/depth of

the crystals (table 4.9).

silica (ppm) crystal dimension (A)
37°C
length width/depth
0 1205.1 1154 76.9
0.082 1548.0 145.2 47.0
0.204 1113.2 115.4 533
0.409 778.2 127.2 53.3

Table 4.9 Crystal dimensions (A) ofapatite crystal precipitates at 37 °C after drying at 250°C for 1h.

Experiment 3

Figure 4.11 shows the pH changes with time during the reaction at 23 °C in the presence of
a final concentration of orthosilicic acid of 0.041, 0.082, 0.204 and 0.409 mM. In the
presence of orthosilicic acid, the induction time decreased at a very slow rate compared to
the control which remained more or less constant. The induction time was also slightly

shorter than the induction time for the control. An inflexion point during the induction time
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was observed for precipitations carried out in the presence 0f0.204 mM and 0.409 mM
orthosilicic acid. After the first pH drop, the pH rose. The rate in which the pH rose
appeared to decrease with increasing concentration of orthosilicic acid. Then the pH

dropped and stabilised to the same value for the control solution and solutions containing

silicic acid.
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Fig. 4.11 pH changes with time in the presence of a) 0 mM, b) 0.041 mM, c) 0.082 mM, d) 0.204 mM, and
e) 0.409 mM orthosilicic acid at 23 °C.

At 37°C the pH curves did not show any difference for the precipitations carried out in the
presence of silicic acid for the lowest concentrations of orthosilicic acid. In the presence of
0.204 mM and 0.409 mM of orthosilicic acid, the pH slowly decreased during the

induction time compared to the control.
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Fig 4.12 pH changes with time in the presence ofa) 0 mM, b) 0.041 mM, c) 0.082 mM, d) 0.204 mM, and
¢) 0.409 mM orthosilicic acid at 37 °C.

Table 4.10 shows the yield of precipitate formed in the presence of orthosilicic acid at

23°C and 37°C.

T(°C) 0 mM 0.041 mM 0.082 mM 0.204 mM 0.409 mM
23 39.23 40.06 40.86 41.26$ 42.3‘
37 37.27 34.66* 35.8 37.93 38.66

Table 4.10 Weights of precipitate formed at 23°C in mg (*p<0.05, compared to control).

The XRD patterns for the precipitate formed in the presence of orthosilicic acid at 23 °C
showed the appearance of a reflection at 20=26° corresponding to the presence of apatite
crystals. More difficult to assign, it was possible to observe changes in the area ca. 20=31°

corresponding also to the presence of apatitic crystals in the precipitate and at ca. 20=13°



Chapter 4 Effect of Soluble Silicon Species on Calcium Phosphate Precipitation

the reflection corresponding to the Miller Index (0 1 0) for DCP phase seems to broaden
indicating smaller/less crystalline crystals (table 4.11).

crystalline size (A)

silica (mM) (-220) 112)
0 180 + 33 258 + 24
0.041 160 + 14 161* + 56
0.082 140 £32 201 +74
0.204 148 + 22 194% & 3
0.409 152 12 211 +36

Table 4.11 . Crystal dimensions (A) of crystal precipitated at 23 °C after drying at 250°C for 1h (*p<0,05
compared to control, n=4).
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Fig. 4.13 XRD spectra ofthe precipitate formed at 23 °C in the presence ofa) 0 mM, b) 0.041 mM, c) 0.082
mM, d) 0.204 mM, and e) 0.409 mM orthosilicic acid after drying at 250°C for lh. * standard reference
material.

The FT-IR spectra for the precipitate formed at 23 °C in the presence of orthosilicic acid
did not show any difference in crystal phases from the control. The FT-IR spectra showed
the characteristic bands corresponding to the HP042 and P 042" vibration and bending
modes for DCP, OCP and apatite (see chapter 3). There was a shift to higher wavenumber
ofthe band at 3420 cm’1 (control) to 3425 cm# (orthosilicic acid) attributable to absorbed

water.
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Fig. 4.14 FT-IR spectra ofthe precipitate formed at 23 °C in the presence ofa) 0 mM, b) 0.041 mM, c) 0.082
mM, d) 0.204 mM, and e) 0.409 mM orthosilicic acid after drying at 250°C for 1h.

The XRD patterns for the precipitates prepared at 37°C showed the presence of apatite.
The patterns ofthe precipitate formed in the presence of orthosilicic acid did not differ
from the control although a slight increase in crystallinity was shown for some reflections

which could correspond to hydroxyapatite and/or OCP crystals (fig. 4.15).
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Fig. 4.15 XRD spectra ofthe precipitate formed at 37°C in the presence ofa) 0 mM, b) 0.041 mM, c) 0.082
mM, d) 0.204 mM, and e) 0.409 mM orthosilicic acid after drying at 250°C for lh. *standard reference
material, arrows shows the reflections which could correspond to hydroxyapatite and/or OCP crystals.

The crystallite size was calculated by x-ray broadening analysis ofthe most intense

reflections (table 4.12).

crystalline size (A)

silica (mM) 002) 2101
0 194 + 14 44 £3
0.041 190 + 28 52%+ 5
0.082 168 + 13 57+ 1
0.204 176+19 58*% +4
0.409 191 + 16 61* + 7

Table 4.12 . Crystal dimensions (A) of crystal precipitated at 37 °C after drying at 250°C for lh calculated by x-
ray broadening analysis ( p < 0.05 compared to control, n=4).

The FT-IR spectra for the precipitate formed at 37 °C also showed a shift to higher
wavenumber ofthe band at 3423 c¢cm+1 (control) to 3428 cm=1 (orthosilicic acid)
corresponding to the -OH of the absorbed water (fig. 4.16). The spectra were characteristic

ofnon-stoichiometric hydroxyapatite (see chapter 3).
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Fig. 4.16 FT-IR spectra ofthe precipitate formed at 37° C in the presence ofa) 0 mM, b) 0.041 mM, c)
0.082 mM, d) 0.204 mM, and ¢) 0.409 mM orthosilicic acid.

Transmission electron microscopy was used to investigate the structure, morphology and
composition of precipitates formed in the presence of orthosilicic acid (for control see
chapter 3). For precipitations carried out at 23 °C in the presence of0.041 and 0.082 mM
orthosilicic acid round spheres, OCP plates and flakes were already observed at 1 min of
reaction (fig.4.17a, fig 4.18a-c). For higher concentrations of orthosilicic acid (0.240 and
0.409 mM) only round spheres were observed (fig. 4.19a, 4.20b). After 5 min the rough
spheres were still detected for 0.041 mM orthosilicic acid (fig. 4.17b). With increasing
concentrations of orthosilicic acid, the spheres showed a higher Ca/P (table 4.13). After 15
min, OCP plate-like crystals and needles were observed for all concentrations of
orthosilicic acid (fig. 4.17c, fig. 4.18d-f, fig. 4.19d-g, fig. 4.20d, f-g). After 30 min reaction
DCPD crystals were detected for 0.041 and 0.082 mM orthosilicic acid (fig. 4.17d, fig.

4.18g). For 0.204 and 0.409 mM orthosilicic acid DCPD like crystals were detected after
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15 min ofreaction (fig. 4.19c¢, fig. 4.20c,e). EDX analysis detected some Si in the plate-like

and flake crystal structures at these concentrations (table 4.13).



Figure 4.17 Calcium phosphate was precipitated from a solution containing 10 mM
Ca(NO03)2 and ¢ mM (NH4)2HPO04 at 23°C in the presence of 0.041 mM Si(OH)4.
During precipitation reaction samples were taken for TEM analysis at a) 1 min, b) 5

min, ¢) 15 min and d) 30 min of reaction (see appendix III for d-spacings values cal-

culated from the electron diffraction data).
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Figure 4.18 Calcium phosphate was precipitated from a solution containing 10 mM
Ca(N03)2 and ¢ mM (NH4)2HPO04 at 23°C in the presence of 0.082 mM Si(OH)4.
During precipitation reaction samples were taken for TEM analysis at a) and b) 1 min,
¢) and d) 5 min (see appendix Il for d-spacings values calculated from the electron
diffraction data).
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Continuation Figure 4.18 ¢) 15 min and f) and g) 30 min of reaction (see appendix
III for d-spacings values calculated from the electron diffraction data).
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Figure 4.19 Calcium phosphate was precipitated from a solution containing 10 mM
Ca(NO03)2 and 6 mM (NH4)2HPO04 at 23°C in the presence of 0.204 mM Si(OH)4.
During precipitation reaction samples were taken for TEM analysis at a) and b) 1 min,

¢) and d) 5 min (see appendix III for d-spacings values calculated from the electron
diffraction data).
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Continuation Figure 4.19 ¢) 15 min and f) and g) 30 min of reaction (see appendix
III for d-spacings values calculated from the electron diffraction data).
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Figure 4.20 Calcium phosphate was precipitated from a solution containing 10 mM
Ca(NO03)2 and ¢ mM (NH4)2HPO04 at 23°C in the presence of 0.409 mM Si(OH)4.
During precipitation reaction samples were taken for TEM analysis at a) 1 min, b) 5
min, ¢) and d) 15 min (see appendix I for d-spacings values calculated from the
electron diffraction data).
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Continuation Figure 4.20 ¢) and 0 30 min of reaction (see appendix III for
d-spacings values calculated from the electron diffraction data).
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Table 4.13 shows the variation ofthe Ca/P and Si/P ratios for the different morphologies

observed during precipitation reactions performed at 23 °C.

time (min)
Si(OH)4 (mM)

0.082
0.204

0.409

0.082
0.204
0.409

15

0.082
0.204
0.409

30
0

0.082
0.204

0.409

spheres

Ca/P

1.09
+0.35
1.03
+0.07

1.03
+0.37

1.00
+0.17
1.33
+0.26
1.30
+0.20

13

1.46
+0.22

Si/P

0.12
+0.09

Ca/P

1.79
+0.17
1.32
+0.16
1.64
+0.33

1.39
+0.23

1.59
+0.34

1.12
+0.29

1.46
+0.20
1.60
+0.17
1.46
+0.22
1.16
+0.24

1.56
+0.06
1.14
+0.21
1.12
+0.23
1.26
+0.12

flakes

Si/P

0.03
+0.03

plates-like OCP  plates-like DCPD

Ca/P

1.32
+0.15

1.53
+0.08

1.35
+0.04

1.36
+0.11
1.37
+0.13

1.62
+0.26

1.53
+0.02

Si/P Ca/P Si/P

0.91
+0.05

1.03

1.02
+0.19
0.85
+0.09
0.93
+0.01

0.90
+0.12
0.89
+0.15
0.85
+0.09
0.88
+0.27

Table 4.13 Ca/P and Si/P ratio ofthe crystal phases present during precipitation at 23 °C (mean+ SD, n=I-

10).

Silicon was detected occasionally in the sphere and flake structures. Silicon was not

detected in the plate-like DCPD crystals.
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At 37° C, for the control (for control see chapter 3) and precipitates formed in the presence
of orthosilicic acid, spheres, plates, flakes and needles were detected from 1 min (fig.4.21a-
¢, 4.22a-c, fig. 4.23a-c). The electron diffraction patterns obtained for the plates were
attributable to OCP and those obtained for the needles and flakes were typical of non-
stoichiometric hydroxyapatite (see chapter 3). After 15 min OCP plates and needles were
observed for precipitates formed in the presence of orthosilicic acid (fig. 4.21d, fig. 4.22d,
fig. 4.23d). After 30 min needles were observed at all concentrations of orthosilicic acid
(fig. 4.21e, fig. 4.22e¢, fig. 4.23e). In the presence of orthosilicic acid the Ca/P ratio ofthe
observed crystal phases were higher than those in the control (table 4.14). The Si detected

by EDX was also higher for the plate-like OCP crystals and needles (table 4.14).
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Figure 4.21 Calcium phosphate was precipitated from a solution containing 10 mM
Ca(NO03)2 and ¢ mM (NH4)2HPO04 at 37°C in the presence of 0.082 mM Si(OH)4.
During precipitation reaction samples were taken forTEM analysis at a), b) and c) 1

min, d) 5 min (see appendix III for d-spacings values calculated from the electron
diffraction data).
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Continuation Figure 4.21 ¢) 15 min and 0 30 min of reaction (see appendix III for
d-spacings values calculated from the electron diffraction data).
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Figure 4.22 Calcium phosphate was precipitated from a solution containing 10 mM
Ca(N03)2 and ¢ mM(NH4)2HPo 4 at 37°C in the presence of 0.204 mM Si(OH)4.
During precipitation reaction samples were taken for TEM analysis at a), b) and c) 1
min, d) 5 min (see appendix III for d-spacings values calculated from the electron
diffraction data).
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Continuation Figure 4.22 ¢) 15 min and f) 30 min of reaction (see appendix III for
d-spacings values calculated from the electron diffraction data).
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Figure 4.23 Calcium phosphate was precipitated from a solution containing 10 mM
Ca(N03)2 and ¢ mM (NH4)2HPo4 at 37°C in the presence of 0.409 mM Si(OH)4.
During precipitation reaction samples were taken for TEM analysis at a), b) and ¢) 1
min, d) 5 min (see appendix III for d-spacings values calculated from the electron
diffraction data).
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Continuation Figure 4.23 ¢) 15 min and f) 30 min of reaction (see appendix III for
d-spacings values calculated from the electron diffraction data).
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Table 4.14 shows the variation ofthe Ca/P and Si/P ratios for the different morphologies

detected during the precipitation at 37 °C.

spheres flakes plate-like OCP needles
time (min) Ca/P Si/P Ca/P Si/P Ca/P Si/P Ca/P Si/P
[Si(OH)4](mM)
1
0 1.63 1.58
+0.34 +0.11
0.082 1.20 0.15 1.69 0.15
+0.18 +0.14 +0.17 +0.14
0.204 1.20 0.10 1.34 0.16 1.67 0.35 -
+0.07 +0.13 +0.12 +0.09 +0.31 +0.20
0.409 1.11 0.02 . 1.53 0.44 1.21 0.14
+0.10 +0.002 +0.21 +0.55 +0.14 +0.14
5
0 1.42 1.69 1.65
+0.28 +0.27 +0.32
0.082 1.66 0.16 1.62 0.16
+0.10 +0.18 +0.14 +0.15
0.204 1.57 0.20 1.54 0.20
+0.17 +0.23 +0.16 +0.23
0.409 1.53 0.20 1.48 0.20
+0.28 +0.06 +0.29 +0.06
15
0 1.50 1.56 1.59
+0.12 +0.29 +0.34
0.082 1.54 0.11 1.87 0.45 :
+0.19 +0.09 +0.14 +0.12
0.204 1.49 0.15 1.39 0.15
+0.12 +0.07 +0.16 +0.11
0.409 1.73 0.43 1.47 0.21
+0.16 +0.16 +0.15 +0.09
30
0 1.56 1.90
+0.18 +0.29
0.082 1.61 0.08 1.57 0.12
+0.12 +0.06 +0.12 +0.05
0.204 1.34 0.44 1.37 0.09
+0.13 +0.23 +0.14 +0.01
0.409 1.76 0.19 - -
+0.26 +0.11

Table 4.14 Ca/P and Si/P ratio ofthe crystal phases present during precipitation at 37°C (mean = SD, n=1-
10).

Silicon was detected in the plate-like OCP, flake-like and apatite crystals. Sometimes when
silicon was detected the Ca/P molar ratio increased indicating the possibility of substitution

of P04™ for Si(OH)4. However, sometimes the detection of silicon was not accompanied by
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a decrease in Ca/P molar ratio. Silicon could have only been adsorbed onto the crystal
surface.

Electron diffraction data for the crystal phases detected during precipitation in the presence
of orthosilicic did not differ from the control (appendix III).

Samples ofthe material dried at 250°C for 1h were dissolved in ultrapure nitric acid and
filtered through a 0.45 pm filter. Samples were sent to Manchester University for silicon

analysis. No silicon was detected. The sensitivity of'the technique was 1 ppm.

4.4 Discussion

The effect of orthosilicic acid on calcium phosphate formation and transformation has been
studied. The data presented in this study show that orthosilicic acid has an effect depending
on the initial Ca-P/Si ratio in solution. When orthosilicic acid was present in the reacting
solution with a concentration of 0.242M of calcium and 0.145M ofphosphate there was a
slight increase in the product yield, which could suggest that silicic acid at concentrations
as low as 0.041 mM stimulated the precipitation of calcium phosphate. However, when
lower concentrations of calcium (I0mM) and phosphate (¢ mM) were used, the stimulating
effect only appeared to be present for the precipitations carried out at 23°C (table 4.10).

Tanizawa et al. 1995, proposed the following mechanism for hydroxyapatite formation:

3Ca2t+ 2H2P 04+ 40H"' + (x-4)H20 >m Ca3(P04)2.xH20 (1)
Ca2++ H2P04 +40H'+ H20 -> CaHP04.2H20 (2)
10[Ca3(P0O4)2.xH20] + 20H' ->m3Ca10(PO4)6(OH)2 + 2H2P 04 + (10x-4)H20 3)

10[CaHPO4.2H20] + 40H' -> Ca10(PO4)6(OH)2 + 4H2P 04+ H20 4)
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They stated that silicate ions (Si044) slowed the four reactions only at low concentrations
(0.44-0.88 mM) and inhibited the transformation of DCPD to HAP which can occur easily
in wet conditions 14 They did not identify any calcium-silicate containing precipitates by x-
ray analysis. They also reported that the Ca/P ratio increased with an increase in silica
concentration. They suggested that silica could provide favourable sites for ACP or DCPD
nucleation and that a large amount of precipitate forms as a result. The incorporated Si044"
had an stabilising effect on DCPD. Damen ef al (1989) also reported that small amounts of
silica stimulate the spontancous precipitation of calcium phosphate from supersaturated
solutions12 They investigated a wide range of calcium to phosphate molar ratios and
metastable solutions with a calcium phosphate concentration product as low as 1.88 mM2.
A proposed mechanism to explain this effect was proposed by Hidaka et al 1996 when
they studied the effects of indium and ferric ions on the precipitation of calcium
phosphate1 . They observed that these ions could behave similarly to silica. They suggested
that at pH=7.4 indium and ferric ion solubilised and then the metal hydroxide [M(OH)3]
formed would polymerise. In the case of silica, it would be present as Si(OH)4. It has been
suggested that each Ca2tcan link approximately to one Si(OH)4 group17:

Sis(OH) + Ca2+-> SisOCa2++ H+
Rolla et al (1989) had already proposed that the calcium-binding capacity of'the
polymerised silicic acid may stimulate the spontaneous precipitation of calcium phosphate
in vitro10. However, they found that concentrations 0of3.0-30 mM of'silicic acid and 10
mg/ml of silica inhibited calcium phosphate precipitation. They found that stimulation
occurred at concentrations where the effects of chelating capacity ofthe polysilicic acid
and silica were not significant. Therefore, when polysilicic acid and silica were in high

concentration, the degree of supersaturation of calcium ions was reduced by chelation and
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the formation of calcium phosphate precipitates was suppressed. Silica-gel particles have
been found to stimulate the rate of hydroxyapatite formation at a concentration range of
0.05-1.5 mg/ml17 However, silicic acid, being a weak acid (pkj=9.8) interacts only with
basic metal ions, therefore, at physiological pH, calcium and magnesium are excluded18 A
calcium silicate nucleating agent was proposed by Iler (1979)a’5but at pH< 9 such species
are not predicted. The mechanism proposed by Hidaka et al. (1996) would not be valid in
vivo'’.

Another hypothesis to explain the stimulatory-precipitation effect of silica on calcium
phosphate was proposed by Karlsson et al/ (1989)19. They suggested that [=Si—O—] pairs
form chelates with phosphate ions, and that this was an essential step in apatite formation.
Other mechanisms proposed for the stimulatory-precipitation effect of silica on calcium
phosphate are based upon silica surfaces and polymeric silica species13. Pereira and Hench
(1996) in their review discussed the possible role of soluble silicon species13. They
concluded that the precipitation of hydroxyapatite involved the surface of silica or
oligomers of hydrated silica, rather than soluble monomeric silicate species. They reported
that the physical aspects ofthe silica surface, the negative surface charge and the presence
ofnm scale porosity would be directly responsible for hydroxyapatite precipitation. They
did not support the involvement of silanol groups in the nucleation process, although they
did not deny the possibility.

The concentration of silica used in this study was lower than 0.5 mM, a concentration
above which polymerisation of'silicic acid occurs in the presence of ammonium species20.
In the current experiments, silicon was present as a soluble species, there were not a
significant concentration of polymers, no negative surface charges, and no pores to which

one could attribute the stimulatory effect of silicon on calcium phosphate formation and
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transformation. However, monomolecular silicon species have associated with it four
hydroxyl groups and therefore, it may be possible that the silanol groups were involved in
the nucleation process. The addition of orthosilicic acid to the calcium solution did not
show a different effect from the addition ofthe orthosilicic acid to the phosphate solution
prior to mixing ofthe two solutions. This suggests that the mechanism by which
orthosilicic acid affects the nucleation is the same independent ofthe solution to which the
orthosilicic acid had been added. As Karlsson et al (1989) suggested, the orthosilicic acid

could interact with the phosphate ions (fig. 4.24)

0
|
HO-I;-O
9
0 OH O
0—$—0 — HO—8i-OH ~-0—P—0
1 1
OH OH OH
0
1
0=P-0
|
OH

Figure 4.24 Proposed mechaninsm for complexation of silicic acid by phosphate ions.

When the concentration of phosphate was 0.242 M, the silicic acid might be able to bind at
least 4 HPO42_ The CazjL i‘ons would be attracted by the negative charge ofthe phosphate
groups and then calcium phosphate would form. When the pH decreases, the interaction

between orthosilicic acid and phosphate would weaken and the complex would break
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down. When the concentration of phosphate is lower, the degree of supersaturation would
be reduced by interaction ofthe silicon hydroxyl groups and phosphate ions and the
formation of amorphous products, (e.g. ACP) would increase. ACP would then transform
in time into OCP or HAP depending on the solution conditions. As a consequence, the
orthosilicic acid would provide more nucleating sites which would favour the formation of
apatite. This could explain why ACP spheres were still observed after 5 min of
precipitation in the presence of orthosilicic acid. Although the flake-like, plate-like OCP
and needle structures were detected soon after mixing (1 min), the ACP (spheres) were still
detected after 5 min indicating that silicic acid was still stimulating the nucleation of new
particles. The results from this study are contrary to the results obtained by Birchall, 1986
who studied the effect of silicic acid on the precipitation and ageing of calcium

phosphates . He found that the addition of ImM silicic acid did not alter the phase
composition or microstructure as seen by electron microscopy when compared to the
control.

The Ca/P ratios ofthe calcium phosphate phases present in this experiment during
precipitation increased when orthosilicic acid was present in the reaction solution.
Occasionally, the increase in the Ca/P ratio coincided with the detection of silicon in the
structure. Although no silicon was detected in the bulk sample by atomic emission
spectroscopy (AES) (detection limit is 1 ppm Si), EDX analysis detected some amounts of
silicon present in the early stages ofthe precipitation process (table 4.14). Carlisle (1972)
found that in the early stages ofactive calcification in young bone, when the calcium
content of the preosseous tissue is very low, there is a direct relationship between silicon

and calcium®'**
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When a crystal grows from a solution containing an additive (in this case orthosilicic acid),
it will generally reject it ifit is less soluble in the crystal than in the solution™. When the
smaller crystals dissolve, larger crystals will grow (Ostwald ripening). The new growth on
the latter, taking place slowly, will be purer than the dissolved crystals. Some silicon was
detected in the spheres formed soon after mixing the calcium and phosphate solutions

(I min) for precipitations carried out at 37°C. As precipitation carried on, the spheres
dissolved and larger crystals formed (flakes). During precipitation the solution pH
decreased, and consequently the orthosilicic acid would be less strongly adsorbed onto the
crystal surface. It would desorb. Therefore no incorporation of orthosilicic acid into the
crystal would occur. However, if orthosilicic acid was strongly adsorbed to the crystals,
and if it was sufficiently mobile, it might segregate within the crystal lattice, on dislocation
lines or at the surface. Ifits distribution was anisotropic changes in one ofthe crystal lattice
dimensions or habit modifications would be observed. TEM analysis showed that silica
affected the length ofthe apatite crystals formed at 23°C. Non-stoichiometric
hydroxyapatite has a hexagonal symmetry and the crystal growth direction is along the c-
axis. The apatite crystals precipitated in the presence of orthosilicic acid were longer
compared to those precipitated in the absence of orthosilicic acid. However, only the
apatite crystals precipitated in the presence of 0.082 mM orthosilicic acid at 37°C were
longer compared to those precipitated in the absence of orthosilicic acid. A change in the ¢
unit cell parameter would be expected. Changes in the ¢ unit cell parameter would also
affect the a(=b) since the hexagonal system relates d-spacing and the a and ¢ parameters (see
appendix (IT)). The x-ray data showed a decrease in the c lattice and an increase in the
a(=b) lattice parameters compared to the control for the apatite crystals precipitated in the

presence of orthosilicic acid at 37°C. Substitutions of Ca2+with Sr2+; Ba2t, Cd2t; and Pb2+
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have been obtained24,25. The a(=b) and c lattice parameters of Ca2+substituted HAP vary with
the substituting cationic radius: barium hydroxyapatite gives the maximum values of a=10.178
A and ¢=7.730 A24. Both lattice parameters increase with the cationic substitutions. The anion
groups OH' and P043 are, respectively, substituted with the halogen ions and C032. In
chloroapatite, a increases to 9.634 A and c decreases to 6.778 A25.

When 10 mM Ca2t+and ¢ mM HP 04 were used to precipitate calcium phosphate crystals
in the presence of orthosilicic acid, the formation of more than one calcium phosphate
crystal phase made it impossible to analyse the unit cell parameters using the XRD data.
The electron diffraction data obtained for apatite were also polycrystalline patterns and the
data was not reliable enough to calculate the unit cell parameters for the apatite crystals. A
fine detail single crystal analysis should be done to determine on which sites silica as
orthosilicic acid is affecting the apatite structure.

Waterglass-derived silica, a number of industrial silicas and silica used in toothpaste, all
reduced the induction time of calcium phosphate precipitation from supersaturated
solutions to a similar extent. Waterglass when diluted at physiological pH, results in the
formation of'the soluble monosilicic acid . Damen et al (1989) found that silicic acid
reduced the induction time ca. 60% at concentrations of 0.5 mM diluted from a 2mM stock
solution12 They also found that silica could reduce the induction time in the presence of
cultured oral bacteria and counteract the increase ofthe induction time caused by inhibitors
derived from these bacteria '. These results supported the idea that silica when
incorporated into dental plaque, may stimulate calculus formation27

When certain organic substances and ions inhibit the formation of calcium phosphate
precipitates, a decrease in the rate of hydroxyapatite transformation usually accompanies

the elongation ofthe induction time™ . If agents accelerate the reaction, e.g. sodium lauryl
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sulphate, an increase in hydroxyapatite transformation is associated with a shortening of
the induction time” .

Hidaka et al, 1993 reported that silicates and clay-minerals regulate calcium phosphate
precipitation in vitro . Silicic acid, silica, kaolin and talc stimulate, but mica inhibited the
rate of hydroxyapatite transformation without changing the induction time. Silicic acid at a
concentration between 0.01 to 0.1 mM was found to stimulate the rate of hydroxyapatite
transformation in the formation of calcium phosphate precipitated. They found that its
effect was related to its state of polymerisation. The data from this study have shown that
the induction time was shortened in the presence of orthosilicic up to a concentration of
0.082 mM for reactions carried out a 23°C. Orthosilicic acid accelerated the precipitation
process and at the higher concentrations of 0.204 mM and 0.409 mM although the process
was slowed down, it was still faster than the control.

The effect of orthosilicic acid on calcium phosphate precipitation in vitro depends on the
experimental conditions, such as concentration, temperature, etc. In this study at high
concentrations of calcium (0.242M) and phosphate (0.145M), orthosilicic acid increased
the crystallinity ofthe calcium phosphate crystal phases formed at both 23°C and 37°C.
When lower concentrations of calcium (10 mM) and phosphate (6 mM) were used, the
presence of orthosilicic acid seemed to favour the formation of apatite over DCP. At
physiological concentrations this effect could be higher. Orthosilicic acid also shortened
the induction time accelerating the precipitation process. Orthosilicic acid seemed to affect
the crystal growth of apatite in an anisotropic way although a fine detail single crystal
study would be necessary to identify how orthosilicic acid affects the crystal structure at

the molecular level.
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CHAPTER 5: EFFECT OF ALHIH SPECIES ON THE PRECIPITATION OF
CAECTIJM PHOSPHATE CRYSTALS

5.1 Introduction

AI(IIT) is believed to be one ofthe contributing factors to the development of
several types of human disorders such as Alzheimer’s disease and osteomalacia'™. Long-
term haemodialysis patients with renal disease show raised serum Al(III) levels increasing
the mortality risk4. Some studies have showed that aluminium causes calcium loss and
inhibition of intestinal absorption of fluorides and it might play a role in the development
ofbone fragility6. It has also been reported that aluminium inhibits bone mineralisation’ .
Other studies have shown that aluminium inhibits osteoblast proliferation and activity8,9.
However the mechanism of aluminium toxicity on bone is still in debate. It is not clear
whether the decrease in bone mineralisation may be the result ofthe effect of aluminium on
osteoblast function since they are required for normal matrix calcification or a direct effect
of aluminium on the calcification process10.

In vitro studies have shown that aluminium inhibits the transformation of ACP into
HAPI11. It has also been reported that aluminium and aluminium complexes inhibit the rate
ofthe dissolution and crystal growth of calcium hydroxyapatite at concentrations ca.

IpM 12'l4 However, more recent studies have shown that aluminium did not inhibit the
formation and transformation of calcium hydroxyapatite15.

This study was undertaken to investigate the effect of aluminium on the formation
of calcium phosphate crystals. Electron microscope analysis was performed to identify and
characterise the calcium phosphate materials formed during the precipitation reactions in

the presence of aluminium chloride.
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5.2 Materials and Methods

Materials

Ammonium phosphate dibasic 99% ((NH4)2HP04) was purchased from Sigma Chemical
Co. Anhydrous calcium nitrate anhydrous 98+% (Ca(N03)2 was purchased from Avocado
Research Chemicals Ltd. Aluminium Chloride 99% (A1Cl13-6H20) was purchased from
Fisher. Standards for use in the x-ray diffraction and FTIR analysis: Calcium phosphate
dibasic (CallP04), and Hydroxyapatite, Cas(P04)3(0H), and Corundum (a-A120 3) were

purchased from Sigma Chemical Co. Ultrapur HN 03 was purchased from Prolabo.

Methods

Calcium phosphate powders were made as described in chapter 2. Prior to adjusting
the pH to 7.4 and mixing the calcium and phosphate solutions, aluminium was added to the
phosphate solution from a freshly prepared 750 mM stock solution of AlCl3 H20. The
final aluminium concentrations were 7.5 pM and 75 pM. Ca(NO03)2 and (NH4)2HP 04 were
used as precursors, NaCl was used as the electrolyte to keep the ionic strength constant at
0.165M. The pH was monitored during the precipitation process and samples were taken
for TEM analysis (see chapter 2).. After 30 min, the precipitate formed was filtered and
washed with deionized distilled H20. The samples were dried at 250 °C for 1h and then

analysed by FT-IR, XRD, EDX and TEM.

Statistics

The mean + standard deviation was calculated from four/eight experiments using
the t-Student test. Statistical comparisons were made by the F-distribution test. The

difference was considered significant atp < .05.
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5.3 Results
Figure 5.1 shows a typical example ofthe changes of pH changes with time during

reaction at 23°C and 37°C in the presence of aluminium ions at 7.5 and 75 pM.

7.4

7.2 -

6.4

6.2

0 100 200 300 400 500 600 700 800 900 1000

time (sec)

Figure 5.1 pH plotted as a function oftime for experiments at 23°C a) control, b) 7.5 fiM Al(III), ¢) 75 pM
AI(IIT) and 37°C d) control, e) 75 pM AI(III).

For reactions run at both temperatures, the initial pH drop corresponds to the nueleation
stagei6 and the presence of aluminium had no measurable effect on the pH drop, although
different at the two temperatures. Following the initial pH drop due to the addition ofthe
calcium solution to the phosphate solution, there was a period of more or less constant pH
followed by a single pH drop for materials prepared at 37°C or by a series of pH changes
with a final pH drop for the samples prepared at room temperature. The presence of
aluminium ions in the reaction mixture had an effect on the time period for which pH
remained virtually constant and on the rate of change of pH referred to as the
transformation stage16. At 23°C the presence of aluminium reduced the time for which pH

remained virtually constant from ca. 12 + 1 minutes (control) to ca. 8 £ 1.5 minutes (7.5
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JuM Al) to ca. 10 £ 1 minutes (75pM Al) although the pH ofthe system was also slightly
reduced in the presence ofthe aluminium ions.

The precipitates formed were analysed for aluminium content by atomic absorption
spectrometry (table 5.1). The aluminium content in the sample increased with increasing

concentration of aluminium present in the reaction solution.

Al concentration (mg.g*)

Mean £+ SD
23 °C 37°C
control 2.060 +0.013 3.055 +0.0003
7.5 pM A1(III) 4.838* +0.027 -
75 pM Al(III) 28.931* £0.366 23.826* + 0.343

Table 5.1 Concentration of aluminium in precipitates dried at 250 °C for lh after 30 min ofreaction.
(*p < 0.05 compared to control, n=2).

FT-IR analysis of'the precipitates formed at 23°C showed that the bands at ca 1100

cm'1 were shifted to higher wavenumber for precipitates prepared in the presence of

aluminium (fig. 5.2).
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Figure 5.2 FT-IR spectra ofthe precipitates formed at 23°C in the presence ofa) 0, b) 7.5 pM, and
c) 75 pM AIl(II) after drying at 250°C for 1h.

XRD analysis showed that the shifts observed in the infrared which at first
suggested a higher proportion of DCP within the sample, (fig. 5.2b and 5.2¢ ) were due to a
decrease in crystallinity ofthe precipitates when they formed in the presence of aluminium

(fig. 5.3).

143



Chapter 5 Effect of AI(III) species on the precipitation of calcium phosphate crystals

4000
counts
3500
3000
2500
2000
1500

1000

500

10 15 20 25 30 35 40

2-theta

Figure 5.3 XRD patterns of the precipitates formed at 23°C in the presence ofa) 0, b) 7.5 pM. ¢) 75 pM
Al(III) after drying at 250°C for lh.

The precipitates formed at room temperature gave patterns characteristic of DCP
(fig. 5.3, see chapter 3) although the area to the low 2-theta side of the reflections at around
33° two-theta and to the low two-theta side ofthe reflection at ca. 26° two-theta indicated
the presence of apatitic material which was later confirmed by electron microscopy
analysis. The addition of aluminium to the precipitation mixture resulted in a broadening of
the reflections indicating that the DCP crystals formed in the presence of aluminium were

less crystalline, (fig. 5.3b and 5.3¢).

At 37°C the presence of aluminium in the sample resulted in the reduction or
disappearance in the infrared spectra ofthe band at 634 cm'1 and at 3567 cm™
corresponding to the OH librational mode and to the OH stretching mode of HAP
respectively and reduction in intensity ofthe band at 961 cm"l, (fig. 5.4) which was

assigned to the P 043" stretching mode.
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Figure 5.4 FT-IR spectra ofthe precipitates formed at 37°C in the presence ofa) 0, b) 7.5 pM. ¢) 75
pM AI(III) after drying at 250°C for lh.

The XRD patterns obtained from the precipitates prepared at 37°C were poorly-

crystalline apatite-like crystals, (fig. 5.5) compared to the control.
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Figure 5.5 XRD patterns ofthe precipitates formed at 37°C in the presence ofa) 0, b) 7.5 pM. ¢) 75 pM
AI(III) after drying at 250°C for lh.
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The XRD data obtained from materials precipitated at both temperatures gave no
indication for the presence of aluminium phosphates in the precipitated material (see
appendix).

An x-ray broadening analysis and particle size determination based on the Debye-
Scherrer equation17 was performed using the (-220) and (-112) reflections for the
precipitate formed at 23°C and (0 0 2) and (2 11) for the precipitate formed at 37°C. The
presence of aluminium in the precipitation medium produced a systematic decrease in the
average crystallite size, table 5.2. However, statistical analysis ofthe data indicated that
there was little difference in the crystallinity ofmaterials precipitated in the absence and

presence of aluminium.

23 °C 37°C
(DCP) (HAP)

(-220) (-1 12) (002) 211)
control 181 £ 33 259+ 24 194+ 14 45+3
7.5 am  Al(TH) 150 +26 255+ 50 175+ 28 44+3
75 pM AI(III) 138 + 17 200+ 35 154++ 8 42+2

Table 5.2. Crystallites sizes (A) were calculated by the Debye-Scherrer equation. (¥*p < 0.05, n=4).

Electron microscopy studies were able to provide a much fuller picture ofthe
mineral phases present in a given sample and the effects of aluminium on the development
of calcium phosphates. Samples were analysed by the dipping method between 1 minute
and 30 minutes after the start of'the reaction (for the control samples see chapter 3). When
aluminium was added to the reaction medium the process of crystallisation was speeded
up, (fig. 5.6). At 23°C, in the presence of aluminium, flakes, needles and plates were all

detected at 1 minute after the start ofthe reaction (fig. 5.6b-d). Amorphous aggregates such
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as those depicted in figure 5.6a were also observed from 1 minute after the start ofthe
reaction. The aggregate structure contained calcium, aluminium and phosphorous. After 5
minutes of reaction, plates of OCP, some flakes and large plates of DCPD were observed.
At 15 minutes the main phase detected was DCPD together with some flakes (fig. 5.6 f-h).
The flake-like structures detected in the presence of aluminium were even less well formed
than in the absence of aluminium (see chapter 3). Electron diffraction ofthe flakes formed
in the presence of aluminium showed fewer rings than from material with similar
appearance prepared in the absence of aluminium (fig. 5.6d).

At 37°C in the presence of aluminium, plates of OCP were only observed at the 1
minute sampling point (fig 5.7b). A few poorly formed needles of HAP were observed at
later time points (fig. 5.7¢) but the principal morphology observed was flakes ofa non-
stoichiometric apatitic phase (fig. 5.7e,f). Amorphous aggregates like those observed for

reactions carried out at 23°C were also observed at all time points (fig. 5.7d).



Figure 5.6 Calcium phosphate was precipitated from a solution containing 10 mM
Ca(N03)2and 6 mM (NH4)2HP04 at 23°C in the presence of 75 pM AI(III). During
precipitation reaction samples were taken for TEM analysis at a) and b) 1 min, c¢) and
d) 5 min (see appendix III for d-spacings values calculated from the electron diffrac-
tion data).
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Continuation Figure 5.6 e) and f) 15 min and g) and h) 30 min of reaction (see
appendix III for d-spacings values calculated from the electron diffraction data).
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Figure 5.7 Calcium phosphate was precipitated from a solution containing 10 mM
Ca(N03)2and 6 mM (NH4)2HP04 at 37°C in the presence of 75 pM AI(III). During
precipitation reaction samples were taken forTEM analysis at a)l min, b) and ¢) 5

min, d)15 min (see appendix I for d-spacings values calculated from the electron
diffraction data).
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Continuation Figure 5.7 ¢) 15 min and f) 30 min of reaction (see appendix III for d-
spacings values calculated from the electron diffraction data).
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Table 5.3 lists the Ca/P and Al/P molar ratios for the precipitates formed at 23°C and 37°C

in the presence of 75 pM for the crystal structures observed during the reactions.

T(°C) amorphous flakes needles plate-like DCP
aggregates
23 Al/P Ca/P ALP Ca/P Al1P Ca/P Al/P Ca/P
1 091 + 0.57 + 0.04 + 1.45 + - - 0.08 + 0.87 +
0.19 0.16 0.01 0.19 0.00 0.04
5 0.18 + 0.82 + 0.06 £ 1.45 + - - - 1.05 +
1.8x1073 0.27 0.01 0.38 0.16
15 0.60 + 1.10 + 0.07 + 1.24 + - - - 0.93 +
0.21 0.48 0.04 0.34 0.20
30 0.63 = 0.66 £ 0.16 + .12+ - - - 0.94 +
0.04 0.02 0.06 0.11 0.04
37
1 0.02 + 1.35 + 0.04 + 1.63 + - -
1.1x104 0.07 0.00 0.02
5 0.68 + 0.63 + 0.04 + 1.64 + 0.06 + 1.51 + - -
0.07 4x103 0.02 0.33 0.02 0.22
15 0.86 + 0.53 + 0.09 + 1.36 + 0.29 + 1.70 £ - -
0.24 0.11 0.02 0.30 0.00 0.52
30 0.66 + 0.68 £ 0.12 £ 1.56 + - - -
0.26 0.26 0.04 0.19

Table 5.3 Al/P ratios for the precipitate formed at 23°C and 37°C in the presence of 75 pM Al(III),(mean +
SD, n=1-10).

The Al/P molar ratio increased during reaction for the flake-like structure precipitated at
23°C. A similar trend was observed for the needle-like crystals formed at 37°C (table 5.3).
After 15 min no more needles were observed. The increment in the Al/P molar ratio was
accompanied with a decrease in the Ca/P suggesting some substitution of Ca2+ by Al3+

might have occurred.
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5.4 Discussion

For the control material prepared at 23°C two calcium phosphate phases were
present, hydrated DCP and an apatite phase. Due to the difference in crystal sizes, the
presence ofthe apatite phase was hidden by the low intensity ofits reflections (x-ray
diffraction) and the high intensity ofthe reflections from the DCP crystals which were
much larger in size. In contrast, the IR absorbance ofthe apatite phase was much higher
than the absorbance for DCP. This inability to detect phases present at significant levels
could lead to confusion when interpreting FT-IR data ( FTIR is a technique often used in
studies of calcium phosphates) as the presence of DCP causes a shift in the band usually
seen at 1091 cm™ and the apearance of a band at ca. 900 cm'1 which could also be
attributed to non-stoichiometric apatites unless other techniques have been used to confirm
their presence or not.

For material prepared at 37°C, OCP, ACP and apatite crystals were all identified by
the electron microscopy studies. The XRD pattern obtained from the precipitate was
typical ofapatite. It was not possible to assign the reflections to any ofthe other phases
present in the system due to the close values of their d-spacings. Infrared spectra also
indicated the presence of an apatitic phase but did not allow OCP and ACP phases to be
identified.

The human body contains from ca. 2 mmol (extracellular fluids, pH=7.4) to ca 10
(intracellular fluids, pH=6 .6 ) oftotal phosphate per liter. Aluminium phosphate as A1P04
cannot form in the human body. Both ofthe required ions are incompatible in solution at
the working pH with P 043 ion as the dominant phosphate species only at pH>1 1.6 18 and
Al3t+as the dominant Al3+species at pH<5.519. At pFI 7.4 values HP042 is the dominant

phosphate specieszo. From pH 2 to 6.8 H2P 04° dominates ¥ It has also been reported that
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the reduction of phosphate by aluminium phosphate formation does not contribute
significantly to the inhibition of HAP formation' . At the start of the reaction (pH 7.4) the
aluminium was present as the aluminate ion (AI(OH)4’). Following on from the initial
nucleation stage, aluminium seemed to affect the precipitates in the pH range between 6.7-
6.4 for materials prepared at 23°C, and ca. pH ¢ for materials prepared at 37°C where the
concentration levels ofthe AI(OH)2tion are significant. The AI(OH)2+ion may interact
with H2P 04 giving Al(OH)2 «H2P 04, the solubility of which would limit the free Al13+
concentration' . There would also be an effect on the equilibrium distribution of H2P 04"
and HP04>" species which could also modify the calcium phosphate species formed. This
shift in equilibrium may also reduce the availability ofthe HP04 ' ion to the formation of
DCP where aluminium was only detected at the first stages of'the precipitation reaction and
not detected thereafter. However, the presence ofthe aluminium still inhibited crystal
growth of'this phase as evidenced by electron microscopy.

It has been suggested that AI(III) is incorporated into the HAP and OCP crystals
probably via a calcium release / aluminium uptake process2l. Under the experimental
conditions employed in this present study, HAP was formed by the transformation of an
apatitic flake-like precursor and also by the transformation ofthe apatitic precursor through
an intermediate OCP phase. [fthe incorporation of Al(II) occurs during the transformation
process this could explain the disappearance of OCP after 5 min ofthe precipitation
reaction. The AI(III) species and even the AI(OH)2 *H2P 04 may adsorb on the surface of
ACP acting as crystal poisons thus preventing the transformation of ACP to HAP. In the
case ofthe ACP to OCP to HAP conversion, the Al(III) species and AI(OH)2 *H2P 04 may
adsorb to the intermediate phase formed from the dissolution of OCP when it transforms

into HAP via the same mechanism.
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Birchall, 1986 reported that aluminium could not substitute into the hydroxyapatite lattice
and that a mixed Ca/Al phosphate prevented the nucleation, or formation on the surface, of
hydroxyapatite and retarded growthzz. He reported that aluminium had a dramatl% effect on
the precipitation of calcium phosphate at 17°C from a solution containing 2.5 mM Ca2t+and
6.6 mM P04 ’. He observed that the hydrated DCP was replaced by gelatinous non-
crystalline material and this affected the normal progress of crystalline phase
development22.

The AA data showed the presence of Al in the bulk precipitate formed in the presence of
AI(II) species. The aluminium content in the sample increased with increasing
concentration of aluminium present in the reaction solution. However, the aluminium could
come from the amorphous aggregates although the possibility that some Al(OH)3
precipitated could not be rejected. EDX analysis of crystallites also showed the presence of
aluminium the level of which varied depending on the crystal type. When a crystal grows
from an impure solution (consider Al(III) species as impurities), the impurities may adsorb
onto the crystal surface. If the impurity is strongly adsorbed then it will be embedded23.
The largest crystals are supposed to be the most impure because they nucleate first at high
supersaturation. However, in the present system DCP and OCP being the largest crystals
showed the lowest aluminium content (see table 5.3). This suggests that aluminium affects
the formation of calcium phosphate in the nucleation stage too. Once aluminium has
precipitated with Ca and P, it would not redissolve, thereby preventing the growth ofthe
calcium phosphate crystal.

Boskey et al, 1976 who studied the effect of aluminium on the nucleation of
hydroxyapatite in dilute solution at pH 7.4, reported similar results24. Under their

conditions, in a supersaturation range claimed to be similar to that existing in vivo,
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hydroxyapatite could be formed directly, without an amorphous precursor. Electron
microscopy and electron diffraction were used to determine the phase and composition of
the very small (5-100 nm) solid particles formed by this method. Particles with
hydroxyapatite diffraction spacings and a Ca/P ratio of ca. 1.6 were formed in the control
reaction ([Ca] 1.8 mM, [P04] 1 mM). However with the addition of 10's M Al, no
hydroxyapatite was produced and the amorphous products were composed of a mixture of
phosphates containing both Al and Call. The electron microscope data obtained from this
study suggest that the amorphous aggregates formed in the presence of AI(II) species may
be the same as the amorphous products observed by Boskeyn and the gelatinous non-
crystalline material observed by Birchall22.

In respect of the effect of Al on the mineral component of bone, Meyer& Thomas (1982)
had already suggested that Al might seriously interfere with the deposition process 14

This study agrees with their suggestion. Al(II) seems to stop the transformation of ACP
into HAP and the further development ofthe crystal by precipitating with Ca and P and
forming a very insoluble amorphous material. The formation ofthis complex at the
beginning ofthe reaction could also be the reason for the shortening ofthe induction time

observed in the pH-time curves.
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CHAPTER 6: EFFECT OF SOLUBLE SILICON SPECIES AND AL(IIH SPECIES
ON THE PRECTPTTATTON OF CALCIUM PHOSPHATE CRYSTALS

6.1 Introduction

In the early 90’s, Birchall hypothesised that silicon species could be involved in a
mechanism to protect against aluminium poisoning in a variety of organisms i Despite
being present at trace amounts in almost all vegetation and animals, even a small elevation
in the concentration of aluminium can have devastating effects. The mobilisation of
aluminium by acidity in soils, rivers, and lakes is responsible for the toxic effect of ‘acid
rain’ on plants and aquatic life . Aluminium concentrations as low as 5-10pM can be fatal
to fish4. The use of aluminium-contaminated water in the dialysis ofrenal failure patients
increased plasma aluminium levels resulting in a serious bone disorder in which aluminium
accumulates at the growth front ofthe bone56. The first experiment to investigate the idea
that silicic acid might mitigate the toxic effects of aluminium were carried out on Atlantic
young salmon exposed to a toxic aluminium concentration of ca. 7 pM in water at pH 5. In
the presence of 100 pM silicic acid all fish remained healthy with gill function intact4. The
systematic accumulation of aluminium in the fish was inhibited by silicic acid.
Experiments on humans have shown that the presence ofsilicic acid reduces the
gastrointestinal absorption of aluminium’ . In a recent study on volunteers with good renal
function, it was found that silicic acid was not only able to reduce the gastrointestinal
absorption of aluminium but also to release and excrete aluminium from the body stores
including bone . Based on these and the previous studies where it has been shown that

AI(IIT) species were able to inhibit the transformation of ACP to HAP (see chapter 5), the
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ability of silicic acid to ameloriate the effect of aluminium on crystal composition,

crystallinity and morphology has been investigated.

6.2 Materials and Methods
Materials

Ammonium phosphate dibasic 99% ((NH4)2HP04) was purchased from Sigma
Chemical Co. Anhydrous calcium nitrate anhydrous 98+% (Ca(N03)2 was purchased from
Avocado Research Chemicals Ltd. Aluminium Chloride 99% (A1Cl13-6H20) was

purchased from Fisher. Ultrapur HN 03 was purchased from Prolabo.

Methods

Experiments were carried out by mixing 50 ml of each 0f20 mM Ca(N03)2 and 12
mM (NH4)2HP 04 solutions at 23°C and 37°C. Prior to mixing, aluminium and orthosilicic
acid were added to the phosphate solution from a freshly prepared 75 mM stock solution of
AICI3-H20 and standard silica solution (as Na3Si02). The final aluminium concentration
was 75 pM and 0.082, 0.204 and 0.409 mM of orthosilicic acid. The pH ofthe phosphate
solution was adjusted to pH 7.4 by addition of 1M HCI after addition of the aluminium
chloride and orthosilicic acid and before mixing with the calcium ion containing solution.
The solutions were prepared at a constant ionic strength (0.165M) using NaCl as the
electrolyte. During precipitation, the reaction mixture was continuously stirred and the pH
monitored using a pH93 reference pH meter (Radiometer Copenhagen). Specimens for
transmission electron microscopy study were prepared by placing drops ofthe suspension
directly on holey-carbon FORMV AR-coated copper grids at 1, 5,15, and 30 min of

reaction. After 30 min, the reaction mixture was filtered by suction, rinsed with distilled
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deionised H20 and dried at 250°C for lh. Samples were analysed by TEM, EDXA, XRD
and FT-IR (see chapter 2).

Total aluminium sample concentrations were obtained using a Perkin-Elmer AAnalystlOO
graphite furnace HGA 700 furnace atomic absorption spectrophotometer at Manchester
University. Total silicon sample concentrations were obtained using a Fisons Horizon

Sequential ICP-OES. Ultrapur HN 03 was used for the AA and ES analysis.

6.3. RESULTS

The formation and transformation of calcium phosphate in the presence of aluminium and
both aluminium and orthosilicic acid was followed by monitoring the pH changes as a
function oftime. Figure 6.1 shows the pH changes with time during reaction at 23°C in the
presence of aluminium and both aluminium and orthosilicic acid. The first sharp pH drop
corresponds to the nucleation stage. In the presence of aluminium the pH dropped to the
same value as the control (6.9). When orthosilicic acid was presence the pH dropped to ca.
6.8,6.7 and 6.68 for 0.082, 0.204 and 0.409 mM of orthosilicic acid respectively. However
the time taken for the pH drop to occur in the presence of aluminium and also in the
presence of both aluminium and 0.409 mM of orthosilicic acid was more than doubled.
Followed the initial pH drop there was a period of more or less constant pH followed by a
series of pH changes. The presence of aluminium in the reaction mixture reduced the time
for which pH remained virtually constant from ca. 10 min (control) to ca. 5 min (75 pM
AI(IIT)). Then there was an increase in pH due to the dissolution ofthe crystals (see chapter
3) followed by another pH drop. When orthosilicic acid was added to the reaction mixture
the time for which the pH remained constant was reduced to ca. 6.5 min (0.082 mM), 6.8

min (0.204 mM) and 7 min (0.409 mM). There was also a second pH drop for the reactions
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containing 0.082 and 0.204 mM orthosilicic acid but for the solution containing 0.409 mM

orthosilicic acid the pH which remained after the drop.

7.6
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74 m
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6.4

0 200 400 600 800 1000 1200 1400 1600 1800

time(sec)

Figure 6.1 Changes in pH with time for reaction carried out at 23°C in the presence of'a) 0, b) 75 pM
AI(IID), ¢) 75 pM AI(IIT) and 0.082 mM Si(OH)4, d) 75 pM Al(III) and 0.204 mM Si(OH)4, and ¢) 75 pM
AI(IIT) and 0.409 mM Si(OH)4.

Figure 6.2 shows the pH changes with time during reaction at 37°C. After the first pH drop
due to the nucleation, there was only a second pH drop after ca. 2.5 min (control). The time
taken for the second pH drop to occur in the presence of aluminium was ca. 1 min. In the
presence of both orthosilicic acid and aluminium the time for which pH remained constant
decreased to ca. 1 min, 1.5 min and 1.6 min for precipitations including 75 pM Al and

0.082, 0.204 and 0.409 mM orthosilicic acid respectively.
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Figure 6.2 Changes in pH with time for reaction carried out at 37°C in the presence ofa) 0, b) 75 pM
Al(III), ¢) 75 (iM AI(IIT) and 0.082 mM Si(OH)4, d) 75 pM AI(IIT) and 0.204 mM Si(OH)4, and e) 75 pM
Al(I1I) and 0.409 mM Si(OH)4.

The precipitates formed were analysed for aluminium content by atomic absorption
spectroscopy. When orthosilicic acid was added to the reaction mixture there was a
reduction in the incorporation of aluminium into the materials (table 6.1). No silicon was
detected by atomic emission spectroscopy indicating no incorporation of silicon into the

crystals at concentrations higher than 1 ppm (detection limit 1 ppm).

Al (mg.g))

mean + SD
(mM) 23 °€ 37°C
0 2.060 £ 0.013 3.055 £0.0003
0.075 Al(III) 28.931* £ 0.366 23.826* +0.343
0.075 AI(IID) + 0.041 Si(OH)4 24.285*% £ 0.279 23.745 £.0711
0.075 AI(IIT) + 0.102 Si(OH)4 18.000*+ 0.531 15.270* £0.098
0.075 AI(III) + 0.409 Si(OH)4 17.900* +0.412 20.842* + 5321

Table 6.1 Concentration of aluminium in precipitates dried at 250 °C for lh after 30 min ofreaction.
(*p<0.05, n=2)
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FT-IR spectra obtained from the control samples prepared at room temperature and heated
at 250°C showed the bands expected for HAP and the presence of DCP (see chapter 3).
The band at 3420 cm’1 (control) attributed to absorbed water was shifted to higher
wavenumber indicating an increase in the hydrophilicity ofthe material formed in the
presence of aluminium and both aluminium and orthosilicic acid (figure 6.3) (see chapter 4

for FT-IR ofprecipitate formed in the presence of orthosilicic acid at 23°).
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Figure 6.3 FT-IR spectra of precipitate formed at 23°C in the presence ofa) 0, b) 75 pM Al(I1I), ¢) 75 pM
AI(IIT) and 0.082 mM Si(OH)4, d) 75 pM AI(III) and 0.204 mM Si(OH)4, and e) 75 pM Al(III) and 0.409
mM Si(OH)4 after drying at 250°C for 1h.

For samples prepared at 37°C the control spectrum corresponded to that expected for HAP
(see chapter 3). The presence of aluminium increased the hydrophilicity ofthe precipitate.
The band at 3420 cm’1 (control) was also shifted to higher wavelenght number. When

orthosilicic acid was added to the reaction mixtures the hydrophilicity was reduced but still
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higher than the control (figure 6.4) (see chapter 4 for FT-IR ofprecipitate formed in the

presence of orthosilicic acid at 37°C).
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Figure 6.4 FT-IR spectra of the precipitate formed at 37°C in the presence of a) 0, b) 75 pM AI(III), c¢) 75
pM AI(III) and 0.082 mM Si(OH)4, d) 75 pM AI(II) and 0.204 mM Si(OH)4, and e) 75 pM AI(IIl) and

0.409 mM Si(OH)4after drying at 250°C for lh.

XRD diffraction data showed that the addition of aluminium to the precipitation mixture at

23°C and 37°C resulted in a broadening ofthe reflections indicating that the crystals

formed in the presence of aluminium were less crystalline (figure 6.5, 6.6). The XRD data

for the precipitate formed at 23°C in the presence of both aluminium and orthosilicic acid

showed not only a broadening ofthe DCP reflections but also the appearance ofa new

phase corresponding to HAP (figure 6.5¢, 6.5d, 6.5¢). The effect was larger at 0.082 mM

orthosilicic acid.
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Figure 6.5 XRD spectra ofthe precipitate formed at 23°C in the presence of a) 0, b) 0.075 mM AI(III), c)
0.075 mM AI(III) and 0.082 mM Si(OH)4, d) 0.075 mM Al(III) and 0.204 mM Si(OH)4, and ¢) 0.075 mM
Al(III) and 0.409 mM Si(OH)4after drying at 250°C for lh. * DCP, 0 SRM, arrows indicate the presence of
reflections arising from apatite crystals.

6000

5000

4000

3000

2000

1000

10 15 20 25 30 35 40

time (sec)

Figure 6.6 XRD spectra ofthe precipitate formed at 37°C in the presence of a) 0, b) 0.075 mM AI(III), c)
0.075 mM AI(III) and 0.082 mM Si(OH)4, d) 0.075 mM AI(III) and 0.204 mM Si(OH)4, and e) 0.075 mM
AI(IIT) and 0.409 mM Si(OH)4 after drying at 250°C for lh. °SRM.
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An X-ray broadening analysis and particle size determination based on the Debye-Scherrer
equation was performed using the (2 2 o) and (1 1 2 ) reflections for the precipitate formed

at 23°C corresponding to DCP (JCPDS 9-80) and the (0 0 2) and (2 11) reflections for the
precipitate formed at 37°C corresponding to HAP (JCPDS 9-432) (table 6.2). The presence
of aluminium reduced the crystalline size (see chapter 5). Orthosilicic acid seemed to

ameliorate the aluminium effect on the crystalline size.

Crystallite size (A)

23°C 37°C
(mM) (-220) (112) 002) 211)
0 341 45) 4 285 109
0.075 AI(IID) 168 ** 159 ° 156 ** 24%%
0.075 AI(IIT) + 0.082 Si(OH)4 205% 350* 185* 62%
0.075 AI(III) + 0.204 Si(OH)4 - - 225% &3*
0.075 AI(II) + 0.409 Si(OH)4 235% 480%* 209%* 70%

Table 6.2 Crystallite size (A) for the main phases precipitate at 23°C and 37°C after drying at 250°C for lh.
(*p<0.05 compared to 0.075 mM AI(III), *,* p<0.05 compared to control).

Transmission electron microscopy was used to investigate the structure, morphology and
composition ofprecipitates. Samples were taken between 1 min and 30 min after the start
ofthe reaction (see chapter 2). For samples prepared in the presence of aluminium see
chapter 5. For samples prepared in the presence of both aluminium and orthosilicic acid at
23°C, amorphous aggregates were observed from 5 min ofthe start of reaction (fig 6.7b,e.f,
fig. 6 .8b,d and fig. 6.9b,d,e). Flakes were observed at all time points (fig 6.7¢c-d,h, fig.

6 .8¢,f,g and fig. 6.9a,c). They had a poorly polycrystalline diffraction pattern.
Occasionally, flakes were observed growing within the aggregate structure (fig. 6 .8¢).

DCPD crystals were also observed after 1 min ofthe start ofthe reaction (fig. 6.7g,



Figure 6.7 Calcium phosphate was precipitated from a solution containing 10 mM
Ca(NO03)2 and 6 mM(NH4)2HPo 4 at 23°C in the presence of 75 pM AI(III) and 0.082
mM Si(OH)4 . During precipitation reaction samples were taken for TEM analysis at

a)l min, b) and ¢) 5 min, d) 15 min (see appendix I for d-spacings values calculated
from the electron diffraction data).
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Continuation Figure 6.7 e¢) 15 min and f), g) and h) 30 min of reaction (see appen-
dix III for d-spacings values calculated from the electron diffraction data).
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Figure 6.8 Calcium phosphate was precipitated from a solution containing 10 mM
Ca(NC>3)2 and 6 mM (NH"HPC* at 23°C in the presence of 75 pM AI(III) and
0.204 mM Si(OH)4. During precipitation reaction samples were taken for TEM analy-
sis at a) and b) 1 min, c¢) and d) 5 min (see appendix III for d-spacings values calcu-
lated from the electron diffraction data).
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Continuation Figure 6.8 ¢) and f) 15 min and g) and h) 30 min of reaction (see
appendix III for d-spacings values calculated from the electron diffraction data).
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Figure 6.9 Calcium phosphate was precipitated from a solution containing 10 mM
Ca(NO03)2 and ¢ mM (NH"HPO" at 23°C in the presence of 75 pM Al(1II) and 0.409
mM Si(OH)4. During precipitation reaction samples were taken forTEM analysis at
a)l min, b) and ¢) 5 min, d) 15 min (see appendix III for d-spacings values calculated
from the electron diffraction data).

172



Continuation Figure 6.9 ¢) and f) 30 min of reaction (see appendix IIl for d-spacings
values calculated from the electron diffraction data.
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The Al/P ratio measured by EDXA decreased with time with increasing concentrations of
orthosilicic acid for the flakes. However for the amorphous aggregates, the Al/P molar ratio
increased with time with increasing concentrations of orthosilicic acid except for samples
prepared with 0.204 mM orthosilicic when the Al/P molar ratio decreased with time (table
6.3). XRD analysis had shown this concentration of orthosilicic acid to have the greatest
effect on the crystal phase formation for precipitations carried out at 23°C (see chapter 4).
The Ca/P molar ratios were usually lower that the control and a high Ca/P molar ratio of

the amorphous aggregates was accompanied with a low Ca/P molar ratio ofthe flake

structures.
spheres amorphous flakes plate-like
aggregates DCPD
Ca/P Al/P Ca/P Al/P Ca/P Al/P Ca/P Al/P
1
0 1.09
+0.35
0.075 AI(III) - - 0.57 0.91 1.44 0.04 0.87 0.08
+0.16 +0.18 +0.19 +0.01 +0.04
0.075 AI(IID) + 1.29 - 0.54 1.94 1.14 0.28 0.98
0.082 Si(OH)4 +0.12 +0.15 +0.07 +0.33 +0.45 +0.05
0.075 AI(IID) + - - 1.12 - 0.72 0.96 1.29 0.09
0.204 Si(OH)4 +0.31
0.075 AI(IIID) + - - 0.95 0.26 1.45 0.09 -
0.409 Si(OH)4 +0.17 +0.07 +0.16 +0.03
5
0 : 1.39
+0.23
0.075 Al(III) - - 0.82 0.18 1.45 0.06 1.05 -
+0.27 +0.002 +0.38 +0.01 +0.16
0.075 AI(II) + - - 0.88 0.56 1.24 0.12 1.49 -
0.082 Si(OH)4 +0.01 +0.06 +0.30 +0.06
0.075 Al(IID) + - - 0.75 0.59 1.32 0.05 - -
0.204 Si(OH)4 +0.10 +0.03
0.075 Al(II) + - - 1.01 0.24 - - 1.02 0.14
0.409 Si(OH)4 +0.07 +0.05 +0.08  +0.09

Table 6.3 Ca/P, Al/P molar ratio for the different morphologies observed during precipitation at 23°C
(mean = SD, n=1-10).
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spheres amorphous flakes plate-like
aggregates DCPD
time (min) Ca/P Al/P Ca/P Al/P Ca/P Al/P Ca/P Al/P
15
0 - . - 1.49 - 1.03
+0.20

0.075 AI(III) - - 1.10 0.60 1.24 0.07 0.92

+0.48 +0.21 +0.34 +0.04 +0.20
0.075 AI(III) + - - 1.48 0.18 1.07 - 0.84 0.60
0.082 Si(OH)4 +0.12 +0.02 +0.50 +0.19  +0.26
0.075 AI(IIT) + - - 0.68 0.73 1.63 0.10
0.204 Si(OH)4 +0.11 +0.04 +0.27 +0.11
0.075 AI(IIT) + - - 0.81 0.32 - - 0.98 0.08
0.409 Si(OH)4 +0.05 +0.03 +0.03
30
0 - - - 1.31 - 0.90

+0.34 +0.11

0.075 AI(IID) - - 0.66 0.63 1.13 0.16 0.94

+0.02 +0.04 +0.11 +0.06 +0.04
0.075 AI(III) + - - 0.53 0.14 0.91 0.14 0.99
0.082 Si(OH)4 +0.11 +0.09 +0.15 +0.08 +0.06
0.075 AI(III) + - - 0.71 0.94 1.25 0.17 0.83
0.204 Si(OH)4 +0.57 +0.01 +0.16 +0.04 +0.28
0.075 AI(III) + - - 0.89 0.44 - - 0.95 0.04
0.409 Si(OH)4 +0.11 +0.02 +0.15  +0.02

continuation Table 6.3 Ca/P, Al/P molar ratio for the different morphologies observed during precipitation
at 23°C (mean = SD, n=1-10).

Silicon was also detected in the structures by EDXA analysis. The Si/P molar ratio (table
6.4) decreased with time with increasing concentrations of orthosilicic acid for the

amorphous aggregate and flakes structure. There was no clear relationship between AI(III)

and orthosilicic acid.
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time (min)

1

0

0.075 AI(IID)

0.075 AI(IIT) + 0.082 Si(OH)4
0.075 AI(III) + 0.204 Si(OH)4
0.075 AI(III) + 0.409 Si(OH)4
5

0

0.075 AI(IIT)

0.075 AI(III) + 0.082 Si(OH)4
0.075 AI(III) + 0.204 Si(OH)4
0.075 AI(III) + 0.409 Si(OH)4
15

0

0.075 Al(II)

0.075 AI(III) + 0.082 Si(OH)4
0.075 AI(IIT) + 0.204 Si(OH)4
0.075 AI(III) + 0.409 Si(OH)4
30

0

0.075 AI(IID)

0.075 AI(IIT) + 0.082 Si(OH)4
0.075 AI(TIT) + 0.204 Si(OH)4
0.075 AI(III) + 0.409 Si(OH)4

spheres

Si/P

Effect ofsoluble silicon species and AI(IIl) species

amorphous
aggregates
Si/P

0.11+0.03
0.47
0.15+0.04

0.11 +£0.03
0.26
0.09 +0.04

0.10
0.14 +£0.01

0.05 £0.01

0.12

flakes

Si/P

0.06 +0.03
0.35
0.13 +0.09

0.07 £0.03
0.05 £0.03

0.09 +0.11

0.10
0.05

plate-like
DCPD
Si/P

0.11

0.05

0.28

0.06

Table 6.4 Si/P molar ratio for the different morphologies observed during precipitation at 23°C (mean + SD,

n=1-10).

For precipitation reactions carried out at 37°C, when orthosilicic acid was present in the

reacting solution at 0.204 mM, round spheres were detected at 1 min ofreaction (fig.

6.1 la). The Ca/P molar ratio was higher compared to the control. At the rest ofthe

orthosilicic acid concentrations used OCP plates, needles and flakes but not spheres were

detected at 1 min (fig.6.10a, 6.12a). Amorphous aggregates were detected for all the

samples precipitated in the presence of orthosilicic acid (fig. 6.10c, fig.6.1 le, g). From 5

min onwards flakes, plates and amorphous aggregates were observed for samples prepared
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in the presence ofthe 0.082 mM and 0.204 mM orthosilicic acid (fig. 6.10d, fig 6.1 1b,c,d.f,
fig. 6.12b, ¢, d).The electron diffraction patterns obtained from the flakes formed in the
presence of orthosilicic acid and aluminium showed that the structures were a more
crystalline than the flakes formed in the presence of aluminium only (see chapter 5 for

samples prepared in the presence of aluminium only).

The Ca/P, Al/P and Si/P molar ratios for the different structures are shown in table 6.6 and
table 6.7. The Al/P ratio calculated by EDXA increased with time with increasing
concentrations of orthosilicic acid for the amorphous aggregates whilst the Al/P molar ratio
decreased. The Ca/P molar ratio for the OCP plates, needles and flakes varied with time
and concentrations of orthosilicic acid but there was no significant difference between

them. However the Al/P molar ratio for the flake-like structures remained more or less

constant.
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Figure 6.10 Calcium phosphate was precipitated from a solution containing 10 mM
Ca(NO03)2 and ¢ mM(NH4)2HP04 at 37°C in the presence of 75 pM AI(III) and 0.082
mM Si(OH)4. During precipitation reaction samples were taken for TEM analysis at a)
1 min, b) 5 min, ¢) 15 min and d) 30 min (see appendix III for d-spacings values
calculated from the electron diffraction data).
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Figure 6.11 Calcium phosphate was precipitated from a solution containing 10 mM
Ca(NO03)2and 6 mM (NH4)2HPO04 at 37°C in the presence of 75 pM AI(III) and 0.204
mM Si(OH)4- During precipitation reaction samples were taken for TEM analysis at
a) 1 min, b) 5 min, ¢) and d) 15 min (see appendix Il for d-spacings values calcu-
lated from the electron diffraction data).
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Continuation Figure 6.11 ¢) 15 min and f) and g) 30 min (see appendix III for d-
spacings values calculated from the electron diffraction data).
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Figure 6.12 Calcium phosphate was precipitated from a solution containing 10 mM
Ca(NO03)2 and ¢ mM (NH4)2HPO04 at 37°C in the presence of 75 pM Al(Ill) and 0.409
mM Si(OH)4. During precipitation reaction samples were taken forTEM analysis at
a) 1 min, b) 5 min, c¢) 15 min and d) 30 min (see appendix III for d-spacings values
calculated from the electron diffraction data).
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time

0.075 AI(III)

0.075 AI(III) +
0.082 Si(OH)4
0.075 AI(III) +
0.204 Si(OH)4
0.075 AI(III) +
0.409 Si(OH)4
5

0

0.075 AI(III)

0.075 AI(III) +
0.082 Si(OH)4
0.075 AI(III) +
0.204 Si(OH)4
0.075 AI(III) +
0.409 Si(OH)4
15

0

0.075 AI(II)

0.075 AI(III) +
0.082 Si(OH)4
0.075 AI(III) +
0.204 Si(OH)4
0.075 AI(III) +
0.409 Si(OH)4
30

0

0.075 AI(III)

0.075 AI(III) +
0.082 Si(OH)4
0.075 AI(III) +
0.204 Si(OH)4
0.075 AI(III) +
0.409 Si(OH)4

complex
aggregates
Ca/P Al/P

0.48 1.09
+0.13 +0.11

0.27 1.32
+0.06 +0.30
0.63 0.67
+0.004 +0.07
0.74 0.50
+0.34 +0.38
0.39 1.08

+0.14 +0.14

0.52 0.86
+0.11 +0.24
0.83 0.71
+0.39 +0.58
0.44 0.94
+0.06 +0.19
0.31 0.91

+0.01 +0.03

0.68 0.66
+0.26 +0.26
0.90 0.08
1.29 0.34
+0.49 +0.39
0.47 0.61

+0.12 +0.10

Effect of soluble silicon species and AI(III) species

flakes
Ca/P Al/P
1.34 0.02
+0.07 +1x10'4
1.46
+0.19
1.61 0.14
+0.46 +0.09
1.51 0.06
+0.15 +0.03
1.78
+0.28
1.64 0.04
+0.33 +0.02
1.32 0.08
+0.02 +6x104
1.54 0.05
+0.20 +0.03
1.42 0.07
+0.18 +0.06
1.50
+0.12
1.36 0.09
+0.30 +0.02
1.37 0.06
+0.03 +0.02
1.41 0.09
+0.10 +0.03
1.84 0.04
+0.23 +0.05
1.56 0.12
+0.19 +0.04
1.26 0.07
+0.03 +0.03
1.79 0.06
+0.33 +0.01
1.40 0.04
+0.22 +0.02

plate(OCP)

Ca/P

1.62
+0.34
2.25
+0.58
1.36
+0.04

1.75
+0.29

1.69
+0.29

1.57
+0.29

1.36

1.56
+0.18

1.22

Al/P

needle

Ca/P Al/P

1.58
+0.11

1.63 0.04
+0.02

1.56

1.07 0.37

1.75
+0.32

1.51 0.05
+0.22 +0.02

1.19 0.09

+0.19 +0.09

1.49
+0.34

1.70 0.29
+0.52

1.27 0.08
+0.12 +0.03

1.90
+0.29

1.39

1.86 0.04
+0.47 +0.02

Table 6.5 Ca/P, Al/P ratio for the different morphologies observed during precipitation at 37°C (mean = SD

n-1-10).
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The Si/P molar ratio for the flake-like structures remained more or less constant (table 6 .6).

Occasionally Si was detected for the OCP plates and needles.

time (min) complex flakes 1 plate(OCP) needle
aggregates

Si/P Si/P Si/P Si/P
1
0
0.075 Al(III) - - - -
0.075 Al(IID) + 0.082 Si(OH)4 0.30 +0.04 0.13 £0.12 0.23 -
0.075 AI(ITI) + 0.204 Si(OH)4 - 0.04 +0.02 - -
0.075 Al{III) + 0.409 Si(OH)4 0.24 +0.003 0.06 +0.05 0.08 +0.06 -
5
0 - - - -
0.075 Al(IIT)
0.075 AI(II) + 0.082 Si(OH)4 0.13 +0.02 0.09 £0.05 - 0.11 £0.07
0.075 AI(II) + 0.204 Si(OH)4 - 0.05 £0.03 - -
0.075 Al(1I) + 0.409 Si(OH)4 0.06 +0.02 0.08 +0.05 - -
15
0 - - - -
0.075 AI(III) - - - -
0.075 AI(II) + 0.082 Si(OH)4 0.27 +0.14 0.09 £0.02 0.15 0.11 £0.09
0.075 AI(IID) + 0.204 Si(OH)4 0.21 +0.05 0.06 £0.01 - 0.05
0.075 AI(IID) + 0.409 Si(OH)4 0.09 +0.08 0.04 £0.01 - -
30
0
0.075 Al(IIT)
0.075 Al{II) + 0.082 Si(OH)4 0.18 +0.09 0.16 0.20
0.075 AI(TIT) + 0.204 Si(OH)4
0.075 AI(II) + 0.409 Si(OH)4 0.18 +0.11 0.13

Table 6.6 Si/P ratio for the different morphologies observed during precipitation at 37°C (mean + SD, n=I~
10).

Appendix (IIT) shows the d-spacings obtained from the electron diffraction pattern ofthe

structures detected during precipitation at 23°C and 37°C.

6.4 DISCUSSION

In this study, the ability of orthosilicic acid to ameliorate the aluminium inhibitory effects

on calcium phosphate formation was assessed.
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Calcium phosphate crystals were precipitated in the presence of aluminium(IIl) and silicic
acid at 23°C and 37°C. For experiments at 23 °C, orthosilicic acid appeared to ameliorate
the inhibitory effects of aluminium on the formation of calcium phosphates. When 0.204
mM silicic acid was present in the precipitating solution which also contained aluminium,
the formation of ACP was favoured over the formation of DCPD. When both silicic acid
and aluminium were present in the reacting solution there was a synergic effect (as
evidenced from XRD data). For precipitations carried out at 37°C, orthosilicic acid up to a
concentration of 0.204M appeared to increase the crystallinity of the calcium phosphate
crystals (as evidenced from TEM data ) compared to the crystals formed in the presence of
aluminium.

Carlisle (1986 CIBA symposium discussion session after Birchall’s paper presentation)9
was the first scientist to point out that silicon and aluminium worked synergistically in
certain tissues and that both were essential elements in these tissues.

Since no strong organic binding of silicon has been found in biology, the effects of silicic
acid have been tried to be explained through its inorganic chemistry. At the concentration
and pH range found under physiological conditions, silicic acid has little chemistry in
biological systems: Si-O-C bonds are hydrolytically unstable, although associations via
hydrogen bonding are possible. However, silicic acid interacts with basic metal species,
and in particular with aluminium I0. Interactions of silicic acids (and its oligomers and
colloidal particles) with aluminium can be detected from pH 4.5 upwards and the formation
of species such as [A10Si(0H)3]2+has been conjectured10. There are interactions with all
basic aluminium species, from [A1(H20)s(0H)]2+to AI(OH)4', to form
hydroxyaluminosilicate species. Silicic acid and hydroxy-aluminium species start to

combine at pH > 4 and the stability ofthe hydroxy-aluminosilicate species formed
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increases with increasing pH4. The strength ofthe binding of silicate to hydroxy-
aluminium species exceeds that of sulphate above pH 7, of phosphate above pH ¢ and of
strong organic chelators such as citrate above pH 74. The ability of aluminium to limit the
bio-availability of essential phosphate is reduced when silicic acid is present and
hydroxyaluminosilicates are formed1l. However, at pH 6.6 previous experiments have
shown a switch of Al3+binding from silicate to phosphate when the latter was present
under blood plasma conditions =

The mechanism by which silicic acid restricts the gastro-intestinal absorption of aluminium
is postulated to be the formation of hydroxyaluminosilicate species, the rapid and stable
formation of which requires a minimum of 100 pM Si". When Al was administered in the
presence of 100 pM dissolved Si, a concentration which permits the formation of stable
hydroxyaluminosilicates in solution, plasma concentrations of Al after 60 min were only
15% ofthose observed after ingestion in the absence of Si. Hydroxyaluminosilicates form
in aqueous solution, essentially when the Si concentration exceeds 100 pM and they
probably form in the gastrointestinal tract and reduce the amount of Al absorbed. This level
is rarely reached in plasma, so that hydroxyaluminosilicate formation in plasma is unlikely.
However, the concentration of silicic acid in urine rarely falls below 100 pM, and rises to
200-300 pM following a silicon-rich drink. Thus aluminium excreted into the tubular fluid
in the kidney could there interact to form hydroxyaluminosilicate species. This could
restrict the re-absorption of aluminium and thus transiently enhance its excretion1314.

The formation of solids in aqueous solutions containing Si(OH)4 and basic aluminium
species at concentrations relevant to water chemistry and to physiology is slow, but sub-

W1

colloidal species form ealrly1 17 and their formation does influence the bio-availability of

aluminium. Employing the techniques of membrane filtration and ion exchange Exley et.al
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(1992) were successful in identifying hydroxyaluminosilicate formation in near-
physiological solution16. HAS formation was recognisable only at pH 6.0 and 500 pM
silicic acid concentration.

Although the silicic acid concentrations used in the experiment described in this chapter
were below the polymerisation boundary in the present of ammonium species19 some
polymerisation of orthosilicic acid might have occurred at the nucleation site of calcium
phosphate. Other authors have attributed the precipitating effect of calcium phosphate to
polymeric silicon species20°21'.

It has been reported that Si(OH)4 is not well able to combine with AI(III) in acidic natural
waters. It has also been reported that the size ofpolysilicic acids decreases with increasing
concentrations of aluminium22. The growth of particles of polysilicic acid was found to be
increasingly retarded with increasing concentration of aluminium up to 26 ppm 2.
Aluminium can be bonded to polysilicic acid. Iler presumed that at pH 8 an aluminium
atom adsorbed on the surface of amorphous silica is co-ordinated with four oxygen atoms,
forming a negative charged aluminosilicate sitell. Although the growth ofparticles of
polysilicic acid by the reaction between polymers proceeds rapidly at high temperature,
aluminium retards the reaction between polymers. It may be reasonable to assume that the
growth of particles of'polysilicic acid is retarded by repulsion between the polymer
particles due to the formation ofnegative aluminosilicate sites.

The ameliorating effect of orthosilicic acid on the effect of aluminium (III) species in the
precipitation of calcium phosphate depended on the concentration of silicic acid present in
solution. It has been shown that at the same concentrations of Si02jthe affinity for
aluminium depends dramatically on the method by which the silica solution is prepared23.

Thus, at 0-2 mM total Si02 which is below the polymeralisation boundary, a solution of
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oligomeric silica prepared by pH neutralisation (7.2) at 42 mM and then diluted, clearly
bound aluminium more strongly than that diluted and then neutralised . Dilution of
oligomeric silica below 2 mM led to depolymerisation and loss of affinity for aluminium
within 24 h. However when oligomeric silica was diluted well below the boundary region
and then aluminium immediately introduced, depolymerisation was inhibited, and high
affinity for aluminium was maintained at least 17 daysZ3. Taylor et al (1997) stated that it
might not be safe to assume that monomeric silica in bulk solution remains monomeric at
the site of its aluminium protection action23.

In this study, aluminium was immediately added to the phosphate solution after the
addition of orthosilicic acid to the phosphate solution. If polymerisation of orthosilicic acid
had occurred due to the addition of aluminium, then HAS could have formed, and the
negative aluminosilicate sites could have acted as nucleating sites of apatite thus favouring
the formation of HAP over DCPD for the precipitations carried out at 23°C as evidenced
by XRD analysis.

Although increasing the reaction temperature can speed up the polymerisation of
orthosilicic acidzz, it has been reported that aluminium retards the polymerisation of silicic
acid at high temperature. This may explain why although the crystallinity ofthe calcium
phosphate phases formed at 37°C seemed to improve when precipitating in the presence of
both aluminium and silicic acid, the synergic effect observed for the experiments
performed at 23°C was not observed for the experiements carried out at 37°C.

Solid HAS were not detected by any of'the techniques used in this study to characterise the
calcium phosphates formed. Further experiments on the solution should be carried out to
identify the soluble species involved in the mechanism of calcium phosphate formation in

the presence of both aluminium and silicic acid.
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In conclusion orthosilicic acid not only was shown to be able to ameliorate the aluminium
inhibitory effect on the formation of calcium phosphates and the transformation of ACP to
HAP, but both ions seemed to work in a synergistic way stimulating the formation of
apatite over DCPD for precipitations performed at 23°C. For precipitations performed at
37°C, the presence of orthosilicic acid in solution seemed to decrease the loss of
crystallinity, due to the effect of aluminium (III), on the calcium phosphate phases formed.
The inhibitory effect of aluminium (III) on the transformation of ACP to HAP was also

decreased by the presence of orthosilicic acid in the reaction solution.
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CHAPTER 7: EVALUATION OF THE BIOACTIVITY OF A SILICA SOL-GEL-
BASED SURFACE IN VITRO

7.1. Introduction

In the early 1970s, Hench and co-workers discovered and developed bioactive glasses.
These glasses were registered as Bioglass® with the constituents Nazo -Cao -P205-Sio 2 1.
Other researchers such as Kokubo, (1992)2 and Li, (1994)3 have developed glass-ceramics
by modifying Bioglass®, decreasing or substituting Na20 and adding MgO. Nowadays,
bioactive glasses and glass-ceramics are used clinically for the replacement and
reconstruction of damaged bone 4,5 since they have the ability to bind to bone through an
apatite layer that is formed on their surfaces in the body™".

Ohtsuki et al. (1993) showed that pure silica hydrogel also induced the formation of apatite
on its surface when the gel was soaked in simulated body fluid (SBF) with ion
concentrations nearly equal to those in human blood plasma9.

Bioactive sol-gel coatings ofhydroxycarbonateapatite (HCA) have been made on various
substrates such as porous sol-gel silicall 13, sol-gel organically modified silicates14 etc..
SBF has been used as an in vitro model to study apatite formation or precipitation on the
surfaces of different types of biomaterials1516. Furthermore, the SBF precipitation process
has been suggested as a coating process to produce a thin layer of physiological HAP on an
implant surface to replace the plasma-coated HAP17 Over the last 10 years, the chemical
composition of'the precipitates in relation to the ion composition9, calcium and
phosphorous concentration 18§ and pH changes in the solution19, heat treatment2o0 and

structure of'the silica substrates21,22 during precipitation have been investigated.
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The aim ofthis work was to assess the bioactivity of a silica sol-gel based surface. The
bioactivity ofthe coatings was assessed using the SBF process. The osteoblast response to

the silica surface was also assessed.

7.2. Materials and Methods

Materials

TEOS 98% from Aldrich, dry EtOH (distilled from EtOH over Mg), HC1 (31-33%) from
Fisher, NaCl (99%) from Aldrich, NaHC03(99.99%) from Aldrich, KC1 (99.5%) from
BDH, K2HP04(99.5%) from East Anglia Chemicals, MgCl2-6H20 (98%) from BDH,
CaCl2 (98%) from Aldrich and Na2S 04 (97%) from Aldrich.

Methods

Thermanox® discs (Nunc) were coating by a silica solution prepared by the sol-gel method
(see chapter 2 for sol-gel and coating procedures).

The bioactivity of the silica gel based-coated disc was assessed using a simulated body
fluid (SBF). SBF was prepared as described previouslyiii2z using the reagents NaCl,
NaHCO03, KC1, K2HP04, MgCl2-6H20, CaCl2, Na2S04 added in that order to give an ionic
concentration almost equal to that of human plasma (table 7.1). The pH of'the solution was

brought to 7.4 using HC1 and Tris buffer.

Ion SBF (mM) Human plasma (mM)
Na+ 142.0 142.0

K+ 5.0 5.0

1\/%2 1.5 1.5

Ca 2.5 2.5

Cl 147.8 103.0

HCO3 4.2 27.0

HPO 4 1.0 1.0

sod 0.5 0.5

Table 7.1 Ton Concentrations of SBF and Human Blood Plasma at pH=7.4 .
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Silica sol-gel-based coated discs were incubated in IxSBF, and 1.5xSBF at 37°C for 28
days. They were vertically placed in a plastic box held below the surface ofthe solution as
shown in Figure 7.1. The plastic container containing the silica gel coated coverslips was

placed in a shaking thermostatically controlled water bath maintained at 37°C.

Fig. 7.1 : Formation of SBF on the silica gel coated thermanox-coverslips.

The SBF solution was renewed every three days. Non-coated Thermanox® discs were used
as controls. The surfaces were analysed by SEM. The material deposited on the disc was
carefully removed from the surface and deposited onto an holey copper carbon coated grid.

TEM and EDX analysis were performed on the precipitate.

Cell Culture

As part of an ongoing collaboration between The Nottingham Trent University
(NTU) and The Medical School at Nottingham University (NU), silica surfaces prepared
by spin coating a silica sol-gel solution onto thermanox discs at NTU were investigated for
osteoblast response by Ms S. Anderson at the NU. The effect ofthe surface itselfand the

release of orthosilicic acid into the medium have both been investigated.
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Primary Human Osteoblasts (HOBs) were seeded onto the discs in sterile, 24 well cell
culture plates at a density of 8x105 cell/ml and cultured in complete, phenol red free,
Dulbeccos modified eagles medium (prfDMEM) supplemented with 150 mg/1 L-Ascorbic
acid. The plates were incubated at 37°C, 5 % CO02 for up to 31 days. For full protocol see

reference 23.

Cells were processed at NU and send back to the NTU for examination by TEM and EDX

analysis of any precipitates formed.

7.3. Results

SEM analysis ofthe silica sol-gel coating prior to incubation, showed that the surface was
flat and featureless. Some cracks were observed. The coating were ca. 200-300 nm in

thickness measured from the cracks (fig. 7.2).

Figure 7.2 SEM image of a silica sol-gel based coating before soaking in SBF.

Figure 7.3 shows the FT-IR diffuse reflection spectra of the silica sol-gel based coating

prior to soaking in SBF. The IR peaks at 470 and 810 cm'1are assigned to the Si-O-Si
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bending vibration, that at 1100 cm'1to the Si-O stretching vibration and that at 960 cm'1to

the Si-OH stretching vibration24.

Figure 7.3 FT-1R diffuse reflectance spectrum of a silica sol-gel based coating prior soaking in SBF.

SEM analysis of the silica coatings after being soaked for 4 weeks in SBF and 1.5xSBF
showed the formation of precipitate on the surface. Compared to the control, the surface of

the silica-coated discs were regularly covered with precipitate (fig. 7.4).

Figure 7.4 SEM images of discs a) control and b) coated with silica after 4 weeks incubation in IxSBF at
37°C.
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TEM analysis ofthe precipitate deposited on the surfaces incubated in IXSBF and 1.5xSBF
showed that the material was apatite. The crystals presented the flake-like structure
characteristic of non-stoichiometric hydroxyapatite (fig. 7.5a,c and see chapter 3). Electron
diffraction of'the precipitate formed on the control and silica-coated discs gave the d-
spacings values 0f2.81 and 3.51 A corresponding to the Miller indices of

(2 11) and (2 0 1) of hydroxyapatite (JDCPS 9-432) (fig. 7.5).

Figure 7.5 TEM image of precipitate formed on a) control and b) silica-coated discs after being incubated in
1.5xSBF for 4 weeks at 37°C.

The Ca/P molar ratios of the precipitate were those corresponding to non-stoichiometric
hydroxyapatite. There was no significant difference between the Ca/P molar ratios obtained

for the precipitate formed on the silica coatings and the controls (table 7.3).

IxSBF 1.5xSBF
control 1.64 +£0.21 1.68 £0.07
silica-coated discs 1.69 +0.10 1.59 £0.03

Table 7.2 shows the Ca/P molar ratios obtained for the precipitate after 4 weeks incubation in IxXSBF and
1.5xSBF at 37°C (n=3).
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HOB cells cultured on silica sol-gel based coated surfaces and controls were
confluent by 48h. Nodules were formed earlier on the silica-coated discs than on the
controls. Sometimes the shape ofthe nodules formed on the silica-coated discs was
elongated compared to the controls™ . HOBs were also grown on inverted silica-coated
discs. No significant difference between the controls and silica-coated discs was observed
in cell activity, DNA content and AP activity .Nodules on silica-coated surfaces started to
mineralise earlier than the controllyi.

Mineral was detected in these cultures by TEM analysis. The crystals which
presented a needle-like morphology characteristic of apatite were analysed by EDX (fig.
7.6). The absence of phosphorous in the EDX analysis and the shape ofthe crystals might
indicate that the crystals are a carbonateapatite mineral. They were highly hydrated and it

was not possible to obtain an electron diffraction pattern.
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Figure /.6 TEM images of crystals present in osteoblast cultures grown on silica-
coated discs.
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7.4. Discussion

In this study the biactivity ofa silica sol-gel derived surface was assessed. The behavior of
osteoblast cells grown on that surface was also investigated.

Although, SBF is supersaturated with respect to apatite, it is a metastable solution26.

As shown in figure 7.4 , apatite precipitated in clusters and covered regularly the surface of
the coated disc compared to the control. A higher magnification view (fig. 7.5) showed that
the clusters were formed of flakes, a characteristic morphology ofnon-stoichiometric
hydroxyapatite (see chapter 3) with Ca/P ratios between 1.5-1.7. Li et al. (1993) also
reported the precipitation of apatite from SBF on silica gel”. They found that the apatite
precipitated on silica gel had the form of very small spherulites with each one consisting of
a large number of flakes' .

The mechanisms of nucleation and growth of HAP on silica gel substrates are still in

debate. Silanol groupzss2 S surface structural defects”’, pore size and pore volume 1778

and
adsorption of silicate ions dissolved from the silica gels28 may be involved in the rate of
formation and the structure ofthe HAP precipitate from SBF. It could be possible that
more than one ofthe aspects mentioned above would be involved in the process of HAP
precipitation.

SEM analysis of'the silica surfaces used in this study did not show the presence ofpores
(fig. 7. 2). FT-IR analysis showed the existence of silanol groups on the silica surface (fig.
7.3). It has already been suggested that the ability of'silica to induce the formation of HAP
depends on the presence of silanol groups on its surface which could act as nucleation
sites™ %, An attempt has been made to show the involvement of silanol groups on the

nucleation process. It was shown that apatite could form on silica gels immersed in SBF

but not on dense silica glass or quartzzs. However the differences between silica gel and
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dense silica is not only in the number of silanol groups on the surface but also in the
presence ofpores in the silica gel and differences in the network ofthe silica gel and dense
silicaz . When these silica gels were heat treated, HAP formation was found to decrease
with increasing temperature'’. However the decrease of HAP precipitation on heat treated
silica gels could have not only been due to the decrease of silanol groups but also the effect
ofthe heat on the pore size and distribution10.

Another hypothesis suggests that soluble silicate ions dissolved from silica gels induce
apatite formation®. When Ca®* ions were added in combination with HSi03 ions to a SBF
solution containing an apatite-wollastonite glass-ceramic A-W(Al) an apatite layer formed
on the surface®®. The researchers suggested that the silicate ions could provide favorable
sites for the nucleation of apatite.

Previous experiments using orthosilicic acid have shown that soluble silica species
promote calcium phosphate precipitation (see chapter 4). The effect of the soluble silica
species depended on the concentration of calcium and phosphorous present in solution (see
chapter 4). It has also been proposed that the way these species act is through interactions
ofthe hydroxyl groups with Ca2+or HP042 However the type of silanol groups present on
the silica surface after being soaked in SBF and involved in the formation of HAP have yet
to be determined.

HOBs were grown on a thin film of'silica in order to establish the effect of a silica
surface on osteoblast growth and differentiation. The earlier nodule formation on the silica-
coated discs compared to the controls may have been due to the physical topography ofthe
surface since in some cases osteoblasts aligned along defects in the silica coating and
nodules formed in these areas . However, when cells were grown on inverted discs,

nodules also formed earlier than the controls. In this way cells had access to silica that had
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been released from the discs but the surface available to the cells was the same as that
exposed to the controls. It demonstrated that topography alone was not responsible for the
early mineralisation of HOBs on silica surfaces. It is still unclear ifthe response ofthe

osteoblast cells was due to the silanol groups alone present on the surface ofthe silica

il
coating which have been suggested to act as favourable sites for apatite nucleation o

Another possibility is that when the silica coated thermanox dies were immersed into the
media, they would have become more hydrated and consequently some silicate ions
dissolved, the surfaces developing additional silanol groups. These might also provide
favorable sites for cell attachment. The silicate ions released into solution could be taken
up by the cells and also promote apatite precipitation.

The results obtained from this study showed that silica coated surfaces stimulate apatite

precipitation and may promote mineralisation of osteoblast cells in vitro.
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CHAPTER 8: CONCLUSIONS AND FUTURE WORK

This thesis was concerned with the formation of calcium phosphate crystals. A method to
identify and characterise calcium phosphate materials has been developed. The formation
and transformation of calcium phosphates in the presence of soluble silicon species and
aluminium has been studied. The ameliorating effect of silicon on the aluminium toxic
effects on the formation of calcium phosphate crystals has also been investigated. Finally,
the bioactivity ofa silica sol-gel based coating was assessed.

The nature ofthe calcium phosphate phase which formed during precipitation from
aqueous solution was dependent upon the calcium and phosphate concentration, pH, T,
ionic strength. At high supersaturation concentrations of calcium (0.242M) and phosphate
(0.145M) ions, DCPD formed for precipitations carried out at both 23°C and 37°C.
However when the pH was kept constant at 7.4 during precipitations carried at 23°C,
apatite formed instead. At moderate supersaturation concentrations of calcium

(10 mM) and phosphate (6 mM) ions, DCPD (main product), OCP and non-stoichiometric
HAP formed from precipitation reactions carried out at 23 °C. For precipitation reactions
performed at 37°C, non-stoichiometric HAP and OCP formed.

When NaH2P 04was used as precursor, Na+favoured the formation of DCPD over HAP
when high concentrations ofcalcium (0.242M) and phosphate (0.145M) were used. The
transformation of ACP to HAP occurred by the Ostwald ripening process. ACP
transformed directly to HAP and also through the OCP intermediate.

Due to the difference in crystal sizes, the presence ofthe apatite phase was hidden by the
low intensity ofits reflections (x-ray diffraction) and the high intensity ofthe reflections

from the DCP crystals which were much larger in size for precipitations carried out at 23°C
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when 10 mM calcium and 6 mM phosphate were used. In contrast, the IR absorbance of
the apatite phase was much higher than the absorbance for DCP. This inability to detect
phases present at significant levels could lead to confusion when interpreting FT-IR data.
The presence of OCP was also hidden in the x-ray diffraction patterns obtained from the
precipitate formed at 37°C from a solution containing 10 mM calcium and 6 mM
phosphate. Other techniques such as TEM must be used to confirm the presence ofthese
crystal phases.

The effect of orthosilicic acid on calcium phosphate precipitation in vitro depended on the
experimental conditions. At high concentrations of calcium (0.242M) and phosphate
(0.145M), orthosilicic acid increased the crystallinity ofthe calcium phosphate crystal
phases formed at both 23°C and 37°C. When lower concentrations of calcium (10 mM) and
phosphate (6 mM) were used, the presence of orthosilicic acid seemed to favour the
formation of apatite over DCP. The stimulatory effect of silicon on calcium phosphate
formation seems to be associated with the silanol groups. It may be possible that the silanol
groups are involved in the nucleation process. Orthosilicic acid also shortened the
induction time thereby accelerating the precipitation process. Orthosilicic acid seemed to
affect the crystal growth of apatite in an anisotropic way. TEM analysis showed that silica
affected the length ofthe apatite crystals formed at 23°C. The apatite crystals precipitated
in the presence of orthosilicic acid were longer compared to those precipitated in the
absence of orthosilicic acid. However, only the apatite crystals precipitated in the presence
01 0.082 mM orthosilicic acid at 37°C were longer compared to those precipitated in the
absence of orthosilicic acid. The x-ray data showed a decrease in the c lattice and an

increase in the a(=b) lattice parameters compared to the control for the apatite crystals
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precipitated in the presence of orthosilicic acid at 37°C. The concentration of orthosilicic
acid at which the greatest effect on crystallinity was observed was found to be 0.082 mM.
Al(IIT) seemed to stop the transformation of ACP into HAP and the further development of
the crystal by precipitating with Ca and P and forming a very insoluble amorphous
material. Al and the amorphous material may adsorb as crystal growth poisons. Orthosilicic
acid was able to ameliorate the aluminium inhibitory effect on the formation of calcium
phosphates and the transformation of ACP to HAP. Both ions present simultaneously
seemed to work in a synergistic way stimulating the formation of apatite over DCPD for
precipitations performed at 23°C. For precipitations performed at 37°C, the presence of
orthosilicic acid in solution seemed to decrease the loss of crystallinity, due to the presence
of aluminium (III), on the calcium phosphate phases formed. The inhibitory effect of
aluminium (III) on the transformation of ACP to HAP was also decreased by the additional
presence of orthosilicic acid in the reaction solution.

The data presented in this study was obtained from analyses performed on the calcium
phosphate precipitates. A single crystal study performed in fine detail is necessary to
identify how orthosilicic acid affects the hydroxyapatite crystal structure at the molecular
level. Further studies to determine the silicon, aluminium and HAS molecular species
present in solution should also be carried out. Experiments to determine if silicic acid
remains monomeric or polymerises at the sites of calcium phosphate nucleation should be
done since it is not safe to assume that silicic acid may remain monomeric at the nucleation
sites. Studies to determine if silicic acid polymerises or forms HAS when aluminium is
added to the reacting solution and the nature ofthese molecular species would help to
understand the synergic effect observed in the precipitation reactions carried out at 23°C in

the presence ofboth aluminium and silicic acid.
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Finally silica coated surfaces stimulated apatite precipitation and might promote

mineralisation of osteoblast cells in vitro.
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APPENDIX I

FT-IR and XRD spectra of the standards

1. Monocalcium phosphate (MCP)
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3. Hydroxyapatite (HAP)
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4. Calcium pyrophosphate (CPP)
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5. p-Tricalcium Phosphate (fi-TCP)
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6. Aluminium Phosphate

2000

counts
1800 —
1600
1400
1200
1000
800

600

400

2-theta degrees

Fig 11 XRD pattern of aluminium phosphate.



APPENDIX II

Interpretation of Electron Diffraction Patterns

A diffraction pattern contains two basic types of information, (a) spatial arrangement, that
is, distances R, between the central spot and the other diffraction spots and rings, and the
angles G; between lines joining the central spot to each diffraction spot, and (b) intensities,
in comparative values between the central spot and the other diffraction maxima.
From the R values it is possible to derive values of the d-spacings in the specimen.
Consider the electron microscope as a simple electron diffraction camera, with the electron
beam striking a specimen and being diffracted to form a diffraction spot on the
photographic plate, at distance R from the center ofthe diffraction (Fig. 1). The distance
between the specimen and the plate, the camera length, is designated L, and by simple
geometry

tan 29 = R/L.
The Bragg Law states that

X=2dsin 0,
and since the angles o, through which the electrons are diffracted are very small, only 1°-
2 °, the approximation

tan20 =2sino,
can be made with very little error. Then,

R/L= %4,
or

Rd — XL.
So if values of R, L and X for a particular diffraction spot or ring can be measured, then the
(i-spacings ofthe set of lattice planes giving rise to that spot or ring can be determined.
This procedure can be repeated for all the spots and rings in the diffraction pattern, and a

list of ¢/-spacings can be compiled for all the sets of planes in the specimen which are

reflecting.
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Specimen

Photographic plate
R

Fig. 1 The electron microscope considered as a simple electron diffraction camera.

R can be determined by measuring the distances between the central spot and each ofthe
other spots in the diffraction pattern in turn. Since the pattern is symmetrical, this should be
done by measuring between spots on either side of'the central spot and dividing by two, or
else by measuring the overall spacing of a large number of spots in a row passing through
the central spot, and dividing by the number of spaces between the spots.

The diffraction patterns reportedfin this thesis were recorded with the microscope

operating at an accelerating voltage 0o£200 kV, k£ = 0.00251 nm and camera length, L =200

cm.
So,

d (nm) = (k (nm) x L (mm)) / R (mm).
When the d-spacings are obtained, by comparison to the d-spacings ofthe 9-432 JPCDS
card for hydroxyapatite, it is possible to assign a set of Miller Indices to the spots or rings
in the diffraction pattern. From the *-spacing formula for the hexagonal system

1/d2 = 4(h2+hk+k2)/3a2 + 12/c2,

the lattice parameters can be calculated .
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Table 1. d-spacings calculated from the electron diffraction patterns obtained from the
samples precipitated at 23 °C from a solution containing 10 mM Ca(N03)2 and ¢ mM
(NH4)2HP04 and 0.082 mM Si(OH)4

time (min) plates needles flakes ocCp HAP
(JCPDS 26-1056) (JCPDS 9-432)
1
5 i : :
15 4.747 . . 4.706 4.72
3.940 3.919
3.456 3.441 (m) 3.44 (s)
2.834 2.833 (s)
2.814 2.814 (s)
2.775 2.779 (m) 2.778 (s)
1.950 1.957
1.941 1.948 1.943 (s)
1.846 1.848
1.698
1.683
30 3.940 3.919
3.456 3.456 3.441 (m) 3.44 (s)
3.414 3.424 (m)
2.834 2.833 (s)
2.794
2.775 2.775 2.779 (m) 2.778 (s)
2.755 2.745 (m)
2.264 2.265 2.262 (s)
1.941 1.948 1.943 (s)
1.894

1.891 1.890 (m)



Table 2 . d-spacings calculated from the electron diffraction patterns obtained from the
samples precipitated at 23 °C from a solution containing 10 mM Ca(N03)2and 6 mM
(NH4)2HPO04 and 0.204 mM Si(OH)4

time (min) plates needles flakes OCP HAP
(JCPDS 26-1056) (JCPDS 9-432)
1 4.747 : 4.706 4.72
3.940 3.919
3.863 3.862
3.456 3.441 (m) 3.44 (s)
2.855 2.873 (m)
2.814 2.820 (s) 2.814 (s)
2.238 2.228
1.970 1.990
1.950 1.948
1.931 1.929
1.824 1.832
1.438 1.433
5 3.487 3.492
3.426 3.441 (m) 3.44 (s)
2.814 2.814 2.814 (s)
2.775 2.775 2.779 (m) 2.778 (s)
2.755 2.745 (m)
1.876 1.871
15 9.163 - 9.05 (m)
3.487 3.492
3.456 3.441 (m) 3.44 (s)
2.814 2.820 (s) 2.814 (s)
2.775 2.779 (m) 2.778 (s)
2.755 2.745 (m)
2.698 2.631 (s)
1.931 1.929
1.858 1.871
30 3.518 3.492 3.51
3.423 3.441 (m) 3.44 (s)
3.396 3.396
3.203 3.209
2.824 2.820 (s) 2.814 (s)
2.775 2.779 (m) 2.778 (s)
2.755 2.745 (m)
2.736 2.720 (s)
1.894 1.891 1.890 (m)
1.824 1.832

1.698 1.684



Table 3. d-spacings calculated from the electron diffraction patterns obtained from the
samples precipitated at 23 °C from a solution containing 10 mM Ca(N03)2and 6 mM
(NH42H P04 and 0.409mM Si(OH)4

time (min) plates needles flakes OCP HAP

(JCPDS 26-1056) (JCPDS 9-432)

1 3.456 3.456 - 3.441 (m) 3.44 (s)
3.127 3.132
2.845 2.833 (s)
2.814 2.814 2.82 () 2.814 (s)
1.970 1.990
5 5.710 5.52
4.614 4.67
3.863 3.862
3.396 3.396 3.378
2.814 2.814 2.814 2.82 (5) 2.814 (s)
2.775 2.779 (m) 2.778 (s)
2.755 2.745 (m)
2.736 2.720 (s)
2.627 2.637 (m) 2.631 (s)
15 4.477 u 4.492
3.426 3.44 (m) 3.44 (s)
3.396 3.378
2.814 2.82 (s) 2.814 (s)
2.794
1.858 1.848
1.669 1.644 (m)
30 5.880 5.52
3.426 3.426 3.44 (m) 3.44 (s)
2.985
2.855 2.873 (m)
2.814 2.82 (s) 2.814 (s)
2.794
1.941 1.948 1.943 (s)
1.720

1.722 (s)



Table 4. d-spacings calculated from the electron diffraction patterns obtained from the
samples precipitated at 37°C from a solution containing 10 mM Ca(N03)2and 6 mM
(NH42H P04 and 0.082 mM Si(OH)4

time (min) plates needles flakes OoCP HAP
(JCPDS 26-1056) (JCPDS 9-432)
1 3.964 . 3.919
3.887 3.879 3.88 (m)
3.448 3.441 (m) 3.44 (s)
3.249 3.278
3.223
3.146 3.132 3.17 (m)
3.122 3.117
2.894 2.873 (m)
2.832 2.832 2.833 (s)
2.792 2.779 (m) 2.778 (s)
2.305 2.304
1.982 1.990
1.953 1.957
1.943 1.948 1.943 (s)
1.827 1.832
1.724 1.722 (s)
5 8.435 8.17 (m)
3.964 3.919
3.540 3.51
3.478 3.492
3.447 3.441 (m) 3.44 (s)
3.249 3.249 3.278
3.146 3.146 3.132 3.17 (m)
2.832 2.832 2.833 (s)
2.812 2.82 (s) 2.814 (s)
2.792 2.779 (m) 2.778 (s)
2.574 2.567
1.982 1.990
1.953 1.957
1.943 1.948 1.943 (s)
1.870 1.871
1.852 1.848
1.844 1.841 (s)
1.754 1.754 (m)
1.709 1.722 (s)
15 3.478 3.492
3.171 3.180 3.17 (m)
2.981 2.946
2.873 2.873 (m)
2.832 2.833 (s)
2.792 2.792 2.792 2.779 (m) 2.778 (s)
2.753 2.745 (m) 2.720 (s)

1.852 1.852 1.848



continuation table 4

time (min)

30

plates

9.219
3.964
3.925
3.508
3.447
3.418
3.146
3.097

2.873
2.832
2.792
2.772

1.982
1.962
1.870

1.746
1.724

needles

3.925

3.447
3.418

2.915
2.873
2.832
2.792

2.715

1.972

1.844

1.724

flakes

3.447

2.832

2.278

1.835

OoCP

(JCPDS 26-1056)

9.36 (m)

3.919
3.492
3.441 (m)
3.424 (s)
3.132
3.055
2914
2.873 (m)
2.833 (s)

2.779 (m)
2.707
2.271
1.990

1.957
1.848

1.837
1.745

HAP

(JCPDS 9-432)

4.07 (m)

3.51
3.44 (s)

3.17 (m)
3.08 (m)

2.814 ()
2.778 ()
2.720 (s)

1.871
1.841 (s)

1.722 (m)



Table 5. d-spacings calculated from the electron diffraction patterns obtained from the
samples precipitated at 37°C from a solution containing 10 mM Ca(N03)2 and ¢ mM
(NH4)2HPO4 and 0.204 mM Si(OH)4

time (min) plates needles flakes ocCp HAP
(JCPDS 26-1056) (JCPDS 9-432)
1 3.887 3.879 3.88 (m)
3.478 3.478 3.478 3.492 3.51
3.447 3.441 (m) 3.44 (s)
3.122 3.117 3.17 (m)
2.873 2.873 (m)
2.832 2.832 2.833 (s)
2.812 2.82 (s) 2.814 (s)
2.792 2.792
2.109 2.106
2.086 2.088
1.943 1.948 1.943 (s)
1.861 1.871
5 9.439 9.36 (m)
9.010 9.05 (m)
8.435 8.17 (m)
5.584 5.52
5.286 5.21 5.26
4.129 4.111
4.004 4.07 (m)
3.964 3.919
3.705 3.745
3.478 3.492
3.447 3.447 3.447 3.441 (m) 3.44 (s)
3.197 3.180 3.17 (m)
3.146 3.132
3.097 3.055 3.08 (m)
2.873 2.873 (m)
2.852 2.852
2.832 2.832 2.833 (s)
2.792 2.814 (s)
2.772 2.779 (m) 2.778 (s)
2.643 2.637 (m)
2.625 2.617 2.631 (s)
2.346 2.335
2.065 2.063 2.065
1.982 1.982 1.990
1.879 1.890 (m)
1.870 1.871
1.835 1.835 1.837
1.762 1.754 (m)

1.680 1.684



continuation table 5

time (min) plates needles flakes OoCP HAP
(JCPDS 26-1056) (JCPDS 9-432)
15 - 3.540 3.51
3.418 3.424 (s)
2.873 2.873 (m)
2.832 2.833 (s)
2.812 2.814 (s)
2.772 2.779 (m) 2.778 (s)
1.818 1.832
1.802 1.804 1.806 (s)
30 3.508 3.492 3.51
3.418 3.424 (s)
3.197 3.180 3.17 (m)
2.873 2.873 (m)
2.832 2.833 (s)
2.792 2.814 (s)
2.753 2.745 (m)
2.661 2.671 (m)
2.086 2.088
2.002 2.002 2.000
1.982 1.990
1.962 1.957
1.888 1.891 1.890 (m)
1.879 1.871

1.754 1.754 (m)



Table 6. d-spacings calculated from the electron diffraction patterns obtained from the
samples precipitated at 37°C from a solution containing 10 mM Ca(N03)2and 6 mM

(NH4)2HP 04 and 0.409 mM Si(OH)4

time (min)

plates

5.286

3.478
3.447
3.146
2.873
2.832

2.792
2.753
2.643
2.618
2.332
2.065
1.943
1.852

needles

3.887

2.873
2.792

1.924
1.879

3.501

2.792

1.754

flakes

3.508

2.792
2.753

1.870

3.478
3.447

2.832
2.812

ocCP
(JCPDS 26-1056)

3.879
3.492
2.873 (m)

2.745 (m)
1.929

5.211

3.492
3.441 (m)
3.132
2.873 (m)
2.833 (s)

2.745 (m)
2.637 (m)
2.617
2.335
2.063
1.948
1.848

HAP
(JCPDS 9-432)

3.88 (m)
3.51

2.814 ()
1.890 (m)
1.871

5.26
3.51

3.44 (s)
3.17 (m)

2.814 ()

2.065
1.943 (s)

1.754 (m)



continuation table 6

time (min)

plates

5.357
5.216
3.964
3.887
3.540

3.249
3.122

3.026
2915
2.894
2.873

2.832
2.772
2.677

1.962
1.943
1.933
1.906
1.870

3.887
3.478
3.447
3.146
2.852

2.792

2.753
2.643

2.278
1.934
1.844

needles

3.050

2.832

1.982

3.447

2.832

2.772

2.558

1.934

1.716

flakes

3.418

2.852

3.478

2.792

oCP
(JCPDS 26-1056)

5417
5211
3.919
3.879
3.492

3.424 (s)
3.278
3.132
3.055
3.015
2914

2.873 (m)

2.833 (s)

2.779 (m)

2.671 (m)
1.990
1.957
1.948
1.936

3.879
3.492
3.441 (m)
3.132
2.873 (m)
2.833 (s)

2.779 (m)

2.745 (m)

2.637 (m)
2.567
2271
1.936
1.848

HAP
(JCPDS 9-432)

3.88 (m)
3.51

2.778 (s)

1.943 (s)

1.871
3.88 (m)

3.44 (s)

2.814 (s)
2.778 ()

1.841 (s)
1.722 ()



Table 7. d-spacings calculated from the electron diffraction patterns obtained from the
samples precipitated at 23 °C from a solution containing 10 mM Ca(N03)2and 6 mM
(NH42H P04 and 75 pM AICI13.

time (min) plates

5 3.925

3.478

3.223
3.146
2.852
2.812
2.734
1.870
1.852
1.731

15

30 _

needles

3.447

2.772

1.739

3.508
3.478

3.197

2.873

2.734

2.012

1.746

flakes

3.447
3.417
3.121
2.832
2.812

3.540
3.508

3.447
3.418

2.832
2.812
2.792

2.086

3.447
2.832

3.418
2.792
2.772

oCp

(JCPDS 26-1056)

3.441 (m)
3.424 (s)
3.132
2.833 (s)

2.779 (m)
1.743
3.919

3.492
3.441 (m)
3.424 (s)

3.278

3.132
2.873 (m)

2.833 ()
2.82 (s)

2.745 (m)
2.088
2.002
1.848
1.745

3.441 (m)

2.833 (s)

3.424 (s)

2.779 (m)

HAP
(JCPDS 9-432)
3.44 (s)

2.814 (s)
2.778 (s)
1.722 (s)

3.51

3.44 (s)

3.17 (m)

2.814 (s)

1.871

1.722 (s)

3.44 (s)

2.814 (s)
2.778 (s)



Table 8. d-spacings calculated from the electron diffraction patterns obtained from the

samples precipitated at 37°C from a solution containing 10 mM Ca(N03)2and 6 mM
(NH4H2HPO04and 75 pM AICI13.

time (min) plates needles flakes OCP HAP
(JCPDS 26-1056) (JCPDS 9-432)
8.259 8.259 - 8.17 (m)
4.129 4.111
3.964 3.919
3478 3.478 3.492
3.197 3.180
3.122 3.117
3.097 3.08 (m)
3.073 3.055
2.894
2.832 2.833 (s)
2.753 2.745 (m)
1.982 1.990
1.934 1.943 (s)
1.879 1.871
1.870
1.754 1.754 (m)
1.739 1.743
1.490 1.503 (m)
3.478 3.492
3.447 3.441 (m)
2.873 2.873 (m)
2.832 2.832 2.833 (s)
3.478 3.492
2.832 2.833 (s)
2.792 2.814 (s)
3.478 3.492
3418 3.424 (s)
2.852 2.833 (s)

2.812 2.814 (s)



Table 9. d-spacings calculated from the electron diffraction patterns obtained from the
samples precipitated at 23°C from a solution containing 10 mM Ca(N03)2and 6 mM
(NH4)2HPO4and 75 pM AlCl13and 0.082 mM Si(OH)4

time (min) plates needles flakes ocCp HAP
(JCPDS 26-1056) (JCPDS 9-432)
1 3.493 3.492
2.832 2.833 (s)
2.799 2.814 (s)
5 3.540 3.51
3.508
3.478 3.492
3.447 3.44 (s)
3.418 3.424 (s)
2.832 2.833 (s)
2.812 2.814 (s)
2.792
15 - - 2.812 2.814 (s)
30 - - 3.540 3.51

Table 10 . d-spacings calculated from the electron diffraction patterns obtained from the
samples precipitated at 23 °C from a solution containing 10 mM Ca(N03)2 and ¢ mM
(NH4)2HPO04 and 75 pM AICI3 and 0.204 mM Si(OH)4

time (min) plates needles flakes ocp HAP
(JCPDS 26-1056) (JCPDS 9-432)

1 . . .
5 3.478 3.492

2.873 2.873 (m)

2.832 2.833 (s)

2.812 2.814 (s)
15 3.478 3.492

3.418 3.424 (s)

2.832 2.833 (s)

2.792 2.814 (s)
30 - - 3.478 3.492

2.812 2.814 (s)



Table 11 . d-spacings calculated from the electron diffraction patterns obtained from the
samples precipitated at 37°C from a solution containing 10 mM Ca(N03)2and 6 mM
(NH4)2H P04 and 75 pM AlCl13 and 0.082 mM Si(OH)4

time (min)

30

plates

5.286
3.964
3.925
3.447
3.418
3.197
3.122
2.894
2.873
2.852
2.772
2.661
1.982
1.962
1.953
1.861
1.844

3.197
2.812
2.792
2.715
2.661
2.252
1.943

3.146
2.894

2.792
2.625

needles flakes

3.447

2.873

1.716

3.508
3.478
3.447

2.852
2.832

3.418

2.832 2.832

1.709

oCP
(JCPDS 26-1056)
5211

3.919
3.441 (m)
3.424 (s)
3.180
3.117
2914
2.873 (m)
2.833 (s)
2.779 (m)
2.671 (m)
1.990

1.957

1.848

3.492
3.441 (m)
2.873 (m)
2.833 ()

3.180

2.671 (m)
2.258
1.948

3.132
3.424 (s)
2.914
2.833 (s)

2.617

HAP
(JCPDS 9-432)

5.26
4.07 (m)

3.44 (s)

2.778 (s)

1.871
1.841 (s)
1.722 (s)

3.51

3.44 (s)

2.814 (s)
2.720 (s)

2.262 (s)
1.943 ()

2.814 (s)
2.631 (s)
1.722 (s)



Table 12. d-spacings calculated from the electron diffraction patterns obtained from the
samples precipitated at 37°C from a solution containing 10 mM Ca(N03)2and 6 mM
(NH4)2HPO04 and 75 |aM AlCl13and 0.204 mM Si(OH)4

time (min) plates needles flakes OCP HAP
(JCPDS 26-1056) (JCPDS 9-432)
1 - - 3.478 3.492
3.418 3.424 (s)
2.832 2.833 (s)
2.792 2.814 (s)
5 - 3.478 3.492
3.418 3.424 (s)
2.873 2.873 (m)
2.792 2.814 (s)
2.753 2.745 (m)
1.739 1.743
15 - - 3.478 3.492
2.832 2.833 (s)
2.792 2.814 (s)
30 - 5.663 5.52
3.478 3.478 3.492
3.448 3.441 (m) 3.44 (s)
3418 3.424 (s)
3.146 3.132
2.832 2.833 (s)
2.812 2.814 (s)
2.792 2.792
2.772 2.779 (m) 2.778 (s)
2.753 2.745 (m)
1.943 1.943 1.948 1.943 (s)
1.835 1.837 1.841 (s)
1.739 1.743
1.731

1.724 1.722 (s)



Table 13. d-spacings calculated from the electron diffraction patterns obtained from the
samples precipitated at 37°C from a solution containing 10 mM Ca(N03)2and 6 mM
(NH42HPO4and 75 pM AlICI3and 0.409 mM Si(OH)4

time (min) plates needles flakes OCP HAP
(JCPDS 26-1056) (JCPDS 9-432)
T 3.925 3.919
3.540 3.51
3.508
3.478 3.492
3.448 3.448 3.441 (m) 3.44 (s)
3.418 3.424(s)
3.304 3.311
3.122 3.122 3.117
3.073 3.08 (m)
2.873 2.873 2.873 (m)
2.832 2.833 (s)
2.792 2.814 (s)
2.734 2.745 (m) 2.720 (s)
1.982 1.990
1.943 1.948 1.943 (s)
1.934 1.936
1.888 1.891 1.890 (m)
1.870 1.871
1.746 1.745
1.740 1.723 1.743
1.716 1.722 (s)
5 - - 3.540 3.51
3.478 3.492
3.447 3.441 (m) 3.44 (s)
3.418 3.424(s)
2.792 2.814 (s)
1.924 1.929
1.818 1.806 (s)
1.731 1.743
1.716 1.722 (s)
15 3.508 3.51
3.478 3.492
3.447 3.447 3.441 (m) 3.44 (s)
3418 3.418 3.424(s)
3.122 3.122 3.117
2.873 2.873 2.873(m)
2.832 2.832(s)
2.812 2.814 (s)
2.792 2.792 2.792
2.252 2.258 2.262 (s)
1.962 1.957
1.835 1.837
1.731 1.743

1.724 1.722 (s)



continuation table 13

time (min)

30

plates

3.478

2.812

2.734
2.278

1.934

needles

flakes

3.508
3.478
3.447
3.418
2.832
2.812
2.792
2.772

1.972

1.746

1.731
1.727

OoCP
(JCPDS 26-1056)

3.492
3.441 (m)
3.424 (s)
2.833 (s)

2.779 (m)

2271
1.990
1.936
1.745
1.743

HAP
(JCPDS 9-432)

3.51

2.814 (s)

2.778 (s)
2.720 (s)

1.722 (s)



APPENDIX IV

Preparation of femoral head bone samples for transmission electron microscopy

analysis.

Full-depth blocks of bone were taken from the superior and posterior regions ofthe
femoral head. The tissues samples were subdivided to full-depth blocks ofca. 1 mm in
the two remaining dimensions. The tissue blocks were fixed overnight in 1.5%
glutaraldehyde in 0.1 M sodium cacodylate buffer (pH=7.4). Samples were washed in
three changes 0of 0.1 M sodium cacodylate buffer containing 6% sucrose, prior
staining with Os04 for lh. Samples were washed in three changes of 0.1 M sodium
cacodylate buffer containing 6% sucrose and then dehydrated through a graded
alcohol series (60%, 80% and 100% absolute ethanol). Samples were transfer to
propylene oxide twice for 20 min, prior filtration with 1:1 propilene:araldite CY212
resin mixture overnight followed by infiltration in neat CY212 resin under vacuum
three times for 2 hours and then embedding in fresh resin at 60°C for 48 hours.
Ultrathin (90 nm) sections were cut with a Diatome diamond knives and floated onto
0.1M sodium cacodylate buffer prior to collection onto fomvar-coated copper grids.
Unstained sections were analysed using a JEOL 2010 TEM with a LaB6e¢lectron gun
filament operating at 200 Kv. The microscope had attached a PentafetST detector and

the Liklsis software from Oxford Instruments for Energy Dispersive X-ray Analysis.
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