STUDIES ON THE PRECIPITATION OF SOME
PHOSPHATES AND CONFORMATIONS OF CYCLIC
COMPOUNDS FROM X-RAY DIFFRACTION DATA

VICTOR OLATUNJI AJIBOLA
B.SC (HON§ A.B.U., M.SC

A Thesis Submitted to the postgraduate School,
Ahmadu Bello University, Zaria.

In Partial Fulfilment of the Requirements for the
Degree of Doctor of Philosophy in Chemistry.

Department of Chemistry
Faculty of Science
Ahmadu Bello University
Zarla, Nigeria.



ii

° DECLARATION

I hereby declare thét this thés"iws 'ﬁas been written
by me and that it is a record of my cown research. It has
not been presented in any previous application for a
higher degree. S *@f'i_ "

All sources of information are specifically

acknowledged by means of references.

e

Victor ¢. Ajibola




iv

DEDICATION

To the One who was, who is and who will forever be -
The giver of all good things and the embodiment of

knowledge.



v

ACKNOWLEDGEMENT

I.thank Ged and also thank Professor S.A. Thomas
whose inputs, efforts and patience in supervising this
work has turned a dream into reality.

T wish to also thank Professor J.Y. Clayemi, who
co-supervised this work, for hig useful suggestions and
encouragement . I thank Dr. J.F. Iyun for his
encouragement and concern throughout this period.

I express my gratitude to Mr. Gazzino of Structural
Chemistry Research Group, University of Bologna, ltaly
and Mr. David Barak of the Centre for Energy Resgearch,
A.B.U., Zaria, for running the X-ray diffraction patterns
of the samples. I am alsec very grateful to Mr. Fagbemi
who drew most of the structures and Mall. Sani Shaka for
typing and printing this work. T also wish to thank all
my friends in Chemistry Department for their support.

I thank wy Pastor, Rev, David Bakare and my
colleaques in the praise singers’ unit of Jesus is Life
World Outreach Ministries for their prayers always.

Finally I thank my wife Mrs. M.A. Ajibola, my
daughter Toluwani and my son Oluwadamilola for their
support, understanding and love. I thank my sisters and

Tope Ande for their support in various ways.



131
CERTIFICATION
This dissertation entitled, "STUDIES ON THE
PRECIPITATION OF SOME PHOSPHATES AND CONFORMATIONS OF
CYCLIC COMPOUNDS FROM X-RAY DIFFRACTION DATA"™ by VICTOR
0. AJIBOLA meets the regulations governing the award of
the degree of Doctor of Philosophy of Ahmadu Bello
University, and is approved for its contribution to

knowledge and literary presentation.

_____ < REOFPL s ,

x . 2_?/
Professor S.A. Thomas = «cc=== 35?23 -----
BR.Sc (Hons), D.Phil. Date

Chairman, Supervisory Committee

. 22\1]94
Professor J.Y.YOlayemi = --~--- S W, PRGN
B.Sc. D.Phil. te

Member, Supervisory Committee

f"‘-
Professor S.B. Sanni —--~91£Q4EL§—--~
External Examiner. Date
_%f‘ﬁ.ﬂ?; itk
"""""""""""" 22/1 /96
Professor S.A. Thomas = —e=-=-%= mf e e
B.Sc. D.Phil. Date

Head, Chemistry Department

w&gv 3=
Dean, Postgradtate School ate




Vi
ABSTRACT

Inpart | of the thesis, studies were carried out on

the precipitation of hydroxyapatite. A prelimnary

experi ment involving the preparation of calcium
hydroxyapatite (HAP) wusing three different sets of
starting materials was done. The crystallinity and

stoichionetry of the HAP were dependent on the starting

mat eri al s.

The precipitation of anorphous calcium phosphate
(ACP), and its transformation to HA? in the presence of
vari ous conpounds and ions have al so been studi ed using
x-ray diffractonetry. The nucl eotides, AMP, ADP and ATP
(usually regarded as type Il inhibitors) caused a slight

but discernible decrease in the nmean size of the

apatitic crystals. However, citrate another type 11
inhibitor did not appear to alter the nean cryst
size in agreenent with literature. It would appear that

the effect an inhibitor has on the resultant apatitic
crystal is dependent on the nechani smof inhibition and
not necessarily on whether it is a type | or type II
inhibitor. Results obtained for casein and L-glutanate
shows that they nay be regarded as type Il inhibitors.
Tetracycline, a broad spectrumantibiotic which nmay al so
be classified as type Il inhibitor, caused a slight

decrease in the nean size of the apatitic crystals.
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I nhi bition by this conpound seens to be nore as a result

of steric hinderance rather than attachnent to the active
site of the HAP nucl ei.

Preparation of tin hydroxyapatite was attenpted usi ng
hydrateci cin (I1) oxide as the starting material. To the
best of our know edge, a new tin (Il) phosphate was
obtained which has strong simlarit; 3 wth calcium
hydr oxyapatite (HAP) . This newtin (Il) phosphate gave
a nol ybdenum bl ue colouration due to the reduction f
nol ybdophosphoric acid during phosphate determ nation,
indicating that tin existed in the +2 oxidation state.
X-ray diffraction patterns of the products obtained in
the attenpted preparation of tin cal ciumhydroxyapatite
by aqueous and solid state reactions were obtained.
Preci pitati on fromaqueous systemcontaining 3 atom%tin
I n solution gave product which is essentially featurel ess
and characteristic of anorpnous conpounds, in agreemnent
wth literature. At tin concentration significantly
greater than 20 atom % the products of solid state

reaction at both 500° and 700°C were anor phous.

Inpart Il of the thesis, the conformations adopted
by sone ring conmpounds in the solid state are descri be,
and paraneteri zed. The effects of the nolecular

envi ronment on the geonetry and confornati on of the rings,

have been elucidated based on x-ray diffraction

structural dat a.

For cycloheptane ring derivatives, the boat
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PRECIPITATION OF SOME PHOSPHATES



2

CHAPTER ONE

1.0 INTRODUCTION

1.1 Hi i Background

Bone mineral has been shown to consist of two
calcium phosphate pools, a noncrystalline (amorphous)
calcium phosphate and a crystalline (apatite) phase
(Posner, 1969). The hardness and physical strength of
bone, differentiating it from other connective tissues,
stem from the extracellular deposition of calcium
phosphate within a soft, fibrous, organic matrix. This
highly specialised connective tissue not only forms the
supportive framework of the body but also enters into
metabolic interaction with 1t (Posner 1969). The
chemical nature of the micro-crystals in bone and the
physical properties of its surfaces have been the subject
of discussion for many years. The conventional view is
that hydroxyapatite (HAP) is the relevant compound. About
65% of a mature bone is calcium phosphate, and the two
phases are chemically and physically distinct. Thus, the
percent crystallinity of bone (that is the percent by
weight of the total mineral that is apatitic and not
amorphous) is another important physical parameter of
this tissue. The basic model is modified in detail by
internal lattice faults with entrapped contaminants, and

the free surfaces are believed to have suffered
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heteroionic exchange with ions such as Sret, MgQ*, Na*t,
C032‘ and citrate {(MacGregor and Brown, 1965). In
'consequence quantitative analysis of whole bone has
yielded no definitive data. o

In the formation of bane mineral,lthé amorph0us
phase is laid down first by some active process of the
bone cell. Subsequently some of the phase is stabilised
to remain noncrystalline, while a larger portion is
transformed wvia sgolubilisation te¢ the crystalline form
(Posner 1969, Eanes and Meyer, 1977 . @

The description of the in vivo transformation of the
amorphous calcium phosphate to the crystalline calcium
phosphate is inferred from studies on synthetic
analogues. The reaction of calcium and dibasic phosphate
salts 1in neutral or basic solution has as its final
product crystalline  hydroxyapatite. During the
precipitation of the crystalline material a precursor
phase is formed which is amorphous to x-ray diffraction
(Eanes et al, 1965). This amorphous phase convertg in
| the presence of water to microcrystalline hydroxyapatite,
The lifetime of the metastable amorphous precursor in

agueous solution is a function of the presence of certain

macromolecules, interfering ions, pH, viscosity, ioconic -

gstrength and temperature (Eanes et al, 1965, Termine and

Posner, 1970).

i
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1.2 Precipitation in calcium phosphate system

1,2.12 T s of cipd e

The behaviour of supersaturated calcium phosphate
solutions in regard to what they may precipitate, is a
matter of considerable importance to the physiology of
hard tissues. A degree of supersaturaticn is often
encountered in solutions of calcium phosphates and other
calcium or phosphate salts, whereas for instance, silver
halides precipitate readily from solutions just above
saturation. Ignoring different hydrates, five pure
orthophosphate of calcium may crystallize from aqueous
solution (Laundager Madsen, 1970). They are:

1 Primary calcium phosphate, Ca (H,P0,),

IT Ssecondary calcium phosphate, CaHPO,

ITI Tetracalcium monohydrogen triphosphate,

CayH(PO,) 4

IV Tricalcium phosphate, Cag(P04),

\/ Calcium hydroxyapatite Cag(P0O,)40H.
X Crystallizes only from strong phosphoric acid as
anhydrous or with one mole of water. II exist in two

forms, the anhydrous form (monetite), which is stable
above approximately 36°C, and the dihydrate (brushite).
Both can be precipitated from slightly acid solution, pH

<6. III is the normal product of precipitation in
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neutral or slightly.b;;ié.ﬁeaiﬁﬁp .iﬁ.ié”ﬁ;téégéble'and
will slowly recrystallize to hydroxyapatite. IV which
is anhydrous is formed by heating HA? éﬁﬂélﬁémﬁératuré of
3500°C. V is the stable final product of preqipitation'

from neutral or basic solutions. IAEIIEEE rate of
'crystallization is verye<slow at ordinary temperature, it
often appears as submicroscopic crystals. | _

| These multitude of possible solid phases which may
aoccur in  the calcium phosphate system make the
gquantizative description of precipitatiorn and dissoliurion

extremely zomplex (Lundager Madsen, 1970).

The formation of a crysztalline precipitate from a
supersaturated solution is included in the general
phenomsncn of phase change. Although the precipitation
of sparingly soluble salts is important in a wide variety
cf fields, the mechanism of the crystallization process,
isg one of tre least well understood phenomena in
chemistry (Koutsukos et al, 197%). The structure of the
precipitate is the result of many kinetic processes which
interact with each other, The concept of struccure
comprises the following: the particle size distribution;
the lattice structure of the precipitated crystals; the
shapes and morphology of the c¢rystals and in some cases

the distribution of the various shapes; the structure of



the surfaces; the presence of dislocations,
imperfections, impurities and inclusions in the crystals;
and the nature of interparticle interaction resulting
from flocculations, aggregation and agglomeration
(Dunning, 1973).

In studying precipitation processes it is important
to distinguish three different stages in the mechanics of
crystallization -

i) The nucleation stage in which the first minute
particles of the new phase are generated
within the motherphase.

ii) The growth of these nuclei, nurtured by the
motherphase to form primary crystalline
particles.

iii) The ageing of the primary dispersion or
precipitate during which changes in shape,
structure, perfection, size, aggregation,
agglomeration and flocculation may take place
(Wray et al, 1957 and Dunning, 1973).

These processes are not entirely independent of each
other. For example, growth processes are involved in
nucleation and nucleation takes place during part of the
growth stage, while ageing is not confined to the later
stages but may occur earlier.

Bone growth is an example of this nucleation

phenomena, in that it represents the birth of one phase
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from another. The precipitation of calcium phosphate,
involving the formation of nonapatitic calcium phosphate
phases during the early stages is a complex one. Some of
the practical difficulties arising in the study of
crystal nucleation from solution are concerned with the
elucidation of the relative roles of crystallization,
dissolution and agglomeration in the whole precipitation
scheme . For these reasons the mechanism of primary
processes in precipitation from solution is to some
extent obscured, and as a consequence the interpretation
of data has often been contradictory ({(Walton, 1965).
Such difficulties as determining the stoichiometry of
precipitation from the results of precipitation
experiments is due to the appreciable reduction in the
concentrations of crystal lattice ions during reaction
(Koutsoukos et al, 1980) . At each stage, the
supersaturated solutions may be metastable with respect
to different phases which can form and subsequently
redissolve as the concentrations decrease. In the
precipitation of calcium phosphates, this probably
accounts for the apparent variable stoichiometry and
complex kinetics observed experimentally.

It has been shown (Eanes et al, 1967; Walton et al,
1967 and Furedi-Milhofer et al, 1972) that precipitation
in basic calcium phosphate system proceeds in at least

two steps:
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i) The initial formation of metastable colloidal
suspensions which forms in neutral or basic
solutions.
ii) Secondary precipitation and crystallization
which ensue after a period of metastability.
Further changes occur mainly due to ageing and
hydrolysis.
The complete sequence of events is strongly dependent
upon temperature and solution environment (Termine and
Posner, 1970).

Although the detail of the nucleation process
involved are not known it is possible to establish the
composition of the precursor phase (McGregor and Brown,
1965; Walton et al, 1967). The initial stages of
nucleation are difficult to investigate owing to problems
associated with the detection of nuclei of atomic
dimensions. Nucleation and crystal growth are
spontaneous processes which lower the energy of the
growing particle and the nucleation process has to
overcome an activation energy. A physical expression of
this energy barrier is the supersaturation which is
attained before nucleation and crystal growth ensue.
1.3 Significance of study

The formation and identification of metastable
phases during, and subsequent to phase transitions have

important implications in many systems particularly those



of biological nature. The type of crystals which are
usually involved in metastable phase transitions are
those in which there is a large entropy of
crystallization (e.g. silicates and some phosphates).
Considerable gpeculation and controversy have surrounded
the nature of the calcium phosphate which precipitates
under physiological conditions.

In bones there is a mixture of the amorphous phase
and the crystalline phase in contact with water. Thus,
it is obvious that some factors must exist within living
systems which regulate the physicochemical conversion of
amorphous calcium phosphate to the crystalline apatite.
Knowledge of the mechanism(s) involved is of importance
for understanding the growth of bone mineral.
Industrially, knowledge of this mechanism could be of
importance for water softening and waste water treatment
processes (Feenstra et al, 1979). The suggestion that
OCP 1is present in greatest amounts in newly formed bone,
whether child or adult means that the chemical properties
and interaction of two crystalline species must be taken
into account for a full understanding of bone growth and
remodelling, bone healing and various pathological
conditions. Furthermore studies of calcium phosphate
systems will give clearer understanding of:

i) mechanism for prevention of dental caries by

fluoride in drinking water;
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ii) the unusual variability in the stoichiometry
of apatitic precipitates;

iii) the cause of ribbon 1like and platey
morphologies of biological apatitic
crystallites; |

iv) a possible mechanism for incorporation of
impurities and defects into dental enamel;

) a mechanism of growth of biological apatites;
and :

vi}) a rationale why teeth may vary in their caries

susceptibility.

Although the precipitation of sparingly soluble
salts is important in a wide variety of fields, the
mechanism of crystallization process is one of the least
well understood  phenomena in chemistry. The
crystallization of inorganic salts from aqueous solution
is important because of its inveolvement in areas such as
removal of phosphate from waste water, the fate of
elements such as Al, Ca, Fe and other heavy meﬁals in the
formation of lake and ocean sediments, and in industry
where formation of scale on metal surfaces 1is a
continuing problem. In desalination technology the
reduction of heat transfer surfaces by growth of
magnesium hydroxide and calcium gsalts such as sulphate
hydrates, carbonate polymcrphs and pheosphates is a
serious limitation to the use of evaporative techniques.

Calcium phosphate formation is involved in many of these

-
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processes yet the stoichiometry of the precipitated
phases is still poorly understood.

1.4 Research cobjectives

In a preliminary survey, HAP will be prepared using
somewhat different starting materials. The aim is to
determine whether the crystallinity and stoichiometry of
the apatitic products depend on the materials used for
preparation. Generally this part of the work is to study
the transformation of ACP to HAP, and to determine how
some substances (of biological origin), and some ions
would affect this conversion. Since the bone of a
matured human adult consists of a mixture of ACP and HAP,
it would appear that a mechanism exists which regulates
the conversion of ACP to HAP in vivo. This in vitro
study was therefore undertaken as part of the on-going
search to determine the transformation process. The
studies with inhibitors may provide information on the
nature of conversion, classification of the inhibitors
and structure-activity relationship. X-ray analyses as
well as chemical analyses of the solids obtained will be
carried out with the aim of determining the extent of
conversion, the mean sizes of the particles and the Ca/P
molar ratios. The effect of pH and temperature on the
transformation process will also be determined.

An attempt is made to prepare tin hydroxyapatite,

which has never been prepared. Characterization of the
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solid compound cbhtained will be éarried out using X-ray
diffraction spectrophotometric and X-ray fluorescence
metheds. Isomorphous substitution of tin into HAP will
also be attempted by aqueous and solid state reactions.
The aim here is to compare the interaction of tin with
HAR on the one hand, with the interaction of its heavier
congener, lead, with the same phosphate. Lead has been
shown to substitute for calcium in Cag(P0,),0H in the

whole range.
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On the basis of chemical, x-ray diffraction and
electron-microscope studies, it has been assumad that the
inorganic constituent of bone tissue is a poorly
crystallized calcium phosphate resembling, but not
identical tc the mineral hydroxyapatite in structure and
composition. This single phase description is no longer
adequate and bone mineral is now thought to be composed
of at least two chemically and physically distinct
calcium phosphates (Posner, 1969). Results have
indicated that besides an apatite phase, pone mineral
contains a large proportion of a noncrysta.line
(amorpious) calcium phosphate. This noncrystalline phase
was found to be extensively and uniformly distribut:d
throughout the ossecus tissue of several mammalia..
species (Termine and Posner, 1967). Approximately 40% of
the mineral in the femurs of adult human, cow and rat is
amorphous.

The amorphous content of Dbone however, does
apparently vary with age. It appears that the amorphous
material predominates in early bone but is superseded [ -
crystalline apatite as bone matures (Posner, 1569).

The little that is known about the properties of in
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vivo ACP, shows clearly that this phase is not apatitic
in structure. When viewed in the electron-microscope,
this material consists of aggregates of extremely fine
particles and contrasts markedly with the straight edged,

solid needle-shaped crystals of bone apatite.

2.1.1 Synthetic Amorphous Calcium
Phosphate

The descripticon and knowledge of'properties of iIn
vivo ACP in mineralised tissue is limited and at present,
additional properties can only be inferred from studies
on s'mthetic analoguer. In this regard, the initial
solid phase that appears in the rapid precipitation of
calcium orthogphcsphate from basic solutions is
sty :cturally noncrystalline, though well defined
chemica.ly (Eanss et al 1965, Bienenstock and Posner
1968) . The molar Ca/P0; ratio of this amorphous phase
was found to vary from 1.44 - 1.55, depending on the
conditions of precipitation and on the calcium salt used
in the precipitation (Fosner, 1969). The molar Ca/P0y
ratio 1s consistent for each salt, a ratio of 1.52 was
found when the nitrate solution was used, a value of 1.46
was observed when the chloride solution was used. The
amorphous material with a Ca/P0,; molar ratio 1.50 was

found to have the greater solution stability. This

observation is a possible chemical justification for
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Figure 2.1 X-Ray diffraction patterns of amor] hous calciun phosphate
(upper) and synthetic hydroxyapatite (lower). The Miller
indices are shown on the crystulline pattern (Posner, 1969

TR
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considering the amorphous calcium phosphate as hydrous
tricalcium phosphate, TCP having the chemical formula
Cay(POg) .XH,0 (Lundagar Madsen et al, 1986). The
amorphous material has a transient existence when kept in
contact with its preparative medium and rapidly converts
into crystalline apatite. The degree of instability
could be related to the deviation of the composition form
the Ca;(P04), composition.

The x-ray diffraction patterns of ACP does not
contain many sharp Bragg maxima clharacteristic orf
crystalline materials, but instead, consist of a few
diffuse, ill-defined maxima typical of such commonly
recognised noncrystalline substances as glasses and
certain polymers (See figure 2.1). A lack of crystalline
structure does not imply a lack of local or short range
aromic order (Eanes and Posner, 1965). The cbservation
that the Ca/P0, molar ratio of this material which ir 1.5
is only slightly influenced by the initial Ca/P0, molar
ratio of the preparative solution, suggests a well
defined local structural unit. What is absent in this
case is the periodically repetitive spatial array of this

local unit unique to crystalline substances (Eanes and

Posney, 1965).

.12 itd ' i Rele

- I

Knowledge of the conditicns for precipitation of ACP

is essential for understanding the behaviour of
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supersaturated Ca/P0, solutioné, since it strongly
influences the occurrence domains of other phases. It is
generally recognised that ACP is formed in the higher pH
range pH > 6.7. Whenever formed, ACP normally appears as
the first precipitate. Through its consumption of
calcium and phosphate as well as its lowering of pH
(except in strongly basic solutions). It reduces the
supersaturation of other calcium phosphates, often below
the critical value for homogensous nucleation (Posner,
1969) .

In sclutions containing, apart from calcium and
.phosphate, only ammonium and nitrate ions, ACP isg formed
whenever the quantity. |

Ia = a’(Ca?*)a®* (HPO, 2 ) a™ 2 (H*)
exceeds a certain critical value. This value decreases
strongly with increasing temperature {Lundager Madsen and

Thovardarson, 19839). Ia is the formation constant and a

-

the activities of the iong. Tﬁis mass;action.expression
corresponds to the reaction -
Cay (POy) 5 + 2HY —-oooo- > 3Ca’* + 2HPO 2"

Normally the formation.of ACP is instantaneous or nearly
so, but in some cases of very dilute sclutions, delays of
up to several hours can be observed (Lundager Madsen et
al, 1986). Decreasing the dielectric constant of the
medium by the addition of either dioxane or methanol

greatly enhanced ACP formation. Fereign ions such as
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P2074', C032'. F~ and Mgz' all enhance formation of ACP.
(Termine and posner 1570). Increasing the intrinsic
viscosity of the medium with either glycerol or sucrose
inhibited ACP formation considerably.
2.2 Calcium hydroxyapatite, HAP

The basic calcium phosphate mineral, hydroxyapatite,
(Ca;q(P04)3(OH)5 15 a prototyps of one of the major
constituents of bone and teeth. Studies nave been
carried out on this material by bone biolegists,
surgeons, dentists, ferrilizer <chemists, catalyst
chemists, geologists, sclid state physiciste and so on.
Apatites represent a major source of phosphorus and
calcium in the earth’s crust, and it occurs ales in
igneous and sedimentary rocks.

Biological apatite is not pure HAP, but is rodif:ed
by the presence of many other ions such as Cl°, F’

substituted for some OH ; Srz*, Baz"' for some CaZ+. and

C032' for P043'. Apatite, in general refers to a fam ly
of compounds such as fluoroapatite, Cag (POy4) <7,
chloroapatite, Cag (PO, ' 4C1 and hydroxyapatite,

Ca5{PO4)3OH (Posner, 1969, .

o - N mation

The formaticn of HAP as in bone gruwth is an exaple
of nucleation phenomena, because it represents the birth
of one phase from another. In the presence of high

concentrations of calcium and phosphate (total Ca and
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total PO, greater than 10mM) and pH values greater than
6.8, the precipitation of hydroxyapatite is always
preceded by the formation of an amorphous precursor
(Eanes et al, 1965, Walton et al, 1967; Termine 1972, and
Boskey and Posner, 1973). 1In the absence of such foreign
ions as F~ and C032', HAP is the thermodynamically stable
end product of calcium phosphate precipitations carried
out at physiological pH (7.4) and temperature (37°0)
(Eanes and M=yer, 1977). Boskey et al (1976) found that,
in the presence of lower concentration of calcium and
phosphate (tctal Ca and total PO, each less than 2mM),
the st prec:pitate fcrmed at pH 7.4 has an x-zay
diffracc:on patterrn, morphology and colloidal proper:z:es
distinct from those ©f ACP found in the presence of
higher concentraticns of reactants. This observation
contradicte the results of Termine and Posner, (1570) and
Eanes (137C ., who concluded that ACP was an okliga:zcory
precurscr to HAP. Furthermore, it is apparent that the
pH and specific concentrations of calcium and inorganic
phosphate as well as the ionic strength, temperature and
presence of heteronuclei rather than calcium phosphate
millimolar products alone are critical in determining the
initial phacse precipitated in the course of HAP formation
(Nancecllas et al, 1974 and Boskey et al, 1976).

Synthetic basic calcium phosphate prepared from

carbonate-Iiree agqueousg solutions have x-ray diffraction
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stoichiometry by exhibiting low Ca/P molar ratios
(Posner, 1969). This has been attributed to the
adsorption of HPO42‘ on the surface of the HAP crystal
and missing calcium ions either from the surface or
interior of the crystal. The calcium-deficient apatites
are in reality a continuous series of lamellar
intergrowth between octacalcium phosphate and HAP (Brown,
1966) . A typical crystal of hydroxyapatite precipitated
from solution at room temperature would be needle-like in
appearance, with dimensions 2008 x 50A x 50A. Such a
crystal would have a high reactive surface comparable to

many catalysts (Posner, 1969).

2.2.2 Substitution into HAP

The  hydroxyapatite structure is subject to
isomorphous substitution. The incorporation of foreign
ions affects the crystallinity, morphology and lattice
parameters, and as a consequence the stability of the
apatite structure (Bigi et al, 1991). Furthermore, the
presence in solution of foreign ions can prevent the
formation of the apatitic phase from solution. The
anions F~ and Cl1~ replace hydroxyl ions chemically. The

closer coordination of the fluoride as compared to the

hydroxyl by the calcium. accounts in part, for the Y

greater chemical stability of fluoride substituted HAP as
evidenced by its resistance to dental caries (Posner,

1969) . The entry of carbonate into the crystal structure
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especially in the phosphate position causes a lattice
distortion (Legeros et al, 1967). Furthermore, HAP
precipitated in the presence of carbonate tends to be
poorly crystallized, showing broad x-ray diffraction
patterns and its weakening effects on the bonds in the
structure thus increasing the rate of dissolution and
solubility.

The role and location of the many potential
substituents for Ca?* in the apatite structure have
remained unclarified. Substitution of various cations
for calcium in calcium hydroxyapatites is generally
related to the gize of the ionic radii of the ions
compared to that of ca?* ion (Bigi et al, 1991). 1In
biological apatites many cations have been assumed to be
only adsorbed on the apatite surface and not part of the
structure (LeGeros et al, 1980).

The pH of the solution affects the nature and the
extent of incorporation. The concentration of the
foreign ion also causes the formation of apatite with
differing crystallinity and optical spectra (Posner,

1969) .

p I ae3 €. OCP

Octacalcium phosphate, CagH, (P04) . .5H,0 is
encountered in systems containing calcium phosphates more

bagsic than dicalcium phosphate. OCP has a significant
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role in the chemistry of bones, teeth, phosphate
fertilizers and other precipitated calcium phosphates
(brown et al, 1962). OCP has distinctive x-ray and
optical properties and it contributes additional lines in
carlstrom’s x-ray pattern for HAP. Single crystal
Weissenberg measurements on OCP gave lattice ceonstants,
a=19.70A b = 9.59A and ¢ = 6.87A. The existence of OCP
as a distinct crystalline phase, rather than a hydrous
defective apatite was established by single crystal and
powder diffraction x-ray studies. Its x-ray, optical and
chemical properties indicate that OCP is structurally
relatei to HAP, although the two salts are not
isostructural (Figure 2.2). OCP is composed of apatitic
layers that are parallel to the b-c plane and separated
by hydrated layers. Chemical analyses do not yield
constant numbers of water of hydration, and this
uncertainty reflects the ease with which water enters and
leaves the OCP lattice (Brown et al, 1957).

The layer-type structure of OCP and the similarity
of parts of its structure to that of HAP are reflected in
the chemical and physical properties of OCP. The close
correspondence between the atomic positions in apatite
layer in OCP and those of HAP, (Figure 2.2) indicates
that epitaxial overgrowths of one compound on the other
are very likely (Posner, 1969). The water layer, which

occupies almost half of the OCP unit cell, rules out
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(b)

Figure 2.2 Stricture of octacalciun phosphate (a) and caleium
hydroxyapatite (b) projected through the c-axis on
to the basal plane (Pcsner, 1969; Brown et al, 1962).
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consideration of OCP as a defect apatite and makes
formation of true solid solutions of the two compounds
highly unlikely (Brown et al, 1962). The formation of
lamellar mixed crystals of the two compounds is more
probable. This intracrystalline mixtures not only
account for apatitic precipitates with Ca:P ratios less
than that in HAP, but also explains observed chemical and
physical properties of the precipitated basic calcium
phosphates.

Some indications support the idea that OCP may be
present in bone. The. 'platey’ habit of crystallites in
bones has been interpreted as indicating that OCP
participated in their formation. Thus it is cons:dered
that bone mineral is first formed as OCP and that there
are spontaneous ageing changes (hydrolysis) which convert
OCP into HAP (MacGregor and Brown, 1965). In children
where bone growth is maximal, there tends to be mcre OCP
in the microcrystals than in the older subject where the
reorganisation of the OCP to HAP overtakes the
precipitation process.

Table 2.1 Some Physical Properties of OCP and HAP.

- A A e e e e e e A e e A e e e e e e e e e e e e e o e

HAP oCP
A-axis 9.4322 8.63CA
C-axis 6.881A 6.870A
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2.3.1 ml r

OCP can be converted to HAP by progressive
hydrolysis in boiling water. This is reflected in a
gradual increase in indexes of refraction, and decrease
in the intensities of the OCP lines in the x-ray powder
pattern of the residual solids and the emergence of sharp
HAP patterns. The pattern of an OCP crystal that had
been boiled is essentially that of HAP alone, indicating
that there is considerable reorganisation of the lattice
during hydrolysis (Brown et al, 1962).

Anhydrous dicalcium phosphate DCPA having a chemical
formular, CaHPO, is sometimes formed as a separate phase
in the hydrolysis of OCP. OCP is not the most stable
calcium phosphate under any of the conditions of its
preparation, even though OCP precipitates in preference
to HAP and DCPA. Brown et al (1970), showed that
aggregates of extremely fine acicular crystallites of HAP
appeared during the hydrolysis of OCP crystals and that
precipitation of HAP was maintained by dissolution of
OCP. Thus, HAP apparently is produced by two mechanisms,
and its acicular or platey habit shows whether it had
been produced by direct precipitation or hydrolysis
respectively.

On drying at temperatures slightly above 100°C, OCP
loses some of its water of crystallization without

apparent change in its x-ray powder diffraction pattern,
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although its mean refractive index increases slightly.
As drying temperature is raised, the material
progressively loses water and the OCP line patterns
gradually weaken and disappear at about 180°C (Brown et
al, 1962), forming an apatite and DCPA. There is no
evidence of HAP and DCPA by direct precipitation or by
hydrolysis of OCP.

In aqueous systems containing low concentrations of
fluoride ions, fluorapatite is the most stable calcium
phosphate (Farr et al, 1962). OCP is reported to react
with fluoride to produce an apatite. The apatite
reflections are less sharp than the OCP reflections. In
contrast to dehydrated or hydrolysed OCP crystals,
fluoride-treated OCP crystals are very soft and smear
easily. If OCP is present in tooth enamel, fluoride
treatment would increase its chemical stability but may
decrease its mechanical strength (Brown et al, 1962).
HAP also reacts with fluoride, but much slower than OCP,
implying that, when a lamellar mixed crystal of HAP and
OCP is treated with fluoride solution, the resulting

crystal is largely fluorapatite interlayered with HAP.

2.4 Di ' Dihydr DC

Dicalcium phosphate dihydrate, DCPD is an important
product of the application of fertilizers to soils. The
main interest in this sparingly soluble salt stems from

its participation in the physiological formation of
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calcium phosphates. Thus, DCPD has been proposed as an
intermediate in the formation of bones and teeth; but
there is still much discussion as to the exact nature of
the precursor in the formation of HAP under physiological
conditions. DCPD may also play an important part in
dental caries occurrence. Caries is believed to resul-
from the acid attack upon the dental enamel, mainly HAP,
of organic acids produced by the metabolic action of
bacteria living in the vicinity of the enamel surface.
These organic acids with pa values in the range 5 to 7,
produce acidic conditions with pH from 4 to 6. In
agqueous solutions of calcium phosphate under such
conditions, the stable solid phase consists of dicalciun
phosphate, and a complex species present in the solution
are CaHzPC‘é"’ and CaHPO, (Marshal et al, 1969).
2.5 TIransformation of ACP to HAP

One c©f the peculiarities of the aqueous calcium
phosphate system is the occurrence of amorphous calcium
phosphates which are isothermally unstable over the pH
range 6.8-12. If they are in contact with their
preparative solution, these materials will hydrolyse
nonreversibly into crystalline apatite. The
physicochemical mechanisms which govern this precipitate
phase transformation process are such that once initiated
it would normally proceed to completion, that is, only

crystalline apatite is present (Eanes et al, 196%5; Eanes
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and posner, 1965). Therefore, amorphous calcium,
phosphate would be expected to have only a finite
suspension lifetime the natural extent of which may be
dependent upon the exact experimental conditions used.

In synthetic systems this conversion rate has proved
o be strictly proportional to the number of apatitic
crystals already formed and not on the amount of material
remaining (Posner, 1969). Such autocatalytic behaviour
is an example of secondary heterogeneous nucleation,
where the crystalline phase evolves through the
nucleation of new crystals on the surface of the already
developed crystals. Secondary nucleation phencmena can
occur only in solutions supersaturated with the ions of
the crystallizing phase (in this case with calcium
phosphate and hydroxyl ions). (Posner, 1969 Feenst:a
et al, 1979). This implies that the amorphous calcium
ghosphate i1s more soluble than the crystalline apatite.
The fact that the secondary mechanism is the only rate-
determining step in the conversion suggests further that
the amorphous phase acts essentially as a passive, labile
reserviour of calcium and phosphate ensuring a steady-
state condition of supersaturation throughcut the
conversion (Tung et al, 1983).

The isothermal metastability of the ACP in sclution
implies that the formation of this phase is a kinetic

rather than a thermodynamic phenomencn. This initia:l
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interaction between solution calcium and phosphate ions
apparently results in collisions leading to irregular
coordination complexes, which, upon separating from
solution, do not grow into periodic crystalline
structures. The spontaneity and rapidity of the
appearance of synthetic ACP from solution, is an added
evidence for the in situ formation of this phase in bone
without the assistance of an intervening substrate. Such
homogeneous nucleation processes however, occur only at
solution concentrations much higher than are needed for
heterogeneous nucleations, such as subsequent secondary
nucleation of apatite crystals (Posner, 1969). The fact
that apatite is not in evidence at such high solution
concentrations even though from a thermodynamic view
point, their formation should be favoured over that of
the amorphous particles, suggests that they can evolve
only through relatively slower heterogeneous nucleating
mechanisms (Posner, 1969).

The heterogeneous nucleation of the first apatite
crystals is of necessity on foreign substrates. These
foreign substrates are never absent in synthetic
preparations. Their relatively low concentration,
together with their lower effectiveness as nucleators,
explains why after the appearance of a few crystals of
apatitic nature, secondary nucleation, using newly formed

crystals as substrates become the dominant and
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controlling factor in the conversion of ACP to
crystalline apatite. Nevertheless, even secondary
nucleation cannot compete with homogeneous nucleation
when the degree of supersaturation is high enough to
favour the latter, and this is why the amorphous phase
appears initially (Posner, 1969).

In the initial stage of the in vivo calcification of
the collagenous matrix the earliest mineral deposits are
extremely small. Changes in the size of bone crystals
with age have been noted in x-ray diffraction studies on
powdered rat bones (Posner, 1969). The mean size was
observed to increase with age of the animal up to
maturity. At this point a sharp levelling off of growth
rate occurred and the size became relatively constant and
independent of age. This could be considered as an
evidence for matrix restricted crystal growth (Posner,
1969) . However, it could also mean that secondary growth
due to dissolution and reprecipitation does not occur for
bone crystals in fully mineralised tissue. Secondary
growth or ripening is encountered in aqueous (Synthetic)
systems of sparingly soluble salts in which the initial
precipitate is finely divided (Eanes et al, 1965).
Secondary growth is not a continuation of the initial
growth of each particle, but is actually a consolidation
process in which a decrease in the number of particles

occur. This consolidation is accomplished by the

]‘1
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dissolution of the smaller, less stable particles with
the dissolved material deposited as growth on the larger,
more stable particles (Posner, 1969). Secondary growth
occurs in synthetic apatite systems prepared by rapid
precipitation in aqueous media. The initial growth of
the apatite crystals occurs in a matter of minutes or
less (Eanes and Posner, 1965); the average crystal size
at the end of this precipitation period is generally
smaller than the crystals found in bone (Eanes et al,
1965). The crystal growth with age in synthetic systems
continues indefinitely, although at progressively reduced
rates. However, water is necessary for the ripening to
proceed in these synthetic systems and reducing the

water-to-mineral ratio will retard secondary growth.

2.5.1 Intermediate state in Transformation of
ACP to HAP

The initial solid phase that precipitates from a
calcium ;phosphate solution depends on the degree of
supersaturation (Nancollas and Tomazic, 1974). In a
solution of low supersaturation, HAP is obtained without
precursor phases (Nancollas and Tomazic, 1974; Boskey and
Posner, 1976). On the other hand, the first solid to
form in  highly supersaturated solutions is a
noncrystalline calcium phosphate approximating Cag (PO4) ¢
in composition (Boskey and Posner, 1976). In a study of

the transformation and crystal ripening of ACP that had
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been precipitated in highly supersaturated and buffered
media, initially adjusted to pH 7.4, Furedi-Milhofer et
al, (1973), demonstrated that crystalline precipitates
were formed by a two-step precipitation via (1) ACP and
(2) a precursor, OCP as proposed by Brown et al, (1962).
Many assumptions have been made as to the chemical nature
of this precursor phase. The calcium phosphate ionic
concentrationg vary appreciably during reactions. At
each stage, therefore, the supersaturated solutions are
metastable with respect to different calcium phosphate
phases, which could form, and subsequently dissolve as
the concentrations in the supersaturated solutions
decrease. Since the concentration changes become very
small as the reaction proceeds, a relative analytical
error of only a few percent in the total calcium or total
phosphate concentration could preclude differentiation
between the possible crystalline phases (Tomson and
Nancollas, 1978, and Koutsoukos et al, 1980).

The hydrolysis of previougly prepared amorphous
calcium phosphate established that the conversion of ACP
to an apatite involves two processes (Tung and Brown,
1933) . The first process consumes acid and indicates the
formation of a mere acidic calcium phosphate intermediary
with the solubility of octacalcium phosphate, (OCP), the
second process consumes base and indicates the conversion

of the intermediary to apatite and possibly, direct
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conversion of ACP to apatite. From experiments involving
the mineralization and x-ray analysis of epiphyseal rat
cartilage, Posner, (1969) identified an amorphous
material of approximately tricalcium phosphate, TCP
composition. This phase in addition to OCP and DCPD have
been proposed as a precursor to HAP in the formation of
teeth and bone. The thermodynamic analysis of solution
composition data suggests that ACP converts into a
nonstoichiometric apatite when the OCP-like intermediary
in formed and a stoichiometric apatite is formed when no
OCP-like intermediary is involved (Tung and Brown, 1983).
Studies on mineralization kinetics show that, the ratio
of Ca/PO, in the precursor phase is significantly lower
than the 1.50 required for TCP (Tomson and Nancollas,
1978). Hydrolysis is expected only to increase the molar
Ca/P ratio, which further rules out TCP as the precursor
phase. Results obtained by Brown et al (1957), Tung and
Brown (1983), Walton et al (1967), Feenstra et al (1978)
and Tomson and Nancollas (1978), show a Ca/P0, ratio
correspond to OCP in the early stages of the reaction and

this phase was confirmed by x-ray analysis.

2.5.2 QOCP precursor model

It has been concluded that the stoichiometry of the
initial phase in calcium phosphate precipitation at
physiological pH is approximately 1.5 and is thus similar

to tricalcium phosphate Ca3fP04}2. (Walton et al, 1967).
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The formation of this phase, (that is ACP), is detected
by a gradual development of opalescence in the solution
after a certain lag time (Termine and Posner 1970). This
lag time is dependent on concentration, ionic strength
and pH. The dependence of the lifetime of ACP on the
above mentioned parameters was studied by Termine et al
(1970) . It appeared that both the long time for the
formation and lifetime of ACP are increased at lower
supersaturation. The reason for the nucleation of this
unstable phase seems to be explainable in terms of
classical nucleation theory (Wwalton et al, 1967).
Hydroxyapatite is a hard material of high surface energy
and is not readily nucleated with a low thermodynamic
driving force (that is low supersaturation). On the
other hand, Octacalcium phosphate probably has a much
lower surface enerqgy, it undoubtedly has a large entropy
of crystallization because of the large number of
entities involved in a neutral cluster. The
stoichiometry of a product Ca,(PO,4), represents the
minimum number of ions in a neutral molecule and may have
low entropy of formation. However, the stoichiometry is
the same as tricalcium phosphate. The crystalline
arrangement is unlikely to resemble that of the latter
compound because it, too, is a hard, high surface energy
material. Electron diffraction measurements affirm that

the product under consideration is amorphous or soft.
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The octacalcium phosphate (OCP) precursor model
proposed by Brown (1966) to explain the formation of
nonstoichiometric apatites (Ca/P0; < 1.67) provides a
possible interpretation of the sequence of events that
takes place during the early stages of transformation.
The first crystals to form at physiological pH and
temperature are postulated to be two-dimensional growths
of single unit cell thick OCP (Brown, 1966). They
deviate from apatite in morphology, compogition,
structure and solubility, as exemplified by low Ca/PO4
molar ratios, high levels of HPO42' ions and distorted
lattice dimensions. This growth pattern which is known
as Ostwald ripening (Walton, 1962; Dunning, 1973),
account for the flaky appearance of the earliest crystals
(Eanes and Meyer, 1977), as well as for their solubility
approaching the value for OCP. These primary crystals
are unstable and with a concomitant decrease in
solubility. They also change steadily upon- solution
ageing to compositions and structures more nearly
resembling HAP. This post conversion crystallization
process is more complicated than can be described by a
steady change in the growth and perfection of a highly
defective apatite (Eanes and Meyer, 1977).

There are two different hypotheses to explain how
this transformation takes place. One hypothesis

considers ACP dissolution and subsequent transformation
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into crystalline phosphate as the main mechanism (Meyer
and Eanes, 1978), while in the second hypothesis, ACP
const itutes an expitaxic substrate for secondary
nucleation of the crystalline phase (Garcia Ruiz et al,
1980). This phase structurally identified as OCP, takes
the torm of enlarged prismatic crystals, oriented in all
directions of space covering the initial nucleus of ACP.
The initial ACP does not change its volume during growth
of the ordered phase. OCP formation is thought to be as
a consequence of a drop of the calcium and phosphate

concentration due to the prior precipitation of ACP.

2.5.3 Effe vironm -
Transformation

Once initial mineral phase separation (that is
precipitation of ACP) takes place during solution-
mediated calcium;phosphate formation, the next major
event to occur is the transformation of ACP to tiny
crystals of HAP. The amount of time that actually
elapses during the solution mediated transformation is
short and variable. On the other hand, the time required
to reach this period of rapid precipitate conversion is
strongly dependent upon the exact solution environment
(Termine et al, 1970). 1In as much as initial mineral
phase separation ié also dependent upon solution
environment, it can thus be seen that exact control of

initial Ca/PO4 molar mixing ratio, pH, total ionic
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strength, viscosity and temperature, will determine the
complete sequence of events occurring within any calcium
phosphate-formation system (Termine and Posner, 1970).

The effect of decreasing initial Ca/PO, molar mixing
ratio upon ACP suspension lifetime, shows that ACP
appears to be much more stable if formed from solutions
at low levels of initial supersaturation. The initial
mineral -phase separation is enhanced by solutions rich in
calcium relative to phosphate and poor in total salt
concentration. On the othef hand, ACP formation is
inhibited by solutions rich in inorganic phosphate
relative to calcium and high in ionic strength. This lag
period (that is the length of time required before ACP
precipitates) is directly related to the degree of
metastability of the calcifying solution being used
(Termine and Posner, 1970).

High pH values enhance ACP formation and affect
subsequent transformation to HAP, The total time
required for the ACP to HAP transformation to reach
completion increases with increasing pH. Under different
experimental conditions, observed conversion paths are
independent of (i) the nature of buffer, (ii) the type of
univalent ions in solution, or (iii) whether the
amorphous material was left in contact with the mother
liquor or filtered, dried, and added to fresh buffer

(Boskey and Posner, 1973).
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The effect of increasing temperature enhances ACP
formation. It also increases the rate of transformation
by both increasing the solubility of the ACP and
providing additional energy needed to form a stable
primary nucleus (Termine and Posner, 1970; Boskey and
Posner, 1973). ACP was found to be three times less
stable at 37°C, while sixteen times more stable at 4°c,
than at 25°C (Termine and Posner, 1970).

The amorphous particles remain stable in ethanol or
acetone, and convert more slowly in a 50% acetone
solution than they do in pure buffer. This corroborates
the view of Posner (1965) that, the reaction is solution
mediated or at least accelerated by the presence of
water. The increase in the rate of conversion with
increased water solid ratio up to 400:1 further
illustrates the necessity for water in the conversion
(Boskey and Posner, 1973). The effects of varying ionic
strength and dielectric constant show that ACP is least
stable when suspended in aqueous media of low dielectric
constant and low ionic strength (Termine et al, 1970).
In addition ACP is more stable in solutions of high
intrinsic viscosity. Addition of either 34% (w/v)
glycerol or 26% (w/v) sucrose reduces the transformation
of ACP drastically (Termine et al, 1970).

These findings demonstrate that the lag time

required for initial mineral phase separation from any
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given calcifying solution, (i.e 1its degree of
metastability) is an exact function of many different
environmental factors. Therefore it can be seen that in
comparing results obtained from different calcification
systems, each of these factors must be thoroughly

accounted for in each assessment.
2.6 Inhibition of ACP -HAP Transformation
2.6.1 Inhibition

Whenever crystals grow or dissolve, the linear rate
of growth or dissolution may be strongly affected by the
presence cf non-constituent ions or molecules. If the
rate is reduced, the compcnents responsible for the
reduction are call inhibitors.

The presence of inhibitors may explain why calcium
phosphate i1s not spontaneously precipitated in some
biological systems despite the golution being
supersaturated with respect to them. However, existing
information concerning inhibition of crystal growth and
dissolution is mainly of qualitative nature (Nielsen and
Christoffersen, 1982). Other problems of inhibition
theory is that:

i) it is not easy to devise ways of detecting and

describing the effect of inhibitors;

ii) the effect of inhibitors are not easy to

~explain; and

iii) it is not easy to isolate and identify in vivo
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inhibitors.
However, it is known that inhibitors cannot influence
diffusion in solution (Nielsen and Christoffersen, 1982),
therefore the reduced growth rate due to an inhibitor
must be surface controlled.

The effect of an inhibitor is in general explained
on the basis of the rate controlling mechanism for
growth. If the concentration of inhibitors adsorbed is
so high that new nuclei can hardly be formed without
inhibitor units being removed, the rate of growth will be

severely reduced.

2.6.2 Effect of Added Macromolecules on
ACP-HAP Transformation

Macromo;ecules can influence both initial formation
of amorphous calcium phosphate and the ultimate formation
of apatite through amorphous-crystalline conversion. The
exact effect which a given macromolecule exhibits toward
amorphous calcium phosphate formation is strongly
dependent upon the initial degree of supersaturation of
its calcifying solution (Termine and Posner, 1970). For
example, at high supersaturation, macromolecular effects
would not be expected to compete efficiently with the
relatively high driving forces for ACP formation existing
within the solvent space itself. Thus under these
conditions, macromolecules probably behave only as ca?t

or HPO42" binding agents. However at relatively low
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levels of initial supersaturation, that is, where
solution ACP formation lag times are quite long, specific
macromolecules could contain sites either in their
internal or solvation-shell space which may actually be
favoured locations for ACP nucleation and/or growth.
Thus, under these latter condition,s, ACP formation could
take place within the protective domain of the
macromolecular species and not in free solution (Termine
et al, 1970).

Several macromolecules such as the phosphoprotein
phospholipids, proteoglycans, free carboxyl-containing
polymers, pyrophosphate, some diphosphonates, and others,
inhibit amorphousg-crystalline transformation or
replication from pre-existing crystal seeds in metastable
solutions (Termine et al, 1970, Termine et al, 1980 and
Nancollas, 1982). Phosphoprotein for example inhibit two
stages of the crystal growth. An initial lag period was
induced, and this period was prolonged indefinitely when
a combination of phosphoprotein precoated seeds were used
together with soluble phosphoprotein in the crystal
growth reaction. Phosphoproteins prolonged that stage of
the reaction where OCP is the predominant mineral phase
present prior to its conversion to the final apatite
product. Pretreatment of the phosphoprotein with Calcium
diminished their inhibitory activity to the seeded

crystal growth as towards apatite formation in synthetic
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extracellular fluids. The presence of collagen
diminished the inhibitory activity of the phosphoprotein
towards precipitation but had no effect on phosphoprotein
modulated apatite crystal growth in the seeded systems

(Termine et al, 1980).

Citrate has minimal effect on ACP-HAP transformation
at near physiological conditions, it has a small,
measurable stabilising effect in ACP at higher
concentrations (>2x10"%M), and decreases the rate of
recrystallization. Citrate is thought to decrease the
rate of conversion of the first formed OCP-like phase to
the more apatite-like secondary crystalline phase (Meyer
and Selinger, 1980 and Furedi-Milhofer et al, 1972). If
crystal ordering of the precursor precedes OCP
nucleation, this process could be hindered and secondary
nucleation delayed, by the occluded foreign matter
(Firedi-Mihofer et al, 1972). The solubilities of the
calcium ;phosphate phases are not affected however. This
suggests that the sgpecific interactions of citrate with
crystalline calcium phosphate may play a casual role in
determining the physical and chemical characteristics of
the inorganic component of hard tissues (Meyer and
Selinger, 1980).

Results obtained in investigation with model
macromolecules on initial mineral phase separation and

amorphous-crystalline conversion provide ample evidence
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that macromolecules definitely interact with calcium
phosphate salts (Termine et al, 1970). Specifically,
phospholipids, RNA, and the phosphoprotein, phosvitin,
casein, and the free carboxyl containing polymers,
polyacrylate, poly-l-glutamate and others, indicate that
organically bound phosphate and acidic amino acid side
chains may well be the most potent sites, for any given

macromolecule-mineral interaction (Termine et al, 1970).

2.6.3 Structural factors influencing the
Bild : s to inhibi

Many biological molecules are recognised as having
the potential to influence calcification systems through
an inhibitory action. Compounds as wide ranging as ATP,
fructose 1,6-bisphosphate, phosvitin, casein,
pyrophosphate, polyphosphates, phosphonoformate, and
phosphocitrate are known inhibitors, and because of the
diverse nature of the molecules only few guidelines have
ever emerged for predicting the inhibitory ability of
compounds (Williams and Sallis 1982) . |

Polyanionic compounds are potential inhibitors of
hydroxyapatite (HAP) formation (Termine et al, 1970,
Meyer and Nancollas, 1973), and on the basis of studies
with l1-hydroxyethane-1,1-diphosphonate (EHDP} ,
pyrophosphate and imidodiphosphonate (PNP) , the
suggestion has been made that compounds possessing a

H,0,P-x-POyH structure (x may be C, N, 0) will inhibit
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(Robertson and Fleisch, 1970). Termine and Conn (1976)
extended this idea by proposing as a minimum requirement
that the two phosphate ester groups need not be closely
linked as in for example, fructose 1,6-bisphosphate for
inhibition to occur. It has alsoc been proposed that an
inhibitor molecule should possess at least one phosphate
group and at some other position an acidic group, either
another phosphate or a carboxylic moiety (Williams and
Sallis, 1979). Although molecules with basic groups are
immediately recognised as inhibitors, many other factors
must also be responsible for the degree of potency.

in certain situations, this rule needs
qualification. Polycarboxylic, phosphate-free molecules
will inhibit, but the minimum number of carboxylic groups
required for inhibition is unknown (Williams and Sallis,
1982). Structures of some potent inhibitors are given in
the next chapter (figure 3.7). Formic and oxalic acids do
not inhibit, but citrie acid is a weak inhibitor.
Notably, the dehydroxyl and dehydro derivatives of citric
acid - namely tricarballylic acid and aconitic acid fail
to inhibit. In this particular case, the hydroxyl group,
perhaps due to its position in a tetrahedral environment,
must be associated with the weak inhibitory ability of
citrate. However, the ability of phosphonoacetate and
phosphonoformate to potently inhibit HAP formation, shows

that hydroxyl groups in compounds with phosphate groups
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are not needed for potent inhibition (William and Sallis,

1982) . The type of functional group present is of

primary importance in determining whether a compound

inhibits or not. Secondary factors including:-

ta) the number of active groups, (b), their proximity

(c) stereochemical arrangement (d), steric factors,

(e) 1lipophilicity and (f), lability of the molecule
also influence inhibitor potency (Williams and
Sallis, 1982).

In general, as the number of anionic groups
increases, so does the inhibitor power. Thus Adenosine
triphosphate (ATP), is more powerful than Adenosine
diphosphate fADP]. tripolyphosphate 1is better than
pyrophosphate, and phosphocitrate is stronger than 2- and
3-phosphoglycerate. The proximity of the groups is
vital, since the closer the anionic groups, the more
strongly a molecule inhibits HAP formation. For example,
phosphonoformate is more potent than 2-phosphoglycerate,
which is more powerful than 3-phosphoglycerate.
Furthermore, a linear arrangement of active groups is
less potent than an irregular arrangement, which allows
for a <closer packing of active groups. The
stereochemical arrangement of chelating groups about a
tetrahedral sp3 carbon is more suitable for binding to
active sites than about a trigonal nitrogen. If the

anionic groups are bound to an sz hybridized carbon
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(that is, double-bonded carbon), the molecule no longer
inhibits. Substitution of sterically bulky group on to
a parent inhibitor reduces the inhibitory capabilities
of the inhibitor. This is because of the decreased
ability to fully bind to the active sites. The molecular
size of the inhibitor also opposes the effects of
increasing the number of groups and proximity by
rendering binding to active sites less efficient
(Williams and Sallis, 1982).

Inhibitors of ACP-HAP transformation have Dbeen
grouped into two types by Williams and Sallis (1982),
based on the manner by which their increasing
concentrationh affect the parameters defining the
transition. These are often referred to as Type I and
Type II inhibitors. (Table 2.2).

Prior to transformation, ACP spherules are similar
in appearance irrespective of the type of inhibitor.
After transformation however, the crystals found in
presence of type I inhibitors are comparatively small.
In contrast, type 1II inhibitors do not alter the
dimensions of the particles involved, even though the on-
set of the conversion process is delayed, sometimes as
long as with type I inhibitors. Although needless of HAP
are usually formed after the conversion process, this is
not the case when a sufficiently high concentration of

type I is present. No transformation occurs and ACP
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spherules are indefinitely stabilized (Williams and
Sallis, 1982). If the concentration of type I inhibitor
is a little less than the amount required to completely
block conversion, it is possible to detect a small degree
of transformation.

Type I inhibitors are crystal growth inhibitors.
Inhibition is not due to chelation but is considered to
be as a result of adsorption on to ACP and HAP (Meyer and

Nancollas, 1973, williams and Sallis, 1979).

Table 2.2 Examples of Type I and Type II Inhibitors.

_________________________________________________________

Type I Inhibitors Type II Inhibitors
Pyrophosphate Adenosine-s-Diphosphate
Phosphocitrate Adenosine-s—Triphoéphate
Tripolyphosphate Citrate
Immidodiphosphate Phosphonoformate

l1-Hydroxyethane-1, 1.
diphosphonate (EHDP) 2-phosphoglycerate

3-phosphoglycerate
Magnesium iron

_______________________________________________________

* (Williams and Sallis, 1982).

These inhibitors stabilize HAP embryos and inhibit
subsequent growth by binding to the active sites and
poisoning heterogeneous nucleation. At high

concentration of inhibitors, embryos fail to reach their
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critical size, and redissolve, hence the decrease in the
extent of conversion of ACP to HAP. Type II inhibitors
on the other hand are considered to act wmainly by
decreasing the lability of ACP. Both classes bind to Acp
and HAP, and it therefore appears either that type 1
(Crystal growth) inhibitors bind with higher affinity to
the defect sites on HAP from which crystal growth
proceeds or that these sites are different from those
bound by type II inhibitors or both (Termine and Conn,
1876) .

Although inhibitors have been grouped into two
types, it does not necessarily indicate that only two
mechanisms underly this division. Binding to active
sites on HAP is the fundamental mechanism with type I
inhibitors while with type II inhibitors, ACP is
considered to be the main locus of action, although
diverse mechanisms must be responsible for their
inhibitory action. It is also suggested that bulky
anionic macromolecules can bind to ACP and HAP
sufficiently to sterically interfere with the conversion
process (Fleisch and Bisaz 1962; Blumenthal et a, 1979).

It is possible to predict compounds that will
inhibit HAP formation and offer preliminary estimate of
potency. It is also possible to explain.the mechanisms
at the calcium phosphate surfaces that may underly the

separation of inhibitors into two classes, but it is
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difficult to elucidate any structural features of

molecule that will indicate whether it is type I or tyj
II inhibitor. No obvious pattern emerges, but type
inhibition has been ascribed to the presence of o
phosphate group and, in close proximity either to anoths
phosphate or multiple carboxylic groups (Williams a
Sallis, 1982). ; In the case of nucleotides, where:
tripolyphosphate and pyrophosphate are ;ype I inhibitor:
ATP and ADP are type I1 inhibitors. The reason given

the inability of ADP and ATP to bind as efficiently i
pyrophosphate and tripolyphosphate to HAP embryos, whi
may make them susceptible to surface catalys:

hydrolysis.

2.6.4 Effect of added ions on ACP-HAP
Transformation

Cations and anions separately or in combination ai
as inhibitors of ACP-HAP transformation. Ions such |
Mg?, Sr?*, Be?' and F~ have been found to inhib:
calcification in wvitro (Bachra and Fischer, 196
Nancollas; 1982). The inhibitory action of Mg?*, Sr
and F~ ions on apatite formation at high concentration
these inhibitors, and of combinations of Mg?* with F~ |
sr?* ions at lower concentration is due to the inhibiti
of apatite nucleation and crystal growth (that is thi
are type 11 inhibitors). The inhibitory action of Mg

ions on the formation of apatite probably involv
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interference with the formation of HAP critical nuclei,
by entering the pre-nuclei structures of HAP and
creating a structural mismatch (Nancollas, 1982). A
molar Mg/Ca ratio greater than 0.2 effectively prevents
the transformation of ACP and will also delay the
formation of apatite from solutions of low
supersaturation. They also slcw down the transformation
of Octacalcium phosphate, OCP into apatite (Bachra and
Fischer, 1969). The relatively large concentration of
Mgz+ ions in the bone is thought to be the principal
component which prevents the precipitation of HAP in vivo
(Nancollas, 1982).

Fluorapatite is less soluble than hydroxyapatite,
and thus the incorporation of F~ ions within the lattice
would be expected to result in a more rapid precipitation
of the apatite. However, seeded growth and spontaneous
precipitation experiments of HAP in presence of F~ ions
have shown that this anion reduces the rate of reaction
at low concentrations (< 10 °M) but enhances-growth at
higher concentrations (> 107 °M) (Nancollas, 1982).
Studies of the ionic molar ratios in the precipitating
phase suggest that this phase is not fluorapatite, (FAP)
but rather a fluoridated hydroxyapatite in which the
degree of substitution of F ions for OH  ions in the
lattice varies with the initial F~ concentration in the

solution (Nancollas, 1982). Fluoride inns retard the
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formation of ACP which precedes the hydrolysis of OCP to
HAP and inhibits or even eliminates the formation of OCP-
like precurscor phase. This is in contrast to the
influence of Mgz* ions during precipitation of calcium
phosphate which apparently stabilizes TCP-like precursor

phases.

2.6.5 Effect of Inhibitors and Reaction medium
upon crystal shape of HAP -

The initial spontaneous precipitation of ACP due to
the addition of base appeared unaltered by the presence
of inhibitors. This observation is supported by light
scattering and calcium ion activity measurements
(Williams and Sallis, 1982). Subsequently as described
by Eanes et al (1965), the spheres increased in diameter
although addition of an inhibitor decreased the growth
rate of the ACP spherules. Just prior to the
transformation, all particles appear similar, but during
the transformation, a change in morphology is evident
with spheres of ACP becoming indistinct and needle-like
deposits appearing except when high concentration of type
I inhibitors are present. After transformation however,
aggregates of needle-like deposits are visible, although
dimensions of the individual particles are small.

The particle size and shape of calcium phosphates
are determined by the relative rates of several

processes. The formation of an amorphous precipitate,






