CHAPTER 2

calcified tissue o afléhivates, Dydroxgapatite has attracted
much attention apial for damaged teeth
iroxyapatite is very

close to our li ement of bone and tooth

minerals. Many luding fluoroapatite,

chlorapatite, carbon® - hydroxyapatite are being
used in the indus -*l~;¢f 2l ertilizers, fluorescent

substances, cat;;i~”m*~*W'” en 7*;} ity sensors, and

materials for eldctrica n jbhe medical and dental

v

fields, hydroxyapatihe is beingutilized as artificial bones,
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Chemical Formula

"Hydroxyapat.ite" is a member of the apatite group of
minerals, and its chemical formula is Ca,, (PO,)_ (OH),.
Hydroxyapatite 1is a calcium phosphate including hydroxide,

and its Ca/P ratio is represented as 1.867.
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"Apatite" is a general term for crystalline minerals
with a composition of M  (Z0,), X_.. Many elements occupy

the M, Z, and X sites.

M = Ca, Sr, Ba, Cd, Pb, etc.

Z = P, V, As, 5, Si‘ Ge, CO,, etc.

X = 'F, G, Vacancy, etc.

Various ifferent in composition
-—--ﬁ

can be prepared b ements for each site.

Crystal and Surf@tCey

The cryst ‘¥apatite (HA) belongs

to the space gréu; a2 .le ™ hexagonal system with

| fiﬂ{ H -J L '
the lattice parameters™ ai- b 3.432 A and C = 8.881 A

¥ orit 1‘" ¥ ‘r; T

(Kanazawa, 1988 e of HA is depicted

-

in Fig.2.1, inlWhich oxyg i J. the tetrahedra of

PO, are ahhrevﬂt.ed. ‘The WO “atoms of the PO, -
tetrahedron m i“ 1/4 and 3/4,
and the ﬂ:ﬂﬂ Bm B‘:Iﬂ.izsites above and
below qm ﬂq‘jlmﬂ Hqﬁ’gent sites;
the colagmn Caag;ﬁ at Z = 0, ﬁ e screw axis CaiCa, )
at Z = 1/4, 3/4. Three of the screw axis ca”* form a
triangle on a mirror plane. This ca®* triangle has a
sixfold-screw axis. As detailed in the following sections,
a Ca®" moves more easily along the C axis than in the

direction perpendicular to it. This is attributed to

the easy deficiency of the column ca®*. The arrangement
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of OH  ions surrounded by a ca®’ - triangle along the

c-axis is also characteristic of the HA structure.

ﬂ
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Solubility of Hydroxyapatite

Because the surface structure of HA has a significant
influence on a surface-related phenomena such as adsorption,

dissolution and ion exchange

studies on dissolution and its
chemical proporties ;g;ahu godtribute to  understanding

in vivo phenomena bfeified tissue. HA is

soluble in an insoluble in an

alkaline soluti in distilled water.

The solubility i inereases with an addition

N

?\\\ bI1ity of HA changes in
f n; ‘ \ '

of electrolytes# v

the presence of

3 , , “"'\ i, enzymes, and other

organic compounds.” Fhes& sol 1}1 properties are closely
A, _

related to biocompatTesiii = th tissues and chemical

reactions to obher 'ha solubility rate

]

Ak
L |

crystallinity, inm@luding strain, dafaﬁfs, and crystallite

e AUHANENINYINT
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testing §in distilled water at 37 ¢ : synthetic HA powder

depends on diffe crystal size, and

(100-200 mesh) by the wet method, a commercial HA powder
(Bio-Gel), and calcined HA were shown in Fig.2.2. The
synthetic HA and commercial HA (Bio-Gel) showed almost the
same solubility. The amount of calcium ion liberated was
approximately 4 ppm and after 300 days increased to 5 ppm.

The calcined HA showed lower solubility than the synthetic
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HA (Aoki, 1991). The amounts of phosphate ions dissolved in
distilled water were lower than the theoretical values.
It was concluded that the dissolved phosphate ions were
adsorbed again on the surface of the HA. Various values

for the solubility product, pKs, had been reported by many

investigators. The

éf_ approximately 120. The

A" _is follows :

solubility product, DK

pKs _ g, (CCali TR0 M8, [OHI™)

E -
- @
5 b= an®
z i
o4 =
] —  —
. 3 = A -@— Synt.HAp
s ‘ i | —h— Bio-Gel HAp
i _n"" - Calc.HAp
1
14 I -
e A Y T 1 1 11 " ’ 5
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Changing 1in electroconductivity in distilled water,
in which several kinds of HA were dissolved at various
reaction temperatures were shown in Fig. 2.3. The
electroconductivity of the distilled water indicated
approximately 1 uS for HCO, ion produced by the reaction

fide in air. By the addition of

‘/)Qt.rncnnduct.ivit.r rapidly
d line within one hour,

after which it iner fery 8 law] ¥ This increase was due

between water and carbon di

HA into the distilled w
increased and app'-‘;T"-
to the increase i Solubility of sintered
HA 1is very low. ate of sintered HA in
distilled water the weight loss, as

shown in Fig. 2.4.

FI‘IEI
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Time (hour)

Fig. 2.3 Electroconductivity of sintered HA in

distilled water (Aoki, 19%91).
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Fig. 2.4 ht 21088 cukve df sintered HA

(Aoki, 1991).

Jf; on the solubility
of HA was- st.urd @81 Gnalysis. Several salts,

including NacCl, 4 MgCl_, gand NaF were used in this

analysis. ﬂ:u INUTISHY AN e verims
amounts of Haﬂl (0.03-30%)%were a : Fig. 2.5.
The s%mnﬁiﬂzﬂjmnmao‘lnﬂﬂﬁﬂ:ncrease in
the amount of NaCl. The effect of KCl on the solubility of

HA was almost the same as that of NacCl.
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Fig. 2.5 Sojik %i *\§- (8 HA in various
sod #injehlor i pIMtions (Aoki, 1991).

g-;:_ A2

The so :i}:!'"?"?"‘,','E",—“"""'”“'_“—"_1 l'in{?.lt solution to

ji 0. d were shown in Fig.2.6.

i

which amounts

The effect of Mg€l, K on the golubility of HA was twice of

NaCl. The ﬂuﬂ %V}.H ﬂisw Ej:’]ﬂliral salts on the

solubility nf HA decreasedsfas follgss : Sr > Be/> Mg > Na > K

(hokt, &mmnimumawmaa
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20 MgClp 0.3 § |

—x— MgCly 0.03 %
—0 NaCl 0.3 %

ca?t (ppm)

n NaCl 0.03 %

Fig. 2.8 MgCl, solution
n at 37 ¢
2.3 In Acié
;— OWaeT Wi S0 ® Jin acid solutions.

Kanazawa et al. t&sl had ed th',initial step of the

dissolution, usind & acids with Under these

conditions, ﬂ-uﬂlngmj wﬁ,]nglutlon could be
iin:&mé” SRITE ) (AT 1

The rate of dissolution was closely related to concentration
and type of acid. As shown in Fig.2.7, the dissolution rate
increased with increasing CH 3 in the case of
hydrachinrié acid. Citric acid showed different behaviour;

the dissolution rate increased with increasing the

concentration of citriec acid.
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n pH ( , 7“' 7 1'\5‘:. \“ % [] H = 1 - EB

When the re with those of HCl, the

pH followed the 0.2% HCl < 0.1% HCl < 10%

he dissolution rate

citriec acid <« 'i,

was in the ordery @ ;fﬂ. » 0.2% 3 HCL » 2%

bited to the promotion

¥

JHCI. hls was attri

citrie acid » 0.1

g
of m’{ﬁghﬁ§ﬁ+mw:ﬁﬁﬂﬂw | issolution

surface as thought to
substituted ca®* according to the equation (Dedhiya et

al, 1973).

Ca,, (PO,) (OH), + nSr° = ----> Ca,_ __Sr_(PO_)_(OH)_ + nca™"*
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The resultant Sr°  -substituted HA determined the dissolution

rate. Fig 2.8 illustrated the profile of dissclution, where

phosphate ions were assumed to be HPG4=-. Ionic species such
24

as - ca”*, HP0,*” and H_PO,  supplied from the surface of HA,

diffused through the dissolution layer to the solution, while

-+

sr** diffused backwardg In the dissolution of HA,

diffusion was the r:‘é

NN
7/ l\\\\ \
£

Solution

.Fig. 2.8 Wi on model proppsed for HA.

ﬂ u Hiﬁﬂﬁ%‘ﬂaﬁtﬁ ‘qjof diffusion)
URIAND WATANENALL ...

but HA powder was very soluble. HA blocks were prepared and
put into lactiec aeid solutions having a pH rang; of 1 - 5.
The dissolved amount was measured by weight loss, as shown in
Fig. 2.9. In the pH 4.99 solution, thé solubility rate of
the blocks was very low. On the other hand, below pH 2.05,

the solubility rate rapidly increased.
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nlutions

gefaliva was studied
by X-ray diffracﬁpma-- F’issalved in saliva.
The crystallite sigg changes gof HA in human maxillary

salive wereﬂeu&leﬁllﬂfl 503 WA Torrrer st

using Sherrer s equation, fs followsn:

QW’mﬂﬂ‘iﬂlﬁJiﬂﬂﬂEﬂﬂﬂ

'h!r'.l.

gpCosoe

In the equation D _, indicated the crystalite size (A),
pindicated the width of the diffraction pattern (radian),
indicated Bragg’s angle (degree), K indicated the constant,’
and A , the wave leygth of the X-ray. The HA crystalllite

sizes along the a-axis and c-axis were calculated from the
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width of the diffraction patterns of the (100) and (002)
faces individually.

The crystallite sizes of calcined HA powder
used as starting material were 930°A (Dyoe’ and 610°A D o)

Human maxillary saliva was extracted from three adult men,

A, B, and C in Table 2.1

) erystallite sizes in

reaction ;, mens of maxillary saliva.
///\\\

c
D,,,(A) &> »p,,.(A) D
HAD 610 o iz J ‘ 610 930
1 hr 530 93075 . 580 930
5 hrs 500 ! R - — it ;"-_,.7 530 930
10 hrs 490 y.l T 430 930
1 day ‘930 580 930
: aors ﬁ»u N ﬂmw NG w0 oo
10 days 230 93ﬂ 930

50 dayed] ma\mﬁm lIM’TJ @%ﬂa& 930

In all cases, the crystallite size along the a-axis rapidly

decreased from 610 A to 430-440°A. On the other hand, the
c-axis crystallite size did not change. The atomic net plane
perpendicular to the c-axis was the c-plane. Our tooth enamel

surfaces were composed only of c-planes of HA. (Aoki, 1991).



Literature Survey about the Dissoclution and Surface

Reaction of Hydroxyapatite and other Bioactive Ceramics.

Oorly, et al. (1989) studied the chemical changes
occuring in the mineral after exposure of a synthetic

hydroxyapatite ceramic

1cth in vive (implantation

in human? and Iin  culture) conditions. A

é’.anacyt ized but the

small amount of thé™male

major remaining ﬂl!f-:ir d 884 S€condary nucleator as
evidenced by the Jﬂiﬁf cé ibﬁx wonewly formed mineral.
Morphologiecally, the r:’['f' ‘Qﬁﬁxkkqxneral appeared as
O ! §;$}1 ‘from the surface

t.iny crystals pTec N
of the initial ¥ .;L[  =; : .\!' hemically, it was

identified by IR "spyéc ;L: je. aj\-a carbonated apatitiec
F i

553*';'
Hyakunaﬁa i{; surface reaction

S — _r
of calcium 1::'.I1r:rs*'T l“- had been thought

mineral.

to play an inpnrt:'t rale in bonding *with living Dbene.

Hydraxyapatiﬁ uﬁawﬂﬁWEﬁhﬂﬁ (TCP), and two

kinds of apaffite- cantalniﬁf glass- ceranics uare immersed in
e QIO IFIIOI N NI G erveren
chemicall constituents. The first solution was a
physiological saline, the second contained phosphate (PO_),
and the third was a balanced salt solution consisting of
calcium (Ca), magnesium (Mg), and PO,. The experimental

results showed that in the complete solution with both
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ca and PO_, a carbonated apatite layer was formed on the
surfaces of HA, TCP, and the glass-ceramics.

Klein, et al. (1990) studied the im vitre solubility
of hydroxyapatite, tetracalcium phophate or tricalcium

phosphate particles in lactate, citrate, Gomoris or

Michaelis buffer with pi 7.2 and in aqua destillata.

The results showed ant ge g :
in the order teUFEELIGiun’ p% (TTCP) > tricalcium
phosphate (TCP) : ?’fﬁ ite tHAYoexcept for lactate or

citrate Dbuffer order was  TTCP =

TCP > HA. The fic buffer used was

much larger thand offther#aM or specific calcium phosphate

salt tested. The actate buffer and aqua

destillata was very ,ﬁﬁﬁ»é! r buffer solvents had a

rather stable leVﬂl-Tﬁ!#:jﬂag

Kokubo T Bttt St i e i 4,

\ 7 SIS Y )

dissolved from '5hﬁ gl : S in@reased the degree of

the calcium ions

the supersaturatign., gSpurrounding body fluid with

e ﬂeum DR SHENN . s rores o

he surfaces of the glass-ceramics provided the sites
favnra.@ Wm QQ ﬁlm umfla m El qa Hinding was
interpreted quantitatively in terms of the increase in the
degree of the supersaturation of the surrounding fluid with
respect to apatite due to the dissolution of calcium ion
from the glasses with the decrease in the interface energy
between the apatite and the glasses due to formation of

hydrated silica on the surfaces of the glasses (Ohtsuki,
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Kokubo, and Yamamuro, gquoted in Li, 1992:.

Muller-Mai, Veoigt, and Gross (1990) investigated the
interface of dense hydroxyapatite (HA) implants with
different surface roughnesses after implantation into the
spongy bone of the distal femur of rabbits by scanning

electron microscopy (SE and transmission electron

microscopy (TEM) folik 2rse fractures in the

interface. Each prant die nsiderable changes in

Wy
C¥easing grain diameter;

surface morpholog 4. by Te lehing, as shown by an
increasing pore
corrosion (particu i.e. the loss of HA
grains; and resorj through macrophages
6r osteoclasts.

Moreno, and. tudied the solubility

properties of hydroxyapati compared with those of

human dental ;_=’ '_;' lentansea LThe apatites were
—_— .
equilibrated acid solutions in
1 J.P
- cotaining mospherea. Both n the HA and the

dental minaﬂluﬁ.éasﬂ Wﬁwmﬂﬁslstent with the

precipitation¥ of anather carhunate - cant%ﬁp1ng apatitiec
e QEIRGATAUNIINGNAE

Ribeiro and  Barbosa (1991) studied about the
influence of metal ions, namely Ti, Al, V on the dissolution
behaviour of HA. The effect of pH, time, concentration of
metal ions and serum was investigated. The results suggest

that HA coatings may prevent the release of metal ions from



a titanium substrate by precipitating them in the form of
phosphate. It is expected that HA will act as a barrier to
elemental transfers from underlying substrates, but the
release of metal ions may influence the dissolution
behaviour of the coating. Serum decreases the Ca and

P concentration in solutioh

interacps with the metallie
elements, which are 5ferred from the solid to
the liquid phase.

Li et aff-—-—‘

formed on the surfg#@t g lBsSE \ i glass-ceramics in the

‘ﬂ\at a hydrated silica

body plays an imp i =1 pTm g the surface apatite
layer. In this s ¥, it 280 sho \\\ xperimentally that a
pure hydraﬁed silical ¢@ 1 as vf e E\-tit& formation on its
surface in a simulatg f;*‘_'% b (SBF) when its starting pH

is increased from :E;gﬁ This result has been

confirmed that g;-———‘—‘;‘-“-;_ glasses and glass

= A )

ceramics to bo é' j, he formation of an
Vi J.Inl
apatite layer on heir surface 1n the body.

Radﬂ ‘uag ’J %%j ﬂﬂf’l ﬂr%used that the

formation fAla hlﬂlﬂﬁlﬂﬂi&? equivalent ﬂarhnn e-containing
o WA TR HRABILANE) rermas
carnmics (CPCs) may be an important step leading to bond
with bone. Various CPCs were studied upon immersion into a
simulated physiologic solution (SPS) with an electrolyte
composition of Thuman plasma at pH 7.4, aTnc. The studied
CPCs can be characterized by the time to new phase formation

in vitro; the minimum time for measurable precipitate
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formation was found to inerease in the order : not-well-
crystallized HA < well - crystallized HA < « TCP, TTCP ¢ B -
TCP.

Li et al. 1(1994) showed that pure soluble silica

method induced bone-1like

prepared by a sol-gel
hydroxyapatite formatio surface when the silica
was immersed in a simds (SBF), whereas silica

glass and quartz ng directly supports

: J 1h‘ —
the hypothesis th e &E§§§§T\aws an important role
.‘;[j yapatite formation on the

AN\
\

insight into the wunique

in biologically

surfaces of bi

s-ceramies, which

leads to bone-bof itania is also a

hydroxyapatite abundant TiOH groups.

These results

osseointegration™g .anium ‘ar blg¥s. It is suspected

e ————————————————————————— ] '
-

that gel-derivedd & plJapatite layer by

T

from &he body fluid, thus

e TN, e e

¢

o R TN T

ceramics§ (CPCs) on the dissolution kineties. Monophase,

‘ taking calcium &Ad phosphate

biphase, and multiphase CPCs with a CafP-ratin equal to or
greater than 1.5 were studied by incubation in a calcium-and
phosphate-free Tris buffer solution at pH 7.3, 37°c. The
dissolution rate of the monophase CPCs increased in the
order of stoichiometric hydroxyapatite, p - tricalcium

phosphate a - tricalcium phosphate, and tetracalcium



phosphate. Dissolution of biphase and multiphase CPCs
increased prorated the concentration of more soluble
component.

Maxian, Zawadsky, ani Dunn (1993) studied of wvarious

apatite coating dissolution may promote enhanced bone

bonding. The surface _&h of amorphous Ca/P and

poorly crystallized HA) coatings on “smoqth“
and "rough" Litan T i) ;h=¥=;:,sal—4v1 implants were
studied with imma siologic solution at
pH 7.2 and 5.2,, week periods. The
amount of Ca d4#Ss

strongly ﬁependen 0} %‘i{

dependent of pH ogft ue'.{ ;

cated implants was
AOfk the coating and less
In vilro method is

an effective way of':eifgjgfg; frences in HA.

A
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