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Abstract—Several ways to increase resorption of
CaP biomaterials are treated. The main thrust of re-
search efforts is concentrated around ( i) control of
morphology of hydroxyapatite (HA) crystals, and (ii)
decreasing energy of HA crystal lattice due to chemical
doping ( silicon— and carbonate—doped HA)

[ . INTRODUCTION

A distinct feature of a new generation ofCaP bioma-
terials used for bone treating is an enhanced rate of thejr
Tesorption (1. e. their solubility in vivo coupled with sim-
ultaneous replacement of them with newly formed bone) .
Ceramics based on artificial calcium hydroxyapatite Ca,,
(P0,)s(OH), (HA)

is a widespread material due to

Table 1.

chemical and phase similarity to inorganic constituent of
bone. However, its bioresorption rate is too sluggish to
induce a new bone ingrowth [ 1, 2].

In accordance with a division ofresorption phenome-
non into two distinct stages—“sluggish” and “fast” ones,
which differ from each other in pH and cells involve-
ment, assessment of resorption properties of materials
can be reduced to consideration of materials solubility in
water or model media. Some properties of the materials
used (or potentially used) to compensate bone defects
are listed in Table 1.
presenting scaled values of pCa and introduced here by

Note that resorption index (RL, re-

us) increases from left to right (i. e. from HA to gyp-

sum) .

Solubility andresorption properties of some Ca-containing biomaterials

Materials

pKs ( :‘IOEJDKS)

8.4 (calcite)
8.2( aragonite)

estimation of resorption ( literature data) :

The following aspects of the strategy aimed at in-
creasing ofresorption (solubility) of CaP should be con-

sidered:

(1)

(2) decreasing energy of HA crystal lattice due to

control of morphology of HA ( nano) crystals;
its chemical modification ( isomorphic substitution) for
the case of silicon— and carbonale—substitutedapatites;
(3) usage of different from HA crystal structure;
(4) shift from ceramic fabrication to low—tempera-

ture technique of chemical bonding.

—— very weak, —weak, + strong, ++ very strong

the main thrust of discussion is struc-
(1) and (2) dealing with
HAnanocrystals or doped HA. Results on calcium phos-
phate materials with Ca/P< 1. 67 or chemically bonded
phosphates can be found elsewhere [3], [4].

II. RESULTS AND DISCUSSIONS

In this work,
tured around directions

Control of morphology of HA crystals.

Equilibrium shape of a crystal with molar volumeV
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Figure 2. Projections of response surface for

form-factor of HA crystals F (a, b) and size of
HA crystal along [00.1] (¢, d) on factors planes

Factors effects (including mixed effects) described
Ve are caused by ionic equilibriums in the solution.
calculations of the equilibriums in the solution with
2] = 10 mM at 20°C show that initially at pH ~ 7
following species dominate — Ca™, [ CaHPO, 1° u
0,”. At pH ~ 12 in the solution, CaP0,”, CaOH*,
" become major species. During heating up to 80 °C
pH~7. the fraction of CaPO,™ and [ CaHPO, ]’ in-
es owning to decrease of Ca* and phosphate—ions.
pH increases, relative supersaturation of the solution
with respect to HA precipitation grows—at 20 °C, lIg
)=1.7 (pH=7.4) u lg(oy,) =2.7 (pH= 12),
ever, this growth is not so sufficient to accelerate nu-
tion to the prejudice of crystal growth. Thus, there
clear tendency of HA crystal size increase with in-
ing of activities of ion pairs CaPO,” u CaOH" in the

solution. The pairs denoted as CaPO, has, in fact, a
structure of Posner cluster—Ca, ( PO,),. i.e. growth u-
nit, which composition can be deduced from experiments
on kinetics of HA crystal growth. Clusters Ca,(PO,),
and CaOH" can be easily recognized in the crystal struc-
ture of HA. Therefore, their accumulation in the solu-
tion leads to crystallization of HA in highly base media
according to Onuma’ s cluster model of HA growth [6]:
Cay(PO,) + CaOH*+ OH —> Ca,,(PO,) ((OH), |
(5)
Solutions containing calcium  acetate demonstrate
more complex behavior connected both with hydrolysis of
acetate anion and with formation of strong ion pair CH,

COO0Ca*:

F(20.1) =2.50 +0.15 x-0.20 y-0.55 » ¥

Z, (6)
L(£10 A) = 165-20 y+40 2415 4 y 10 % 7+
15 % y z, (7)
L(+15 &) = 410 + 30 x—65 y+90 z -20 x z—
10 ¥ 2-50 » y 2. (8)

Needle —shape HA crystals with# ~ 3 can be oh-
tained both at low temperatures and at high temperatures
(increasing calcium content and decreasing pH, or visa
versa) . At low temperature, increasing of pH leads to
suppression of acetate ion hydrolysis and, therefore, to
more effective binding of Ca—ions. Hydrolysis of acetate
ion increases with temperature increase, so the demand
of simultaneous increase or decrease of pH and Ca con-
tent is violated.

Decreasing energy of HA crystal lattice due to its
chemical modification.

The following logics can be anticipated in this way:
solubilitys is related to H# aiss and, therefore, to U/  ~ 4

zcalinnzuninn/( rcalinn+ ranirm); to Increase s 1t 1is neCeSSary to

lattice

decrease U, . that is, to decrease z, and/or increase r

(or, more generally, to increase molar volume V [7]).
Si—doped HA.

Si—-HA was precipitated from solutions containing
TEOS as silicon precursor:

10Ca(NO,), + (6-x) NH,H, PO, + xSi( 0C, H,) , +
(14+x) NH, OH — Ca,y(PO,),,(Si0,) (OH), | +
20NH,NO;+ 4xC,H,0H + (21-2x) H,0, (9)

x=0,0.1, 0.2, 0.25, 0.5, 1;: as well as by sol
= gel technique using TEOS andtrimethylphosphate
(TMP), and by solid—state reaction. In fact, formation
of Si—-HA takes place under heating higher than 600 -
8000C. The precipitates as—received through (9) repre-
sent HA crystals covered with hydrated silica. In the
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Increasing carbonate content in CHA obviously

leads to decrease of crystal size (fig.5 a) and accumula-

carbonate
274
A
24 i
21 L
d i
Size , nm 5] i
.
154 » aa
12 [N
.
: X b o *THC
6 \
§T0°C
34
1 2 2 2 7 8
€O % wi%
(a)
Figure 5.
tent
0,014 T=40°C
0012 t
2 y i
C(Ca "), mol/l 0010 ] T:/;ﬂ c N
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0,008 / b
0,006 "
’ ‘}/éi
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~ ~
ooz { *
1 2 3 4 5 6 7 @
CO 3™, wi%
(@)
Figure 6.

The best solubility is demonstrated by CHA withx+y
=1.5 fabricated at 40 °C (fig. 6 a). Increasing CO,> -
tontent is accompanied by non—monotonous increase of
A dissolution rate both in acidic (pH ~5) and almost
peutral media (pH ~7.4, fig. 6 b). Two valuable fac-

lors governing dissolution rate of CHA were stated —size

Opposite effects of these two factors under rising overall
antent of CO,* stipulate non — monotonous change of
dissolution rate.

IV. CONCLUSIONS

Two aspects of the strategy aimed at increasing ofre-
soption ( solubility) of CaP are treated: (i) control of
rphology of HA crystals, and (ii) decreasing energy
of HA crystal lattice in the course of isomorphic substitu-
ion. The first way can increase apparent solubility s/s,
1 100 times. The main factors governing HA growth in
solution and affecting its morphology are ion concentra-
ions, pH and temperature. The second way of resorption
increase is associated with formation of silicon— and car-

tion of lattice distortions observed as lattice microstrains

(fig.5 b).

* T=40 °C
Strain, 304 T=60°C

10°

00 ? "H_%mo"c

CO ¥ wi%

™
294
£

(b)

(a) Sizes of CHA crystals (from XRD line broadening), and (b) lattice microstrain vs overall carbonate con-

14 aT=20"°C
o y
124 o« \
V. mmol/(l - s) *T=40°C
10 3
Ve
038 \ X
v e
064 *° &
P i “T=60°C
044 v e

035 05 075 100 135 15 175 200

x4y

(b)

(a) Solubility, and (b) initial rate of dissolution of CHA powders in tris—buffer at pH=7.4

bonate—substituted apatites. In the case of carbonate —
substituted HA two valuable factors govern its dissolution
rate: —size of apatite crystals and degree of occupation of
A-—sites. Opposite effects of these two factors under ris-
ing overall content of CO,” lead to non — monotonous

change of dissolution rate.
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