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Abstract—Carbonate-substituted hydroxyapatites containing up to 9 wt % of carbonate groups were synthe-
sized and fabricated in the form of porous granules with a view to developing materials for use in bone tissue
repairs. The use of sintering additives forming a liquid phase allowed the granule sintering temperature to be
reduced by 400—450°C. It was found that the carbonate groups enter into the structure of the ceramic by a mixed
AB-type substitution; the microstructure of the granules depends substantially on the concentration of the car-
bonate groups; introduction of 6 wt % of carbonate groups into apatite ensures high biological properties of the

granules in experiments in vivo.
DOI: 10.1134/S0020168509030194

INTRODUCTION

Calcium phosphate materials are used in medicine
for the regeneration of damaged bone tissues by way of
gradual replacement of the material by the newly grow-
ing bone tissue. Hydroxyapatite (HA) used for this pur-
pose today features a slow biological resorption rate—
a considerable shortcoming of the material. The resorp-
tion process can be enhanced through replacement of
the phosphate and hydroxide anions in the apatite struc-
ture with carbonate groups [1]. Carbonate-substituted
hydroxyapatites (CHA) are similar in composition and
structure to the mineral components of natural bone tis-
sue, which contain up to 8 wt % of carbonate groups.
The in vivo behavior of the ceramic depends on the
amount, size, and interconnectivity of pores that facili-
tate biological currents and improve the adsorption of
proteins and adhesion of osteogenetic cells [2—6].

This paper presents the results of a comparative
investigation for the structure and biological behavior
of CHA granules.

EXPERIMENTAL

HA and CHA powders with a calculated CO? con-

centration of 0.6, 6, and 9 wt % were synthesized by the
reactions

10Ca(NO,), + 6(NH,),HPO, + 8NH,OH

1
= Calo(PO4)6(OH)2 + 20NH4NO3 + 6H20, ( )

10Ca0 + 6(NH,),HPO, + (NH,),CO; + 4H,0

2
= CalO(PO4)6—}'(CO3)1(OH)27X+ 14NH4OH ( )

The synthesized powders were made into spherical
granules by the suspension method [4, 7]. To reduce the
granule sintering temperature and prevent the CHA
from decomposition, up to 8 wt % of alkaline or alka-
line-earth carbonates were introduced into the CHA
powders prior to granulation. Following sintering in a
resistance furnace, the granules were screened accord-
ing to size.

The phase analysis of samples was carried out by
CuK,, radiation with a Shimadzu XRD-600 diffracto-
meter. The IR absorption spectra of the samples were
recorded in the range 400-4000 cm™ with a Vertex-70
instrument. The solubility of the granules was investi-
gated in a 0.9% isotonic saline solution with an
Ekspert-001 analyzer for up to 21 days. Their surface
was studied with a TemScan scanning electron micro-
scope.

The effect of ceramic granules on the in vivo pro-
cesses in bone tissue was evaluated on the condyles of
rats of the strain Vistar 180-200 g in weight. A perfora-
tion 1.5 mm in diameter and 3 mm long was modeled
and filled with the material under study. The experi-
ment lasted for 2, 4, and 8 weeks. Upon completion of
the experiment, samples were taken from the animals,
fixed in formalin, decalcified, dehydrated, and embed-
ded in paraffin wax to prepare serial sections 5—7 [lm in
thickness. The sections obtained were stained with
hematoxylin and eosin and studied under a DM-111
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Fig. 1. Diftractograms of calcium phosphate granules.

microscope (Motic Digital Microscopy) equipped with
a Macintosh digital camera. Presented in this work are
the results of two-week studies.

RESULTS AND DISCUSSION

The x-ray phase analysis of the CHA powders (Fig. 1)
showed a spectral similarity to HA, with the respective
reflections slightly shifted as a result of the carbonate
ions entering into the apatite structure, causing lattice

deformations owing to the replacement of PO?[ and
OH- with CO;".

The characteristics of the granules are presented in
Table 1. The use of low-melting additives forming a lig-
uid phase on sintering made it possible to lower the
granule sintering temperature to 700-750°C, which is

Table 1. Characteristics of synthesized granules

approximately 400°C below the sintering temperature
of CHA granules without such additives, and thus pre-
vent CHA from thermal decomposition.

The IR spectroscopy of the HA and CHA granules
revealed the presence of absorption bands characteris-
tic of these compounds (Fig. 2). The positions of the
absorption bands in the spectra are indicated in Table 2.

With the CO? content of CHA amounting to 0.6 wt %,

the intensity of the OH™ vibrations at 636 cm™ is sub-
stantially reduced; the same is true of the v, vibrations

in PO;”[ at 603 and 568 cm™'; also lowered is the inten-
sity of the absorption band of OH™ at 3570 cm™!. Weak

V3 CO?‘ absorption bands appear at 1460 and 1417 cm™.

For CHA containing 6 wt % CO?, no OH™ absorption
band (636 cm™) is observed; the intensity of the v,

Granules Size of granules, mm Granule surface External pores, um Internal pores, Lm
HA 0.5-1.0 Dendritic <10 30-400
0.6%-substituted CHA 0.5-1.0 Acicular-lamellar <10 up to 500
6%-substituted CHA 0.6-1.0 Hexagonal crystals <10 =300
9%-substituted CHA 0.3-0.8 Hexagonal crystals <10 30400
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Fig. 2. IR absorption spectra of HA (absence of absorption bands of CO? groups); 0.6%-substituted CHA (appearance of weak
absorption bans at 870, 1417, and 1460 cm_l); and 6%- and 9%-substituted CHA (absence of the absorption band at 632 cm‘l,

increase in the absorption intensity at 870, 1417, and 1460 em™).

CO? band at 870 cm™! grows somewhat higher, and so

does the intensity of the v; CO? bands at 1460 and
1420 cm! (Fig. 2¢). CHA with 9% substitution (Fig. 2d)

exhibits a decrease in the intensity of the v, PO?[

bands at 1090 and 1045 cm™ and of the v, POZ_ bands
at 455 and 443 cm™!, an increase in the intensity of the
Vs CO? band at 870 cm™! and of the v, CO? bands at

1460 and 1417 cm™!, and the absence of the OH-
absorption band at 636 cm™'. An analysis of the spectra
of CHA granules differing in the degree of substitution
has shown that, as the concentration of the carbonate
groups in the structure of the material grows higher, the

OH~and POZ_ groups are gradually replaced by CO? ,

and absorption frequencies typical of the AB-type car-
bonate-substituted hydroxyapatite come into existence.

Studies of the solubility of the material obtained in
a 0.9% NaCl solution showed CHA containing 9 wt %

CO? to have the highest solubility (Fig. 3). After the

lapse of 14 days, the Ca®* concentration in all samples
leveled out; i.e., the active dissolution period came to
an end. The carbonate groups cause lattice deforma-
tions, which leads to an increase in solubility [7, 8]. The
sintered HA granules remain practically undissolved.

The scanning electron microscopy of the sections of
sintered HA granules revealed the presence of large
microcavities some 300 pm across inside all of the sam-
ples (Fig. 4a, inset). The microstructure of the granules
varies depending on the concentration of the carbonate

groups. The CHA granules with 0.6 wt % CO? are
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represented by hard concretions with open micropores
around 24 um in size and nonuniform surface. An
acicular-lamellar structure is formed in some areas
(Fig. 4b), while in others crystals of irregular shape
form the surface. Examination of the internal and exter-

Table 2. Absorption frequencies in the IR spectra of the ma-
terial under study

Absorption frequency, cm™
Mate.rial P q Y
studied P Oif C O_%_ O~
HA v 602 632
to57
v, 963 -
v 1090 3434
31045 3671
0.6%-sub- 603
stituted V4 568 Vs 873 636
CHA v, 962
v 1092 v 1417 | 3434
31044 | P 1460 | 3571
6%-substi- 603
tuted CHA V4 568 V2 873 3435
v, 962
v 1092 v 1416 | 3435
31045 | P 1460 | 3570
9%-substi- 455
tuted CHA V4 443 Vs 870 -
v, 963
v 1094 v 1420 | 3437
31045 | P 1455 | 3571
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Fig. 3. Concentration of Ca** ions in isotonic saline solu-
tion upon dissolution of calcium phosphate granules.

nal areas of the granules showed them to be constituted
of small conglomerates that unite to form the granule.
Macrocavities some 300 pm across and fine miropores
around 3 wm in size can be seen in cross sections. The
central internal areas contain distinctly faceted crystals
of hexagonal shape.

The microstructure of the CHA granules containing

6 and 9 wt % CO? features open micropores up to

10 um in size. The surface is represented by uniform
hexagonal crystals of regular shape (Figs. 4c, 4d). All
the granules are characterized by macrocavities differ-
ing in size. The internal structure of these macrocavities
is also represented by crystals of hexagonal shape
(some 2 um on a face).

The general trend is the change in the microstructure
of the granules from a dense dendritic to a lamellar-
acicular pattern and then to the formation of hexagonal
crystals as the concentration of the carbonate groups in
CHA grows higher. Similar results were obtained in [9,

Fig. 4. Results of scanning electron microscopy of calcium phosphate granules: (a) HA (dense fine-pore dendritic structure); inset:
cross section with macrocavities characteristic of all the granules studied; (b) 0.6%-substituted CHA (acicular-lamellar surface
structure); (c, d) 6%- and 9%-substituted CHA (structure of hexagonal crystals is indicated by single arrows; double arrows indicate

micropores).

INORGANIC MATERIALS  Vol. 45 No. 3 2009
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Fig. 5. Histological sections (two-week-long experiment, center of the perforation): (a) HA (single arrows indicate beginning of
formation of bone trabecules over the surface of granules; double arrows indicate tissue exudation inside the granules); (b) 0.6%-
substituted CHA (resorption of granules into fine fragments and their assimilation by bone tissue, indicated by arrows); (c) 6%-
substituted CHA (formation of osteoid tissue with cellular elements inside granules, indicated by single arrows; newly forming

bone, indicated by double arrows); (d) 9%-substituted CHA.

10] in studying CHA differing in the degree of substi-
tution.

Investigation into the histological sections of HA
granules has demonstrated that the formation of a bone
matrix on their surface proceeds at a slow pace. The
absence of cellular infiltration into implants is due to
the small size of the pores (less than 10 um). However,
there takes place diffusion of the tissue fluid that accu-
mulates in the internal macrocavities. The arrows in
Fig. 5a indicate thin interlayers of newly formed bone
tissue both between granules and on their surface.

When studying the histological sections of the CHA

granules containing 0.6 wt % CO? , we found that they

suffered resorption (Fig. 5b). This might be associated
with a decrease in the crystallinity of apatite and, hence,
an increase in its solubility [7, 8]. Almost no infiltration
of the cellular elements into small granules was
observed, the diffusion of the tissue fluid being only
weakly expressed, possibly because of the closure of
pores on the surface.

INORGANIC MATERIALS  Vol. 45 No.3 2009

In the case of implantation of CHA granules con-

taining 6 wt % CO? , the tissue fluid and cellular ele-

ments are observed to infiltrate into the material to form
osteoid tissue (Fig. 5c). Bone tissue in the form of tra-
becules originates between the granules.

The histological pattern in the study of CHA with
9wt % CO? is similar to that in the case of granules

containing 6 wt % CO? (Fig. 5d). Most of the granules

are impregnated with the tissue fluid. The cellular ele-
ments are almost undefinable. New bone tissue actively
forms between the granules. The original (native) bone
tissue assimilates the adjoining deposits. However, pre-
liminary histological results have shown that the forma-
tion of the bone matrix is most expressed in samples

containing 6 wt % CO?, , wherein the ingrowth of the

cellular elements into the granules proceeds most
actively (Fig. 5d). The high concentration level of cal-
cium and phosphorus near the granules facilitates the



334

diffusion of these elements to the center of the implant,
which is necessary for the osteoid tissue to form. With
insufficient concentration of calcium and phosphorus
ions, the apatite phase appears mainly on the surface of
the granules and adsorbs, thanks to its irregular surface,
calcium phosphate precipitates—the precursors [7, 11,
12]. The growth of the bone matrix depends on the vol-
ume of the granules, the degree of carbonate substitu-
tion, and the presence of morphogenetic proteins that
are adsorbed on the porous surface and stimulate the
osteointegration of the material, i.e., its coalescence
with the native bone [13].

It was established in the earlier in vitro studies [14]
that the greatest activity of osteoblasts—the cells build-
ing up bone tissues—occurs on the surface of CHA

containing 8.2 wt % CO? (study of the samples with

5.4-11.3 wt% CO? [14]), which roughly agrees with
the results obtained in this work.

One can also note that the weak cellular infiltration
into the granules might be due to the small size (less
than 10 pm) of their near-surface pores, the optimum
pore size for osteogenesis being 300—400 pwm [15].

CONCLUSIONS

The results of our studies have shown that, as the
concentration of carbonate groups in apatite is
increased, its microstructure undergoes reconstruction
from a dense, uniform dendritic pattern to a lammellar-
acicular one and then to the formation of hexagonal crys-
tals, accompanied by an increase in the solubility of gran-
ules. This makes for a more active in vivo formation of
bone tissue. Histological investigations involving long-
term observations have confirmed the bioactivity of CHA
granules, the most favorable behavior being exhibited by
the granules containing carbonate groups in a concentra-
tion of 6 wt %. Such granules can be used both as individ-
ual matrices and as part of composite materials based on
cements and biopolymers.
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