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ABSTRACT

This review examines the most common methods for the preparation of synthetic carbonate apatite for bone
repair in the last ten years. The article is organized into two sections. First, the methods for obtaining pow-
dered carbonate apatite with nanosized particles by wet chemical precipitation reactions are presented, con-
sidering the starting reagents and the conditions of the chemical reactions. The second section presents the
preparation of carbonate apatite blocks and/or granules by dissolution-precipitation reactions. The trans-
formations occurring in these interactions are systematized according to the type of precursor, soaking so-

lution, and reaction conditions.
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INTRODUCTION

The development of methods for obtaining and
evaluating biomaterials for bone regenerative ther-
apy is a widely discussed topic. Calcium phosphate
bioceramics are some of the most frequently used
in the field (1-9). In recent years, carbonated calci-
um hydroxyapatite (carbonate apatite, CO,Ap) has
gained popularity (10-18).

Carbonate apatite is calcium hydroxyapatite
in which hydroxyl and/or phosphate groups are re-
placed by carbonate ions. According to the type of
substitution, three types of carbonate apatite are dis-
tinguished: A-carbonate apatite (with substitution
of PO, groups), B-carbonate apatite (substitution of
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OH groups), and AB-carbonate apatite (when both
groups are substituted) (18-20).

The inorganic component of hard tissues in the
human body (bones and teeth) consists mainly of
carbonate-substituted hydroxyapatite of type B and
AB (B> A) with 2-8% carbonate content (20,21). This
determines the great interest in developing methods
for obtaining synthetic carbonate apatite and study-
ing its application in orthopedics, oral surgery, den-
tal implantology, and other biomedical fields (18).
Dental implantology is a rapidly developing science
with a continuous improvement of the used tech-
niques and the search for new ones. There is a grow-
ing need for biomaterials with improved biological
and mechanical properties to provide a shorter treat-
ment duration (22). Maximum bone preservation
and regeneration are aimed at the tooth extraction
stage. For this purpose, autogenous grafts (bone and
soft tissue), bone substitutes, autologous platelet con-
centrates, and barrier membranes are used (23-26).

Evaluation of its biological behavior is based
on histomorphometric and imaging studies, such
as cone-beam computed tomography (CBCT). It is
among the most preferred imaging techniques for
three-dimensional diagnosis of bone structures with
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high resolution and about 90% lower radiation dose
than conventional CT (27,28).

The synthesis of carbonated hydroxyapatite,
which is a powder, is carried out by various meth-
ods such as: solid-phase syntheses, chemical precipi-
tation, sol-gel methods, hydrothermal methods, etc.
(5,21,29,30). However, the powdered form of carbon-
ate apatite cannot be used to treat bone defects, as it
leads to inflammatory reactions and the formation
of crystals (10,31). Therefore, it is mainly applied in
the form of porous granules or blocks, which are ob-
tained from pre-synthesized powdered nanocarbon-
ate apatite, or by phase transformations of precursors
with a bulk structure (11,31).

AIM

The aim of this review article is to investigate
the most commonly used methods for obtaining
synthetic carbonate apatite for bone repair in the last
ten years .

MATERIALS AND METHODS

An electronic search was conducted in PubMed,
Google Scholar, and ResearchGate. The keywords
»carbonate apatite®, ,carbonated hydroxyapatite®,
»carbonate hydroxyapatite, ,bone“ and ,regenera-
tion“ were used. The inclusion criteria were: articles
discussing methods for obtaining synthetic carbon-
ate apatite for bone regeneration purposes and stud-
ies published within the last 10 years.

RESULTS AND DISCUSSION

Literature data indicated that there were two
main types of methods for obtaining carbonate apa-
tite, which were based on wet chemical precipitation
and dissolution-precipitation reactions.

1. Wet chemical precipitation reactions

Table 1 presents starting reagents and reaction
conditions for obtaining carbonate apatite by chemi-
cal precipitation.

Nanosized CO,Ap was synthesized by add-
ing an aqueous solution of diammonium hydrogen
phosphate ((NH,),HPO,) to a solution containing

Table 1. Reagents and reaction conditions for the preparation of synthetic carbonate apatite by wet chemical precipita-
tion reactions.

Sou1:c e of e R Time Temperature Reference
Calcium Ions Phosphate Ions | Carbonate Ions

Ca(NO,),.4H,0 (NH,),HPO, (NH,),CO, 2h 37°C (32)
Ca(NO,),4H,0 (NH,) HPO, (NH,),CO, 3h 37°C (33)
Ca(NO,),4H,0 (NH,),HPO, NaHCO, 10 days RT (34)
Ca(NO,),4H,0 (NH,),HPO, NaHCO, 10 min 80°C (35)
Ca(NO,) .4H O NaH_PO, NaHCO, 2h 60°C (36-38)
Ca(NO,),4H,0 (NH,),HPO, NH,HCO, 24h 180°C (39)
Ca(NO,),4H,0 (NH,),HPO, NH,HCO, 30 min 90°C (40)
Ca(NO,),.4H,0 (NH,),HPO, NH,HCO, - RT (41, 42)
Ca(NO,),4H,0 (NH,),HPO, NH,HCO, - RT (43)
Ca(NO,),4H,0 (NH,),HPO, Na,CO, - - (44, 45)
Ca(NO,),4H,0 (NH,) HPO, Urea 12h 70°C (46)
Ca(OH), (NH,),HPO, CaCo, 2 days - (47)
CaCl, H,PO, Na,CO, 4h 80°C (48)
CaO (snail shells) (NH,),HPO, NaHCO, 24h 90°C (49-51)
CaO (abalone shells) (NH,),HPO, NH,HCO, 24h 90°C (52-55)
CaO (oyster shells) (NH,),HPO, NH,HCO, - RT (56, 57)

RT: room temperature
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calcium nitrate tetrahydrate (Ca(NO,),4H,0O) and
diammonium carbonate (NH,),CO,) (32, 33). The
reaction was carried out by stirring the resulting sus-
pension for 3 hours at a temperature of 37°C. Micro-
spheres were produced from the obtained powders,
which were studied in vitro and in vivo and proved
to be effective for in vivo local delivery of minocy-
cline (an antibiotic from the tetracycline group) (32)
and rhBMP-2 (a cytokine that plays an essential role
in skeletal development) (33).

Schardosim et al. (34) synthesized CO,Ap
by mixing aqueous solutions of Ca(NO,),.4H,0,
(NH,),HPO,, and sodium hydrogen carbonate
(NaHCO,). The resulting suspension was stored in
a sealed flask for 10 days to mature nanocrystal-
line apatite, then filtered and freeze-dried. The syn-
thesized powder is used for the production of three-
dimensional porous composite scatfolds that have
been investigated for potential application as bone
substitutes.

Carbonate substituted hydroxyapatite powders
with a Ca/P ratio in the range of 1.62-1.87 were ob-
tained under the influence of ultrasound (US) or mi-
crowave (MW) radiation. The synthesized powders
were found to be biocompatible, non-toxic, and ex-
hibit osteoconductive properties. Moreover, the use
of US and MW irradiation significantly shortens the
time to obtain B type CO,Ap, similar to biological
hydroxyapatite in structure and composition (35).

To ensure the purity of the final product, some
researchers conducted the synthesis of CO,Ap in
ultrapure water through which nitrogen was bub-
bled before adding the starting reagents (NaHCO,,
Ca(NO,),.4H,0 and NaH,PO,) (36-38). In this way,
the carbon dioxide dissolved in the water was re-
moved, which helped to control the amount of car-
bonate ions in the interactions.

Carbonate apatite powders with carbonate con-
tents of 8, 12, and 16 wt% were synthesized by a hy-
drothermal method (39). The aqueous stock solutions
of (NH,),HPO, NH,HCO, and Ca(NO,),4H,0
were mixed and stirred at pH 9-11, which was con-
trolled by adding ammonium hydroxide solution.
The resulting suspension was transferred to an auto-
clave and remained in an oven for 24 hours at 180 °C.
The precipitate formed was washed and freeze-dried.

Copete et al. (40) used the same starting solu-
tions but conducted the reaction at 90°C in an argon
atmosphere for 30 min. In addition, they subjected
the dried precipitate to heat treatment at 400°C for 2
hours to remove synthesis residues.

Some researchers (41-43) suggested a method
for CO,Ap synthesis by dissolving Ca(NO,),-4H,O
in acetone and adding it to an aqueous solution of
(NH,),HPO, and NH,HCO,. An advantage of the
proposed technology was that heating of the reaction
mixture was unnecessary and the reaction was per-
formed at room temperature.

Usually, the production of carbonate apatite
is carried out at lower temperatures, since carbon-
ate content starts to decrease at about 400°C (11). It
has been reported that this can be solved by sintering
synthetic CO,Ap in a carbon dioxide atmosphere at a
temperature of 780°C (44,45).

Anwar et al. (46) applied urea as a source of car-
bonate ions for the synthesis of carbonate substituted
hydroxyapatite nanorods. The classic aqueous solu-
tions of Ca(NO,),.4H,0 and (NH,), HPO, were used
as sources of calcium and phosphate ions, and the re-
action was carried out at a low temperature for a rel-
atively short time.

Hydroxyapatite with 6 vol% carbonate content
was synthesized by dropwise addition of an aqueous
solution of (NH,),HPO, to a solution of CaCO, and
Ca(OH), (47). In vitro studies have demonstrated
that the obtained CO,Ap was suitable for local deliv-
ery of curcumin, which would contribute to a com-
bined anti-cancer, anti-inflammatory, and bone-re-
generative effect.

The influence of different organic modifiers
(citric acid, acetic acid, glutamic acid, and gallic acid)
on the nucleation and crystallinity of CO,Ap ob-
tained by mixing aqueous solutions of calcium chlo-
ride (CaCl), phosphoric acid (H,PO,), and sodium
carbonate (Na,CO,) was studied (48). Using different
modifiers resulted in powders with different crystal
particle sizes and morphologies.

The use of biological waste products for the pro-
duction of synthetic CO,Ap has also been suggested.
For example, the shells of abalone, shrimps, snails,
and other molluscs usually contain more than 90%
calcium carbonate, which is a suitable source of cal-
cium for carrying out chemical reactions in solution.
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For its extraction, the shells are ground and subject-
ed to heat treatment. Thus, the calcium carbonate
breaks down to calcium oxide, which when mixed
with water forms a calcium hydroxide solution. It, in
turn, reacts with phosphate and carbonate solutions
at room temperature, resulting in CO,Ap (49-57).

The above-discussed reactions were carried out
by classical chemical reactions in aqueous solution,
accompanied by precipitation of the desired product.
Usually, they are easy to perform, do not require ex-
pensive equipment and reagents, are carried out at
relatively low temperatures, and allow for relative-
ly fast obtaining of the products. On the other hand,
the course of these interactions depends on a number
of conditions, such as: concentration of starting re-
agents, pH and temperature of the solution, speed of
stirring, etc. In addition, the resulting sludge is dried
to a powdery state, which requires additional pro-
cessing to obtain a porous structure with a certain
shape and size.

2. Dissolution-precipitation reactions

Methods for the production of CO,Ap bone
scaffolds by dissolution-precipitation reactions
mainly consist of soaking calcium precursors with
a bulk structure in an aqueous solution containing
phosphate and/or carbonate ions. The most com-
monly used precursors are granules or blocks of cal-
cium carbonate (CaCO,) (59-72), calcium sulfate
hemihydrate (CaSO,.1/2H,0) or anhydrous calcium
sulfate (CaSO,) (74-83), alpha tricalcium phosphate
(a-TCP), beta tricalcium phosphate (f-TCP) and cal-
cium hydrogen phosphate dihydrate (CaHPO,.2H,0)
(90,91) (Table 2).

Recently, Ishikawa and Hayashi (58) have point-
ed out that the simultaneous presence of calcium and
carbonate ions, low solubility in water, and easy prep-
aration of chemically pure blocks defined calcium
carbonate as one of the ideal precursors for the pro-
duction of bone substitutes from CO,Ap. The authors
used calcium carbonate powder to obtain porous
honeycomb granules through an extrusion molding
method. At the next stage, the granules were subject-
ed to phosphatization by soaking them in a solution

Table 2. Precursors, soaking solutions and reaction conditions for the preparation of carbonate apatite by dissolution-
precipitation reactions.

Precursor Soaking Solution Reaction Temperature = Soaking Time Reference

CaCo, Na, HPO, 80°C 5-30 days (59-72)

CaCoO, Na,HPO, 60°C 14 days (73)
1) Na,CO, 60°C 3 days;

CaSO,.1/2H,0 2) Na,HPO, 90°C 7 days (74,75)

CaS0,.1/2H,0 Na,PO, + Na,CO, 100°C 1, 3, 5 days (76)

1) Na,CO, + NaHCO; 90°C; 24 h;

Ca80,1:2H,0 2) Na HPO, 80°C 3 weeks 77)
1) Na,CO,; 4G 7 days;

CaS0,.1/2H,0 2) Na,HPO, 120°C 14 days 78)
1) NaHCO, 60°C; 24 h;

CaS0O,.1/2H,0 2) Na,HPO, 80°C 7 days (79)

1) NaHCO, + Na,CO, 40°G; 4 days;

Cas0, 2) Na,HPO, 80°C 7 days (80-82)

CaSO,.1/2H,0 Na,CO, + Na PO, 100°C 480r72h (83)

ao-TCP NaHCO, + Na, HPO, 80°C 7 days (84)

B-TCP NaHCO, 200°C 6 days (85, 86)

B-TCP Na CO, 200°C 5 days (87, 88)

CaHPO,.2H,0 NaHCO, or Na,CO, 80°C up to 14 days (89)

CaHPO,.2H,0 Na,CO, 80°C 14 days (90)

CaHPO,.2H,0 NaHCO, 80°C 3 days (91)
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of disodium hydrogen phosphate (Na,HPO,), during
which the calcium carbonate was transformed into
CO,Ap (59-64).

The conversion of CaCO, granules to CO,Ap
via a dissolution-precipitation reaction was found to
be accelerated by the addition of carbonate ions to the
phosphate solution (65). Soaking the starting granules
in an aqueous solution containing Na,HPO,, Na,CO,,
and NaHCO, reduced the time for obtaining CO,Ap
granules and led to an increased carbonate content in
the final product.

Carbonate apatite blocks with a continuous
pore architecture were obtained from calcite pow-
der and polymethyl methacrylate (PMMA) raw ma-
terials (66). Initially, calcite-PMMA granules were
obtained and subjected to heat treatment to remove
PMMA and form porous structures. Next, the calcite
granules were soaked in Na,HPO, until the calcium
carbonate was transformed into CO,Ap.

Shimabukuro et al. (67) conducted in vivo and
in vitro experiments and demonstrated that the ad-
dition of silver phosphate to the CO,Ap granules was
an effective strategy for the treatment of fracture-re-
lated infections. The authors obtained the investigat-
ed granules by pressing mixtures of CaCO, and Ag-
,PO, and soaking the obtained tablets in a phosphate
solution.

Wang et al. (68) investigated the effect that the
pH of the phosphate solution had on the composition
and architecture of CO,Ap granules obtained from
CaCO, by a dissolution-precipitation reaction. The
authors found that the rate of CaCO, transformation
was much higher at pH 6.0 and pH 7.0 than at pH 8.0
and pH 8.9.

Tanaka et al. (69) obtained fully interconnected
porous CO,Ap blocks by hydrate expansion of CaO
granules at 100% CO, humidity and phosphatization
of the resulting porous CaCO, blocks in aqueous so-
lution of Na,HPO,.

Powdered calcium hydroxide has been success-
fully used as a starting material for CO,Ap produc-
tion (70-73). For this purpose, powdered calcium hy-
droxide was compacted into tablets, which were car-
bonized with CO,. The resulting blocks of CaCO,
were crushed into granules of certain sizes and im-
mersed in a solution of disodium hydrogen phos-
phate (Na,HPO,). In this, the dissolution-precipita-

tion reaction took place and CaCO, was transformed
into CO,Ap.

An interesting precursor for the production of
porous CO,Ap blocks by dissolution-precipitation
reactions is calcium sulfate hemihydrate. It allows
easy molding, hardens rapidly to calcium sulfate di-
hydrate in the presence of a minimal amount of wa-
ter, and enables the production of blocks with inter-
connected pores (74). A disadvantage of calcium sul-
fate in this type of conversion is the presence of sul-
fate ions that can remain in the apatite structure (58).

Carbonate apatite blocks with interconnect-
ed pores were produced by sequential dissolution-
precipitation reactions of calcium sulfate dihydrate
blocks obtained by solidification of calcium sulfate
hemihydrate (74). Later, COAp blocks obtained by
an analogous technology were studied in vivo, by
implanting them in a rabbit femur (75). After ana-
lyzing the results of histological studies, the authors
concluded that the introduction of interconnect-
ed pores was an effective approach for rapid bone
regeneration.

The porosity of CO,Ap blocks can also be en-
sured by the addition of porogenic agents to calci-
um sulfate hemihydrate. As such, PMMA granules
(76), spherical phenol resin (77), or microfibers (78)
were used. The blocks obtained after solidification
were subjected to heat treatment to remove the po-
rogen, during which porous blocks of calcium sul-
fate were formed. The latter, according to the already
described technology, were transformed to CO,Ap
through dissolution-precipitation reactions.

The application of calcium sulfate hemihydrate
as a substrate for the preparation of 3D printed car-
bonate apatite scaffolds with controlled porosity has
been reported (79). For this purpose, a suitable bind-
er was added to the starting powder and through 3D
printing, blocks were obtained and subjected to heat
treatment. The formed porous blocks of calcium sul-
fate were soaked in aqueous solutions of NaHCO,
and Na HPO, until CO,Ap was obtained.

Calcium sulfate powder has been used as a
starting material to produce honeycomb carbonate
apatite granules (80-82). For this purpose, calcium
sulfate granules were initially obtained by extrusion,
after which they were soaked in an aqueous solution
of NaHCO, and Na,CO, for four days. The obtained
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granules of calcium carbonate were subjected to
phosphorylation in a solution of Na,HPO, for seven
days, during which they were transformed to CO,Ap.

Eriwati et al. (83) reported the preparation of
carbonate-apatite blocks by a dissolution-precipi-
tation reaction of calcium sulfate dihydrate in an
aqueous solution containing 1 mol/L Na,CO, and 1
mol/L Na,PO, for 48 and 72 hours at a temperature
of 100°C.

Spheres of a-TCP have been used as starting
material to produce interconnected porous CO3Ap
blocks (84). The basis of the proposed technology was
a dissolution-precipitation reaction in an aqueous so-
lution containing 1 mol/L NaHCO, and 0.1 mol/L
Na,HPO,. The tissue response to the obtained scaf-
folds was evaluated in a rabbit tibial bone defect. The
results showed excellent tissue response and good os-
teoconductivity of the CO,Ap blocks.

Darus et al. (85,86) used porous blocks of
B-TCP as a precursor to obtain CO,Ap scaffolds. The
transformation was carried out by soaking the start-
ing blocks in a solution of NaHCO, or Na,CO, for
2,4, 6, 8, and 10 days at 200°C. The reactions were
carried out in a hydrothermal vessel, with optimal
results obtained when using an aqueous solution of
NaHCO, for 6 days.

Freeze-casted B-TCP blocks have been used to
fabricate CO,Ap scaffolds (87,88). Aqueous Na,CO,
solution was used as a source of carbonate ions, in
which the blocks were soaked for 5 days at 200°C.
The obtained CO,Ap scaffolds were characterized by
lower crystallinity and more than 11 wt.% carbonate
content, which, according to the authors, was a pre-
requisite for maintaining high cell adhesion and cell
proliferation.

Calcium  hydrogen phosphate dihydrate
(DCPD, CaHPO,.2H,0) was successfully used as a
precursor for the production of CO,Ap scaffolds for
bone regeneration (89-91). When DCPD blocks were
soaked in a solution of NaHCO, or Na,CO,, a dis-
solution-precipitation reaction took place and the
blocks were transformed into CO,Ap.

Dissolution-precipitation reactions allow for
the production of porous granules and blocks of car-
bonate apatite without the need for preliminary syn-
thesis in a powder state. The precursors are read-
ily available and easily formed, but their complete

transformation is time-consuming (typically several
days), even at temperatures of 200°C.

CONCLUSION

The disadvantages of the considered technolo-
gies require new methods that allow for rapid and ef-
ficient production of bone scaffolds from carbonate
apatite with predetermined properties. A good alter-
native to conventional methods is 3D printing, which
provides rapid serial production of scaffolds with set
geometric dimensions and porosity. The ability to
control the shape, size, and interconnectivity of the
pores is essential to achieve successful results in the
application of synthetic bone substitutes.
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