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Abstract⎯Mesoporous calcium phosphate granules ranging in mesopore size from 11 to 19 nm have been
prepared using cryogenic processing (–18°C) of gels and extrusion of calcium phosphate paste. The granules
based on acid calcium phosphates have a relatively small specific surface area (45 m2/g) in comparison with
the neutral and basic calcium phosphates (84–155 m2/g). Preclinical in vivo trials on rats show that the pres-
ence of calcium phosphate granules in a bone defect considerably accelerates reparative osteogenesis in com-
parison with a control group of animals.
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INTRODUCTION

It is known that bone substitute materials should be
nontoxic; capable of resorbing, being replaced by bone
tissue; easy to sterilize; and convenient for use under
clinical conditions and in a hospital environment.
Analysis of the modern literature indicates that, cur-
rently, intrinsic bone tissue of patients is used more
rarely for bone tissue regeneration because intrinsic
bone extraction is a second painful intervention [1–6].

In recent years, ever increasing attention has been
paid to synthetic materials, such as hydroxyapatite
(HA) and tricalcium phosphate (TCP), whose crystals
are subject to metabolism by cells in a biological
medium and decompose into calcium and phosphate
ions, which then enter into the structure of regener-
ated bone tissue. The key criteria in selecting synthetic
materials are biocompatibility, high porosity, the abil-
ity to act as a matrix in the bone tissue regeneration
process, and total or partial resorbability. The resorb-
ability of a material depends on both the nature of the
calcium phosphate and its porosity, which is a key fac-
tor in bone tissue regeneration. The presence of mac-
ropores, that is, spaces between granules stable to
pressure, creates favorable conditions for bone forma-
tion and angiogenesis. High microporosity of calcium
phosphates improves the osteoconductive properties
of the material and increases the degree of regenera-
tion of the new bone. The final result of the regenera-
tion process is the integration of the new intrinsic bone

and HA. Integrated HA can ensure atrophy prevention
and maintain the hard tissue volume for a long time.

Currently, calcium phosphate granules, in particular,
Interpore®, ProOsteon®, Osteogen®, Tecknomed®,
Osteograf/N®, BIO-OSS®,TricOsTM, MBCP®, easy-
graft®, and easy-graft®CRYSTAL [1–4], are widely
used as effective, biocompatible bone defect fillers.
They serve the function of matrices for cell cultures
and substitute for bone defects. In addition, HA- and
TCP-based granules are used as drug delivery systems
for local therapy [5, 6].

The preparation of calcium phosphate granules is
typically accompanied by the exposure of the calcium
phosphates to high temperatures, which reduces the
degree of their bioactivity in comparison with unheat-
treated calcium phosphates, which contain water of
crystallization [7, 8].

In this paper, we report the preparation and physi-
cochemical characterization of mesoporous calcium
phosphate granules at room temperature and –18°C in
their most biologically active, hydrated form.

EXPERIMENTAL
Calcium phosphates were synthesized by reacting

aqueous calcium chloride and diammonium hydrogen
phosphate solutions, while varying the pH of the reac-
tion in the range 5–11 and the Ca/P ratio in the range
1.50–1.67 [9–12]. The resultant 3 to 5% calcium
phosphate gel was further concentrated to a 28 to 31%
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paste in a BiofugePrimo centrifuge (Germany) using a
fixed-angle rotor (7500 rpm, 2 h).

Calcium phosphate granules were produced by two
procedures: (1) cryogenic processing of the 3 to 5%
calcium phosphate gels and (2) extrusion of the 28 to
31% calcium phosphate paste. In the former proce-
dure, the calcium phosphate (brushite, monetite,
TCP, and HA) gel was held at –18°C for 24 h and then
dried in air (at 20°C).

In the latter procedure, the calcium phosphate
paste was extruded through a sieve with an aperture
size of 1.6 mm. The resultant moist granules were
dehydrated in three ways: (1) by air-drying (at 20°C);
(2) by cryogenic processing (at –18°C for 24 h), fol-
lowed by air-drying (at 20°C); and (3) by treatment
with a 30% hydrogen peroxide solution, followed by
air-drying (at 20°C). In addition, the surface of the
granules produced by the latter procedure was treated
with a 5% HA suspension (aqueous or based on a 1%
polyvinyl alcohol (PVA) solution) for 10 min using a
water jet pump. The granule-to-HA suspension weight
ratio was 1 : 20. After the treatment, the granules were
air-dried at room temperature to constant weight.

The phase composition of the resultant materials
was determined by X-ray diffraction on an Advance
D8 diffractometer (Bruker, Germany) and a DRON-
3 diffractometer (Russia) with CuKα radiation (λ =
1.5405 Å), using Match Version 2.1.1.1 database
resources. The size of the calcium phosphate granules
was analyzed using an MIN-8 polarized-light micro-
scope (Russia). The surface morphology of the gran-
ules was examined on a LEO 1420 conventional scan-
ning electron microscope (Germany).

The adsorption properties of the granules were
studied using an ASAP 2020 MP surface area and
porosity analyzer (the United States). The specific
surface area was determined by BET analysis (ABET).
The adsorption and desorption cumulative pore sur-
face area (ABJH ads and ABJH des, respectively) and
adsorption and desorption cumulative pore volume
(VBJH ads and VBJH des) at pore diameters from 1.7 to
300 nm were evaluated by the Barrett–Joyner–Halenda
(BJH) method. The adsorption pore volume (Vsp ads) was
determined by the t-method.

Preclinical trials were carried out on male Wistar
rats. For in vitro trials, we used calcium phosphate
granules having a large specific surface area and con-
sisting of a few calcium phosphate phases. Implants
were inserted in a premodeled defect in the parietal
bone of all the rats under general anesthesia (ure-
thane–pentobarbital, 0.2 mL/100 g of body weight),
followed by operative wound closure. The animals
were divided into three groups (five rats in each): (I)
control group (with a false defect), (II) group having
inserted titanium implants, and (III) group having

inserted titanium implants and calcium phosphate
granules. Antimicrobial therapy was conducted with
gemcitabine. Histology of bone tissue in contact with
the implants was examined three months after the sur-
gical intervention.

RESULTS AND DISCUSSION

The X-ray diffraction patterns of the calcium phos-
phates synthesized at Ca : P = 1.5 and pH 5–6
(Fig. 1a) and then dried at 60–70°C show strong
reflections from dicalcium phosphate in the form of
brushite (2θ = 11.7°, 20.9°, and 29.3°), weaker ref lec-
tions from dicalcium phosphate in the form of mone-
tite (2θ = 26.5° and 30.2°), and an X-ray amorphous
halo at 2θ = 25.6° and 31.9° due to an amorphous cal-
cium phosphate (ACP). Raising pH to 6–11 at Ca : P =
1.5–1.67 causes the reflections from the acid calcium
phosphates to disappear.

Heat treatment of monetite and brushite at 800°C
leads to the formation of tetracalcium phosphate
(Ca4P2O9) and the acid calcium pyrophosphate
CaH2P2O7 (Fig. 1b). Heat treatment of the ACP pre-
pared at Ca : P = 1.5 in an acid medium (pH 5) or a
neutral or weakly alkaline medium (pH 6–8) leads to
complete β-TCP crystallization in the form of whit-
lockite (2θ = 25.9°, 31.7°, 32.2°, and 32.9°). Increas-
ing the Ca : P ratio to 1.67 at pH 8–9 leads to the crys-
tallization of a two-phase material: HA + α-TCP (the
reflections from the α-TCP are located at 2θ = 22.7°,
30.8°, and 34.2°), whereas at pH 10–11 phase-pure
HA crystallizes (2θ = 25.9°, 31.7°, 32.2°, and 32.9°).

The calcium phosphate granules produced by cryo-
genic processing of the 3 to 5% calcium phosphate gels
(procedure 1) are characterized by a large scatter in the
average particle size: from 30 μm (brushite/mone-
tite/TCP) to 220 (TCP) and 350 μm (HA). Note that,
in the case of spontaneous dispersion, the size of indi-
vidual granules reaches 2.3 mm (Fig. 2a). The granule
size distribution can be represented by a lognormal law
with fitting reliability (R2) of 0.984–0.989. The brush-
ite/monetite/TCP granules have a narrow particle size
distribution, in the range 16–80 μm, whereas the
granules consisting of the neutral and basic calcium
phosphates have a broad particle size distribution:
from 75 μm to 2.3 mm for the HA and from 80 to
920 μm for the TCP. Therefore, the granules based on
the acid calcium phosphates are homogeneous, in
contrast to the polydisperse granules of the neutral
and basic calcium phosphates, which are typically
subject to aggregation processes during drying.

The calcium phosphate granules have a signifi-
cantly inhomogeneous morphology. In particular, the
surface layer of the TCP granules consists of inter-
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grown spherical particles, with 0.5- to 1-μm-diameter
macropores in between (Fig. 2b).

The obtained granules have a rather large specific
surface area (ABET = 45–155 m2/g), adsorption pore
volume of up to 0.5 cm3/g, and mesopore size in the
range 11–18 nm (Table 1). The HA granules have the
largest specific surface area, which may be due to the
presence of a porous structure formed through the
aggregation of the HA nanoparticles, as shown previ-
ously [8, 10, 13]. The smaller specific surface area of
the acid calcium phosphate granules can probably be

understood in terms of the morphological features of
their crystals: brushite and monetite typically consist
of large plates, whereas HA and TCP usually have the
form of spherical particles capable of spontaneous
agglomeration. It is worth noting that high-tempera-
ture heat treatment of calcium phosphates markedly
degrades their structural and adsorption characteristics.
In particular, after heat treatment at 800°C HA has a rel-
atively small specific surface area (ABET = 17 m2/g).

Analysis of nitrogen physisorption data indicates
that the HA and TCP granules are mesoporous and

Fig. 1. X-ray diffraction patterns of the calcium phosphates (a) dried at 60–70°C and (b) heat-treated at 800°C: (1) Ca : P = 1.5,
pH 5–6; (2) Ca : P = 1.5, pH 6–8; (3) Ca : P = 1.67, pH 8–9; (4) Ca : P = 1.67, pH 10–11.
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have adsorption isotherms in the form of narrow hys-
teresis loops (Fig. 3a). The largest mesopore volume
(0.055 cm3/(g nm)) is offered by the HA granules (Fig. 3b).
Raising the concentration of the acid calcium phos-
phates leads to a decrease in the maximum pore vol-
ume to 0.042 cm3/(g nm) (TCP) and 0.07 cm3/(g nm)
(brushite/monetite/TCP), which correlates with the

small specific surface area of these granules compared
to the HA granules.

The formation of mesoporous granules from the
calcium phosphate gels may be due to changes in the
physicochemical properties of free and bound water as
it passes from one state of aggregation to another. This
is accompanied by hydrogen bond breaking and disin-

Fig. 2. (a) Size distributions of the granules prepared by the
cryogenic processing of the 3 to 5% calcium phosphate gels
(procedure 1) and (b) electron micrograph of the surface
of the TCP granules: (1) HA, (2) TCP, (3) brushite/mon-
etite/TCP. The open symbols represent the experimental
data and the solid lines represent the best fit lognormal dis-
tributions.
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Table 1. Structural and adsorption properties of the calcium phosphate granules produced using a 3 to 5% calcium phos-
phate gel (procedure 1)

Phase composition ABET, m2/g Vsp ads, cm3/g VBJH ads, cm3/g VBJH des, cm3/g DBJH ads, nm DBJH des, nm

HA 155 0.487 0.493 0.491 11 10

β- TCP 100 0.338 0.393 0.390 16 13

Brushite/monetite/TCP 45 0.0001 0.212 0.211 18 14

Fig. 3. (a) Low-temperature nitrogen adsorption–desorp-
tion isotherms and (b) adsorption pore volume distribu-
tions of the calcium phosphate granules prepared by the
cryogenic processing of the 3 to 5% calcium phosphate gels
(procedure 1): (1) HA, (2) TCP, (3) brushite/mone-
tite/TCP.
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tegration of the connected gel structure, leading to the
formation of irregularly shaped mesoporous calcium
phosphate granules.

In procedure 2, granules were prepared by extrud-
ing HA/α-TCP paste. After air-drying, the average
granule size ranged from 500 μm to 1.5 mm. The gran-
ules prepared using cryogenic processing have a nar-
row particle size distribution, with an average size of
650 μm. The granules produced via treatment with
hydrogen peroxide have a broad size distribution, and
some of them reach 4 mm in size as a result of
mechanical adhesion during drying. The granule size
distribution is well represented by a lognormal law
(R2 = 0.97–0.98) (Fig. 4). Surface processing of the
HA/α-TCP granules with an HA suspension (aqueous
or based on a 1% PVA solution) makes it possible to
obtain granules uniform in size: the size of the small
granules increases twofold, reaching 200 μm, whereas
the size of the large granules remains essentially
unchanged (Fig. 4).

The surface morphology of the calcium phosphate
granules prepared by procedure 2 (extrusion) is char-
acterized by an inhomogeneous pore structure and is
formed by intergrown agglomerates of spherical parti-
cles (Fig. 5). After air-drying, the average size of indi-
vidual particles is 0.1 μm (Fig. 5a); after cryogenic
processing, we observe aggregates of particles up to
0.2–0.5 μm in size (Fig. 5b). Treatment with hydrogen
peroxide leads to marked coalescence of particle
aggregates and the formation of rather large macropo-
res, reaching 0.5 μm in size (Fig. 5c).

According to the IUPAC classification [14], the
calcium phosphate granules have type V adsorption
isotherms (Fig. 6a), characteristic of porous adsor-
bents with a weak adsorbent–adsorbate interaction.
Such isotherms are rarely encountered. They are con-
cave upward relative to the p/p0 axis throughout their
extension and are a variety of type III in the presence
of mesopores. According to the capillary condensation
hysteresis, the isotherms can be ascribed to type H1,
characteristic of agglomerates of spherical particles
uniform in size and packing density.

The HA/α-TCP granules prepared through extru-
sion (procedure 2) have a smaller specific surface area
than do the phase-pure HA and β-TCP granules (pro-
cedure 1) (Tables 1, 2). Characteristically, additional
cryogenic processing or treatment of moist HA/α-
TCP granules with hydrogen peroxide contributes to a
marked increase in specific surface area. The average
mesopore diameter is 13–14 nm and the adsorption
pore volume ranges from 0.050 to 0.069 cm3/(g nm)
(Fig. 6b).

The adsorption volume and mesopore diameter of
the samples do not correlate with their specific surface
area. It is, therefore, reasonable to assume that a con-

siderable contribution to the active surface area is
made by not only mesopores but also macropores. It is
worth noting that coating HA/α-TCP granules with an
HA or HA/PVA layer increases their specific surface

Fig. 4. Size distributions of the (a) uncoated, (b) HA-coated,
and (c) HA/PVA-coated HA/α-TCP granules prepared by
procedure 2: (1) air-drying, (2) cryogenic processing,
(3) treatment with H2O2. The open symbols represent the
experimental data and the solid lines represent the best fit
lognormal distributions.
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area only in the case of the granules with initially
poorer structural and adsorption characteristics.

Preclinical trials in which titanium implants with
HA/α-TCP granules were inserted in a model defect

in the parietal bone of rats showed that, three months
after the surgical intervention, there was a tighter con-
tact between the implant and bone tissue in the ani-
mals of group III, with calcium phosphate granules. A
morphological examination indicated that the region
of the bone tissue defect between the inserted implant
and parent bed contained tissue formed by young bone
trabeculae with osteoblasts on their surface. The inter-
trabecular spaces were characterized by high cellular-
ity and vascularization. In the peripheral parts of the
implant insertion region, osteogenesis was due to
young bone trabeculae growing into the parent bed,
with osteoblasts located at their edges. In the case of
the use of calcium phosphate granules, we visually
observed high cellularity in the red bone marrow
region compared to other groups.

Fig. 5. Electron micrograph of the surface of the HA/α-
TCP granules (procedure 2): (a) air-drying, (b) cryogenic
processing, (c) treatment with H2O2.
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Fig. 6. (a) Low-temperature nitrogen adsorption–desorp-
tion isotherms and (b) adsorption pore volume distribu-
tions of the calcium phosphate granules prepared by pro-
cedure 2: (1) drying at 20°C, (2) cryogenic processing at –
18°C, (3) treatment with H2O2.
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CONCLUSIONS
Mesoporous calcium phosphate granules have

been prepared using cryogenic processing (–18°C) of
3 to 5% calcium phosphate (HA, β-TCP, and brush-
ite/monetite/TCP) gels and extrusion of a 28 to 31%
HA/α-TCP paste. The brushite/monetite/TCP gran-
ules are homogeneous, with an average size of 30 μm.
The calcium phosphate granules based on neutral and
basic calcium phosphates are polydisperse, with an
average granule size of 220 (TCP) or 350 μm (HA).
According to low-temperature nitrogen physisorp-
tion–desorption data, the granules have type V sorp-
tion isotherms. The largest specific surface area
(ABET = 155 m2/g) is offered by the HA granules pre-
pared via the cryogenic processing of gel at –18°C.
The addition of acid calcium phosphates leads to a
reduction in the specific surface area of the granules to
45 m2/g. Surface processing of the HA/α-TCP gran-
ules with a 5% HA suspension leads to an increase in
their specific surface area from 84 to 115 m2/g. Scan-
ning electron microscopy results demonstrate that the
surface layer of the calcium phosphate granules con-
sists of spherical agglomerates. Preclinical in vivo trials
on rats show that inserting calcium phosphate granules
in a model bone defect accelerates reparative osteo-
genesis processes in the damaged bone tissue.
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