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REACTION-ASSOCIATED RESORBABLE PHOSPHATE MATERIALS:
PRODUCTION AND TESTING IN VITRO

Ya. Yu. Filippov,:* D. S. Larionov,! V. I. Putlyaev,!:5 A. V. Sokolov,? V. K. Koval’kov,?
K. A. Agakhi,? I. I. Selezneva,® and Yu. A. Nikonova?

Translated from Steklo i Keramika, No. 8, pp. 35 — 40, August, 2013.

The properties of reaction-associated calcium-phosphate materials obtained by pressing paste based on
a-tricalcium phosphate with subsequent holding in different solutions are presented. The phase composition,
solubility and mechanical characteristics of the materials obtained are studied and biological tests in vitro are

performed.
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Dense ceramic based on hydroxyapatite Ca,,(PO,)s(OH),
(HA) and/or tricalcium phosphate Ca;(PO,), (TCP) is find-
ing wide application as implants in bone tissue replacement
operations. However, these and similar implants fulfill only a
support function, not permitting bone growth into the mate-
rial, which is associated with its low solubility in the body’s
medium and the absence of a linked system of pores [1].

The so-called regenerative approach has been given
more and more attention in recent years. In this approach em-
phasis is placed on complete replacement of the biomaterial
of the growing bone while the material is relegated to the
role of a support and guiding element, an active source of
substances required for constructing bone tissue [2]. Thus,
the use of bio-resorbable materials, whose resorption rate
matches the growth rates of bone tissue, is trending in the
field of orthopedic and maxillofacial surgery. In the case of
calcium phosphate materials this can be attained first and
foremost by obtaining implants at temperatures close to
room temperature, on the basis of phases with better solubi-
lity than HA.
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Calcium phosphate cements, which have studied recently
as the main alternative to bioceramics, are characterized by
higher solubility [3], while the technology for obtaining them
is predicated on a significant number of methods for setting
the porosity [4]. In addition, their relatively low consolida-
tion temperatures make it possible to combine cements with
physiologically active substances (for example, proteins ini-
tiating osteosynthesis) as well as with proliferating cell cul-
tures (for example, stem cells) [5, 6]. Such properties open
up the potential of calcium phosphate cements as a base for
developing tissue-engineered structure for osteoplastics
[7-9].

A series of works whose authors proposed and imple-
mented simple and at the same time effective approaches to
obtaining cements with improved mechanical properties
have appeared in recent years. The specifics of the techno-
logical aspects of preparing these materials enabled the in-
vestigators to talk about a new class of materials (reaction- or
chemically associated materials), which combine the advan-
tages of ceramics and cements. The use of special modifying
additives or pre-pressing of pastes makes it possible to sig-
nificantly lower the porosity, making it possible to attain
high strength [10]. The impossibility of using them in situ
appears to be the only drawback of this group of materials.

Previously, we attempted to develop calcium-phosphate
reaction-associated materials based on non-stoichiometric
HA, but the samples obtained exhibited significant strength
variance, low crack resistance and a high percentage of re-
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jects [11]. In the present work an improved technology for
obtaining reaction-associated materials was tested; specifi-
cally, the composition of the solutions used for solidifying
the formed paste was expanded.

MATERIALS AND METHODS

The precursor for obtaining reaction-associated material
based on nonstoichiometric hydroxyapatite was o-tricalcium
phosphate (a-Ca;(PO,),, a-TCP), which possesses relatively
high porosity and permits the cement paste to set rapidly and
effectively.

First, to synthesize this compound brushite
(CaHPO, - 2H,0) was obtained by the solution method

Ca(NO,), + (NH,),HPO, + 2H,0 —
CaHPO, - 2H,04{ + 2NH,NO,.

The precipitate obtained was carefully washed, filtered
and dried at temperature 260°C in 12 h to obtain monetite

CaHPO, - 2H,0 — CaHPO, + 2H,07T.

The monetite was mixed with an appropriate amount of
calcium carbonate in a ball mill under a layer of acetone in
15 min. The mixture formed was dried at room temperature
in 24 h to remove acetone residues and annealed at 1400°C
for 1 h to obtained a-TCP

2CaHPO, + CaCO, — Ca,(PO,), + H,0T + CO,T.

The o-TCP powder was mixed with different liquids
(water, 0.5 M solution of sodium nitrate, 1 M solution of
NaHCOy), after which the paste obtained was placed into an
8-mm in diameter dismountable press mold and pressed un-
der pressure 400 MPa for 1 min. The column obtained was
held at room temperature for 24 h for initial setting and then
placed in a hydrostat and kept in water or a solution at 60°C
for 24 h, after which it was finally dried and prepared for
tests (the technological scheme for obtaining reaction-associ-
ated material is presented in Fig. 1).

X-ray diffraction studies were performed with a Rigaku
D/Max-2500 diffractometer using Chang’s method [12]. The
microstructure of the samples was investigated with a scan-
ning electron microscope equipped with a LEO SUPRA
50VP autoemission source (CarlZeiss, Germany). The IR ab-
sorption spectra of the samples were recorded with a
SpectrumOne IR spectrophotometer (Perkin-Elmer, USA).

Cylindrical samples with diameter-to-height ratio 1 : 1.5
(diameter 8 mm, height 12 mm) were prepared for mechani-
cal tests to determine strength. The samples were subjected
to uniaxial (along the axis of the cylinder) compression with
strain rate 1 mm/min on a R-05 universal testing machine
equipped with a Spider (Germany) multichannel measuring
system.
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Fig. 1. Scheme for obtaining reaction-associated material.

The cytotoxicity was investigated using extracts and
samples of compact materials following [13, 14]. The viabi-
lity of the cells was assayed by the MTT test based on the re-
duction of the colorless salt of tetrazolium (3-[4.5-dimethyl-
thiazol-2-yl]-2.5-diphenyltetrazolium bromide, MTT) by mi-
tochondrial and cytoplasma dehydrogenases of live metabo-
lically active cells with formation of light-blue formazan
crystals dissolved in dimethylsulfoxide. Color development
was recorded by measuring the optical density at wavelength
540 mm in the wells of a 96-well culture plate using a pho-
tometer (model 680 BIO-RAD, USA).

RESULTS AND DISCUSSION

Our previous works on the preparation of reaction-asso-
ciated calcium phosphate implants showed a bottleneck in
the technological scheme — the stage of press-out of cement
paste from a fixed cylindrical compression mold [11]. It
should be noted that when paste is compressed it undergoes
initial setting and loses plasticity. For this reason, during
press-out, because of significant friction of the surface of the
pressed paste against the wall of the matrix of the press mold
cracking of the pressed part occurs (accompanied by a cha-
racteristic acoustic effect). Experience shows that the cracks
formed do not close at the stage of solidification of the
pressed part in a water medium. This results in the following:

— significant number of rejected (cracked) pressed parts
(to 50%);

— low ultimate strength (in compression) to 60 MPa for
the remaining whole solidified parts;

— Weibull distribution of the ultimate strength of parts in
the same batch, indicating the presence of a mainline crack in
seemingly high-quality parts.

The use of a press mold with a conical four-section die
makes it possible to avoid the press-out stage and, corre-
spondingly, eliminate the problems indicated above.

In the present work, aside from water, solutions of so-
dium citrate and hydrocarbonate were used as mixing liquids
and solidification medium for the cement pastes formed.

Sodium citrate was used for several reasons. First, it is a
complex-forming agent with respect to the cation Ca®", as a
result of which it increases the solubility of the initial a-TCP
(and, therefore, supersaturation of the solution with respect
to HA), resulting in longer setting times for the cement paste
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and finer microstructure of the hardened cement mix. Se-
cond, the citrate ions present in the solution can become ad-
sorbed on the surface of the embryos of nonstoichiometric
apatite crystals, significantly slowing their growth, which
also contributes to obtaining material consisting of very
small particles of HA, which has a positive effect on its solu-
bility and, of course, on the strength. Third, the use of a solu-
tion of sodium citrate as mixing liquid makes it possible to
significantly decrease the water/cement ratio in the paste ob-
tained and thins it significantly it, playing the role of a
plasticizing agent.

The use of a sodium hydrocarbonate solution as a mixing
liquid and solidification medium results in the formation of
carbonate-substitute hydroxyapatite (CHA), characterized by
even higher solubility with respect to the nonstoichiometric
apatite and is comprised of fine equiaxial particles. Thus, the
chemical reactions occurring during the solidification of re-
action-associated materials can be schematically written as
follows:

in the cases of mixing with water and a sodium citrate
solution

a-Ca,(PO,), + H,0 — Ca,HPO,(PO,),(OH)
and mixing with sodium hydrocarbonate

a-Ca,(PO,), + H,0 + NaHCO, —
Ca,,_Na,(PO,);_,(CO;),(OH), , (COy),.

From the chemical standpoint such reactions must be in-
terpreted as hydrolytic.

The results of a quantitative x-ray phase analysis of the
samples obtained in different solidification media and at dif-
ferent temperatures are presented in Fig. 2. Evidently, of the
time dependences of the degree of conversion of a-TCP into

20 40 60 80 100 1.h

Fig. 2. Degree of transformation of o-tricalcium
phosphate into non-stoichiometric hydroxyapatite
versus the hydrolysis time t: in water (a), sodium
citrate solution (b) and sodium hydrocarbonate so-
lution (c) at different temperatures.

HA presented in the figure, the rate of the hydrolysis reaction
at 20 and 40°C is too low for the reaction to be used in prac-
tice to create compact materials. In water at 60 and 80°C the
reaction is practically completed in 24 and 6 h, respectively.
The reaction slows down considerably when sodium citrate
and hydrocarbonate solutions are used, which is probably as-
sociated with blocking of crystal growth in the first and for-
mation of more soluble CHA in the second case.
IR-Spectroscopy shows that nonstoichiometric apatite
forms in the course of hydrolysis, since the spectrum con-
tains bands corresponding to vibrations of HPOAZ[, which are

absent in pure HA. These bands are much weaker in the case
of sodium citrate, since the alkaline medium formed by it re-
sults in a lower concentration of hydrophosphate ions in the
solution and therefore displacement of the ratio Ca/P toward
pure HA. In the case of hydrolysis in a sodium hydrocar-
bonate solution bands characteristic for vibrations of carbon-
ate groups in the apatite structure are found to be present,
which indicates the formation of CHA; in addition, as the
synthesis temperature decreases, the degree of substitution in
the formula for CHA increases.

Investigations of the microstructure of samples of reac-
tion-associated materials have shown that the hydrolysis of
TCP in water starts with the formation of fine needle-shaped
apatite crystals on its surface, which subsequently intergrow,
because of morphological selection of crystal embryos, into
platelets at 60°C or continue to grow in the form of needles
at 80°C (Fig. 3).

In the case of sodium citrate a gel-like structure forms
initially and subsequently closely packed crystals of uniaxial
shape of the order of 50 nm in size form at 60°C (Fig. 4a).
At higher temperatures a combined morphology with the
presence of uniaxial and prolate particles is observed
(Fig. 4b).
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Fig. 3. Photomicrographs of samples synthesized in water at tem-
peratures 60 (a) and 80°C (b).

Fig. 4. Photomicrograph of samples obtained in a sodium nitrate
solution at temperatures 80 (a) and 60°C (b).

In the case of sodium hydrocarbonate spherical particles
of the order of 100 — 200 nm in size are formed, and as the
reaction proceeds they form an ordered structure comprised
of hexagonal meso-crystals, which is not observed at higher
temperature (Fig. 5).

In vitro tests have shown that sodium citrate increases
solubility (probably because of a change in particle size); the
sample obtained using sodium hydrocarbonate exhibits the
highest solubility because of the formation of the more solu-
ble carbonate hydroxyapatite (Fig. 6). An investigation of the
effect of extracts of materials on cells showed an absence of
water-soluble fractions that have an accelerating effect on
their metabolic activity, as indicated by the very small diffe-
rence with the control based on the MTT-test data (the meta-
bolic activity, %, of cells for samples were determined in
comparison with the number of surviving cells on glass,
taken as 100%). All materials maintained adhesion of the
cells on the surface and supported their active spreading

(Fig. 7).

% of control

Fig. 5. Photomicrograph of samples obtained in a sodium hydrocar-
bonate solution at temperatures 80 (a) and 60°C (b).
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Fig. 6. Variation of the content of calcium ions sCa in solution with
samples obtained using water (/ ), a solution of sodium citrate (2)
and a solution of sodium hydrocarbonate (3 ).

The strength of the dense samples obtained under diffe-
rent conditions was studied (Fig. 8, Table 1). The slow de-
crease of the stress after the ultimate strength of the sample
(fracture) is reached indicates quite high resistance to crack
growth in the volume of the material probably because of
branching of the cracks and dissipation of the elastic energy
at the contact boundary of the HA crystals and in pores. The
most interesting samples obtained using sodium hydrocar-
bonate at 60°C are the ones with strength of the order of
120 MPa and the best solubility as well as the ones obtained
in sodium citrate at 80°C, which possess the highest strength
— of the order of 180 MPa, higher than the strength of tubu-
lar bone.

140
a

120 1
Fig. 7. Viability (metabolic activity, %, accordingto 14 I
MTT-test data) of NCTC L929 cells during incuba- /
tion with extracts from materials: 7, 2) materials 80
mixed with water with porosity 0 and 50%, respec- 60
tively; 3, 4) materials mixed with sodium citrate 40
with porosity 0 and 50%, respectively; 5, 6 ) materi-
als mixed with NaHCO; with porosity 0 and 50%, 20
respectively (a); characteristic form of the cell 0

spreading on the surface of the material (b ).
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Fig. 8. Examples of loading curves for samples (to fracture) under
different conditions: in water 7= 60°C (1 ), = 80°C (2 ); in sodium
citrate solution 7= 60°C (3), T'=80°C (4); in sodium hydrocar-
bonate solution 7= 60°C (5), T=80°C (6).

CONCLUSIONS

Reaction-associated TCP/HA composite materials with
strength in compression to 180 MPa and acceptable solubi-
lity, maintaining adhesion and spreading of cells on them,
were obtained. An accelerating effect on the viability and
metabolic activity of cells was observed, making it possible
to talk about the prospects for using these composite materi-
als as osteoplastic materials.

The kinetics of the main reaction TCP + H,O — HA,
proceeding in reaction-associated composites TCP/HA at
temperatures 20 — 80°C in water medium containing modify-
ing additives (sodium citrate, sodium hydrocarbonate), was
studied. Modifying agents slow down the main reaction con-
siderably, and in the case of sodium hydrocarbonate also
modify the chemical composition of the product.

An increase in the temperature of the main reaction
changes the character of the agglomeration of the HA em-
bryos with a change of the habitus of the crystals from plate-
to needle-shaped in the case of the reaction in water. Mo-
difying additives change considerably the morphology of HA
embryos and give a denser microstructure with a different
character of the agglomeration of the crystallites. The
smaller size of the crystallites and the high density of the
contacts of HA crystals with the use of modifiers make it
possible to attain higher macroscopic strength.

This work was performed as part of the Special Federal
Program “Scientific and scientific-pedagogical cadres of in-
novative Russia in 2009 —2013” (measure 1.2.2, state con-
tract No. 14.740.11.0277) and with the support of RFFI
grants 10-03-00866, 11-03-12179-ofi-m-2011, 12-03-01025,
12-08-00681 and 11-08-01015a. The equipment used in this
work was acquired using funds from the Development Pro-
gram of Moscow University.
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TABLE 1. Ultimate Strength of Samples Obtained under Different
Conditions

T.°C/ . . Sodium
mixing liquid Water Sodium citrate hydrocarbonate
60 874 77+3 120+ 5
80 84+4 180 +7 110£5
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