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Proposed is a concept for the obtaining of a hybrid organo-inorganic composite material
of incorporative type with a binder based on sevilen and an inorganic filler based on
nanoparticles of Cas(PO,), nanoparticles. The binder simultaneously contains two differ-
ent phases: o- and B-modifications of Cas(PO,), separated by a coherent boundary. It is
shown that during the formation of the composite several processes occur simultaneously.
They are: partial hydration of a-Cas(PO,),, partial hydrolysis of sevilen, as well as
intermolecular structuring due to the formation of chelate complexes. Studied is the effect
of the composition, structure, the ratio of initial components on the properties of the
composite.

Keywords: hybrid organo-inorganic composite, coherent boundary, incorporative type,
structuring mechanism, chelate complex.

PaspaboTana KOHIEMIUS TOJYYEHUs TMOPUIHOr0 OPraHo-HeOPraHHYeCKOTO KOMIIO3UITU-
OHHOT'0 MATEpPUAJIa WHKOPIOPATUBHOTO TUIIA CO CBASYIOIIMM HA OCHOBE COMOJAMMEpa STUJIEHA
¢ BUHHJIAIETATOM M HEeOpraHWYeCKHM HAIONHMTedeM Ha ocHose HaHouactun Cas(PO,),, B
CTPYKTYpPe KOTOPBIX OJHOBPEMEHHO IIPUCYTCTBYIOT IBe pasHble Gassl: O u P-Momuduranuu
Caz(PO,), ¢ xorepentHoii rpanuneir memny Humu. OmnpegeneHo, uro mpu (GOPMHUPOBAHKL
KOMIIOSHTa OJHOBPEMEHHO IIPOTEeKAIOT uacThuHble ruaparanus o-Cas(PO,),, rugponus COBA
U MeXMOJIEKYJIIPHOe CTPYKTYPHUPOBaHIe 34 cUeT 00pasoBaHMUs XeJATHLIX KOMILIEKCOB. V3y-
YeHO BJIUAHNE COCTABA, CTPYKTYPHI M COOTHOIIEHMS KOMIIOHEHTOB Ha CBOMCTBA KOMIIO3MTA.

Ti6puani oprano-HeopraHiuHi KOMIO3ULiiiHi MarTepianau IHKOPIOPATHBHOIO THILy Ha
ocHori docdaris kaxsniro mua xkierkosoi xipyprii. C.IJI.Kpusiavosa, O.M.Paccoxa, O.F0.3a-
rosopomuuit, M.I'3inuenrxo, H.O.Byxamenrxo, B.IJRyros.

Pospobieno xoHIeniriro oTrpuMaHHS riOpPHUIHOrO OPraHo-HEOPTraHiuHOro KOMIIO3UIIiHHOTO
Marepiany iHKOPIIOPAaTHBHOIO THUIIY i3 CIIONYYHHM Ha OCHOBL comojiMepa eTujieHy 3 BUHHJA-
meraroM i HeopraHiuHNM HamOBHIOBaueM Ha ocHOBI Hamouacrok Cag(PO,),, B crpykrypi
AKMX OJHOUACHO IPUCYTHI Bigpasy nBi pisui dasu: o i B-mogmdiranii Cas(PO,), s Korepent-
HOI0 MeKer Mimk HuMu. BusHaueHo mpollecu, IO IPOTiKATh Npu (POPMYyBaHHI KOMIIO3UTY:
uacrkoBa rigparania a-Cas(PO,),, wactkosuii rizponis CEBA i mixMonexynspHe cTpykTy-
PYBAHHSA 3a PaxXyHOK YTBOPEHHSA XeJATHUX KOMILIeKciB. BuBUeHO BIIUB CKJIAAY, CTPYKTYpPU
i cmiBBiHOMIEHHA BUXiJHUX KOMMIOHEHTIB Ha BJACTUBOCTI KOMIIO3UTA.
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1. Introduction

Creation of new-generation functional
materials for medicine and biology is a topi-
cal problem. Present-day biological materi-
als science offers a variety of materials, in-
cluding nanodimensional ones [1-5] for sur-
gery of osteoarticular system.

However, so far numerous comprehensive
investigations have not resulted in the ob-
taining of innovative materials meant for
fixation of bone fragments and filling of
large cavities in major skeleton bones.

Correction of structural disorders in dif-
ferent skeleton parts requires the use of
special materials. In particular, filling of
cavities in major bones is realized by
means of calecium phosphate cements [6, 7].

For improvement of the properties of
bone cements (e.g. their mechanical
strength) there are applied different addi-
tives, such as chitosan, organic and inor-
ganic fibers, metals or powders of apatite
composition [8-16]. The latter group in-
cludes fluorine apatite Caqg(POy)gF,, fluo-
rine carbonate apatite Ca;gFy(PO,4,CO3)g,
chlorapatite Ca;g(PO4)gCl, and hydroxyl
apatite Ca g(PO,4)g(OH), [17]. As concerns
the compliance of the chemical composition
of an inorganic filler with the one of bone
tissue, the most effective is nanocrystalline
Cayg(PO,4)6(OH), possessing high biocom-
patibility that provides good binding be-
tween the material and living bones. Intro-
duction of Caqy(PO,4)e(OH), in quantities of
12.5-50 wt. % into the composition of the
filler raises its mechanical strength [16].
However, the working characteristics of
well-known bone cements do not allow to
use them for fixation of bone fragments and
filling of cavities in bone tissue.

For these purposes, the use of hybrid or-
gano-inorganic composite materials seems to
be most promising. Organo-inorganic com-
posites of incorporative type belong to a
new class of nanomaterials formed by incor-
poration of inorganic fillers into organic
matrices [18].

The use of calcium phosphate inorganic
fillers based on Ca3(PO)4 and Ca10(PO4)6F2
will make it possible to raise the strength of
the material and its stability in chemically
aggressive medium of living organisms.
Thereat, the content of fluorine must not be
high, since this may lead to unpredictable
serious consequences (such as fluorosis). In
the capacity of polymer binder for the hy-
brid polymer materials meant for plasty of
defects in osteoarticular system, there was
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chosen ethylene-vinyl acetate copolymer
(sevilen) in the form of stabilized aqueous
dispersion. It possesses high adhesion to
bone tissue, resistance to physical and
chemical aggressive media and can be struc-
tured by means of smoothly proceeding re-
actions with participation of acetate groups.
Stabilization of aqueous dispersion of
sevilen is realized using a colloid, e.g. poly-
vinyl alcohol. As established in [19], a pro-
longed exposure of such a hybrid material
in (physiologic) saline or the biological me-
dium of the organism of warm-blooded ani-
mals may give rise to partial hydrolysis of
sevilen followed by the formation of the ter-
nary ethylene-vinyl acetate-vinyl alcohol co-
polymer. Due to hydrolysis of the acetate
groups in sevilen, there are formed addi-
tional hydroxyl groups which interact with
calcium hydroxyl apatite ions with sub-
sequent formation of chelate compounds.

The aim of the present work was to cre-
ate hybrid organo-inorganic composite mate-
rials of incorporative type based on calecium
phosphates to be used in bone surgery.

To achieve this aim, it was necessary to
solve the following problems:

— To develop a concept for the obtaining
of a hybrid organo-inorganic composite ma-
terial of incorporative type based on the use
of Cajz(PO4), nanoparticles with the struc-
ture simultaneously containing two differ-
ent phases: o- and -modifications of
Cas(PO,), separated by a coherent boundary.

— To study the influence of the composi-
tion of the initial components and the con-
ditions of their thermal treatment on the
formation of fragmentary structure of the
nanocrystalline inorganic filler and the
complex of its physical, mechanical, techno-
logical and biological characteristics. To use
the obtained data for the development of a
simplified technological scheme for the syn-
thesis of bioceramic materials to be applied
in the capacity of fillers for organc-inor-
ganic biocomposites of incorporative type.

— To investigate the processes of forma-
tion and in vivo performance of the polymer
composite with the binder based on the co-
polymer of ethylene vinyl acetate and nano-
disperse inorganic filler on the base of cal-
cium phosphate, leading to stabilization of
its strength properties. Such processes in-
clude partial hydration of a-Cas(PQy),, par-
tial hydrolysis of sevilen with subsequent
formation of the ternary ethylene-vinyl ace-
tate-vinyl alcohol copolymer as well as in-
termolecular structuring due to the forma-
tion of chelate complexes.

547



S.P.Krivileva et al. /| Hybrid organo-inorganic ...

Table 1. Composition of the hybrid organo-inorganic composite material

Composite Component

Ethylene-vinyl acetate | Polyvinyl alcohol | Inorganic | Chlorophyllipte Water

copolymer with 75000— | with 5-14 wt. % filler

125000 molecular mass | content of acetate

and 28-32 mass % groups

content of vinyl acetate
1 22.00 2.0 59.00 0.005 The rest
2 26.00 3.0 55.00 0.006 The rest
3 30.00 4.0 51.00 0.007 The rest
4 20.00 1.5 62.00 0.004 The rest
5 32.00 4.5 57.00 0.008 The rest
6 — 3.0 55.00 0.006 The rest
7 - 3.0 55.00 0.006 The rest
8 - 3.0 55.00 0.006 The rest
9 - 3.0 55.00 0.006 The rest
10 26.00 - 55.00 0.006 The rest
11 26.00 - 55.00 0.006 The rest
12 26.00 3.0 55.00 0.006 The rest
13 26,00 3.0 - 0.006 The rest
14 26.00 3.0 - 0.006 The rest
15 26.00 3.0 - 0.006 The rest
16 26.00 3.0 - 0.006 The rest
17 - - 55.00 0.006 The rest
18 - - 55.00 0.006 The rest

— To study the influence of the ratio of
ingredients in the composite material, the
structure of the filler, the properties of the
binder and the temperature factor on the
rate of the processes resulting in stabiliza-
tion of the strength properties of the com-
posite and the degree of their completeness.

— To study the influence of the ratio of
organic and inorganic components in the or-
gano-inorganic composite material, on the
complex of its physico-mechanical and
technological properties and behaviour in
the living organism medium.

2. Experimental

In the present study there were used
high-purity Ca(OH),, CaF, and H;PO, as
well as synthesized Caz(PO4), and
Ca10(PO4)6F2 nanopowders. Ca3(PO4)2 was
obtained using H3PO, and Ca(OH), in solid
phase by thrice-repeated burning of the
tableted mixtures with two-hour ageing at
1150-1250°C and intermediate grinding
during multi-step rise of the temperature at
a rate of 120-150°C/hr. Fluorine apatite
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Cao(PO4)gF> was synthesized from CaF,
and Cas(PO,), preliminarily obtained in
solid phase by burning at 1200-1250°C with
three-hour ageing and subsequent grinding.

The samples were sintered using a high-
temperature chamber furnace containing air
with Si—C heaters, as well as an electric
furnace with krypton resistance and quartz
capsule at the bottom. The temperature was
controlled by Pt—Rh thermocouples.

The phase composition of the materials
was controlled by the method of X-ray
phase analysis on a set up of Drone-3 type.
The mineralogical composition of the inor-
ganic filler and the morphology of the com-
posite material particles were determined
by means of a Carl Zeiss scanning electron
microscope by the method of two-stage cel-
lulose-carbon and extraction replicas. Dif-
ferent polymorphic modifications of
Cas(POy4),, namely, o- and B-modifications,
separated by a coherent boundary were de-
termined in the nanoparticle structure in
situ microscopically, from distinctions in
the interference color of the crystals taking
into account the known optical constants of
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Fig. 1. SEM microstructure micrograms of : a) nanocrystalline powder based on Ca,(PQ,),, x 50000;
b) nanocrystalline powder Cas(PQ,),/Ca;((PO,)sF,, x 32000.

the minerals [20]. For this purpose there
was used the method of high-temperature
microscopy, as well differential thermal and
X-ray phase analyses.

Projecting of the inorganic filler compo-
sitions was realized by means of simplex-
lattice planning (the Sheffe method).

The composite materials were prepared
by standard laboratory methods. The ingre-
dients were mixed under normal conditions
during ~ 50—60 sec to obtain a homogeneous
material without structure inhomogeneities.
According to the existing practice, the ma-
terials were produced in real-life surgeries;
then the mixture was placed into a mold
and subjected to the reaction of structuring
during 30 min. The strength properties of
the material (breaking bending and com-
pression stress), as well as its adhesion and
deformation (deflection angle) charac-
teristics were determined by standard labo-
ratory methods using a multipurpose tear-
ing machine of "Dynstant” type .

3. Results & discussion

The performed study shows that the opti-
mum ratio for the components of the solid-
phase synthesis of Ca;q(POy4)gF> is to be de-
termined taking into account volatility of
the phosphorus compounds used in the ca-
pacity of precursors. This is due to the fact
that the said property gives rise to certain
complications in the process of solid-phase
synthesis of calcium phosphates [21]. The
established optimum ratio of the compo-
nents is presented in Table 1. The results of
X-ray phase analysis testify that the prod-
ucts of Ca3(PO4)2 and Ca10(PO4)6F2 synthe-
sis are high-purity nanocrystalline materi-
als. Fig. 1 presents electron microscopic
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photographs of the microstructure of
nanocrystalline Caz(POy4),  (a) and
Ca3(PO4)2/C310(PO4)6F2 (b) powders.

Earlier investigations of the transforma-
tions of one polymorphic modification of
Cas(PO,), into another modification [22,
23] confirmed the presence of two struc-
ture transitions: B-Caz(POy4), — a-Casz(POy),
and o-Caz(POy), — o’Caz(POy),. As found
in the present study, the transformation
B-Ca3(PO4)2 —> Oﬂ-Ca3(PO4)2 is not as fast as
the one reported in [23]. This transition is
slow. The DTA curves show the effect in
1180-1200°C temperature interval. However,
final formation of o-Caz(PO,), structure takes
place at considerably higher temperatures, and
is completed only at 1380-1400°C. The trans-
formation OC-Ca3(PO4)2 - (X’-Ca3(PO4)2 is fast
and occurs at a temperature of ~ 1430°C.
This permits to obtain Caz(PO,), nanoparti-
cles of a fragmentary structure which si-
multaneously contains two different phases:
o- and PB-modifications of Caz(POy,), sepa-
rated by a coherent boundary. ZrO,
nanoparticles with similar properties inves-
tigated by Academician V.A.Shevchenko
were called “centaurs” [18]. Caz(POy,),
nanoparticles are the crystals which interior
is composed of non-hydrated B-modification
of Cas(PQ,),, whereas the outer part is its
hydrated o-form.

The high-temperature o-Caz(PO,), modi-
fication differs from the P-modification by
the fact that it is of apatite nature. There-
fore, its formula should be written as
Cag (PO,4)gd 5, where O is vacancy.

When the organic and inorganic compo-
nents are being mixed in the process of
preparation of the composite material, there
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Fig. 2. Intermolecular structuring of the hy-
brid organo-inorganic composite material of
incorporative type due to the formation of
chelate complexes resulting in essential rise
of the resistance of the composite to the ac-
tion of biological medium of the organism.

occurs partial hydrolysis of Cag (PO,4)s0»
in aqueous medium. Thereat, the substance
transforms into a crystalline hydroxyl apa-
tite of non-stoichiometric composition with
channels half-filled with water:

— Cag (PO,)s(HPO,)(OH)O .

Hereinafter, being durably incorporated
into the physiological medium which con-
tains, Dbesides OH-, Ca?* ions, non-
stoichiometric hydroxyl apatite
Cagd (PO,4)5(HPO,4)(OH) absorbs them and
transforms into crystalline hydroxyl apatite
of stoichiometric composition:

Cag (PO,)5(HPO,)(OH)O + Ca?* + OH™ — (2)
—Cayy(PO,)e(OH),.

Thus, the formation of hydroxyl apatite
from Cas(PO,), is presented by the scheme:

_5 Cagl (PO,)(HPO,)(OH)O + Ca2* + OH- —

or
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At intraosseous use (in the capacity of
inorganic filler for a composite material of
incorporative type), a fragmentary struc-
ture of an inorganic filler is being formed
in a humid medium of a living organism.
Thereat, in the process of hydration there
appear the outer hydroxyl apatite layer of
the stoichiometric composition and the inte-
rior layer of the non-stoichiometric compo-
sition. Introduction of such an inorganic
filler into aqueous solution of the polymer
material makes it possible to obtain a frame
of three-dimensional structure with high
mechanical strength due to formation of hy-
droxyl apatite of the non-stoichiometric
Cag(PO,4)5(HPO,)OHO, and then of the
stoichiometric structure. Thus, the synthe-
sis of calcium phosphate materials by the
method of solid-phase sintering at tempera-
tures of 1000-1300°C with subsequent
treatment by the ceramic technology al-
lowed to obtain nanocrystalline powders
with controlled micro- and macro-structure
(porosity).

Introduction of the filler based on cal-
cium phosphate favors partial stitching of
the spirit fragments of the ternary copoly-
mer followed by formation of intermolecu-
lar chelate compound. As a result, rigidity
of the composite and its resistance to the
action of aqueous media, including biologi-
cal ones, essentially rises. Shown in Fig. 2
is the scheme of intermolecular structuring
of the hybrid organo-inorganic composite
material of incorporative type due to the
formation of chelate complexes. The proc-
esses which take place during the obtaining
of such materials have a physico-chemical
character. Their heating power is insignifi-
cant in comparison with that of the exother-
mal processes which occur at structuring of
well-known bone cements. Therefore, the
temperature in the "composite material —
bone tissue” contact zone must not be
higher than 20-22°C.

Thus, during the formation and sub-
sequent exploitation of the hybrid organo-
inorganic composite with sevilen based
binder and the inorganic filler based on
finely dispersed calcium phosphate, there
are observed several processes which take
place simultaneously at different rates.
Such processes lead to stabilization of the
strength properties of the material and in-
clude partial hydration of the filler, inter-
molecular structuring due to formation of
chelate complexes, as well as partial hy-
drolysis of sevilen followed by the forma-
tion of the ternary ethylene-vinylacetate-

Functional materials, 25, 3, 2018
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Inorganic nanocrystalline filler

Organic material \
(polymer matrix)

Organo-inorganic nanocomposite material
of incorporative type

Fig. 3. Schematic structure of the organo-inorganic hybrid nanocomposite material of incorporative type.

Table 2. Physico-mechanical properties of hybrid organo-inorganic composite material based on
sevilen and polyvinyl alcohol with nanodisperse calcium phosphate filler

No. of Parameter
ggégﬁgisigot% Adhesive ’I:'empera.ture at Brea](ing B?eaking Deflection
Table 1 strength at bone tls_suc'e' - |compressive stress,| bending stress, angle, deg
steady shear, composite MPa MPa
MPa boundary, °C
1 7.2 20 70 45 9.0
2 7.8 20 72 50 8.0
3 9.3 20 73 38 9.0
4 6.5 20 75 42 9.0
5 6.8 20 70 35 9.0
6 6.3 20 72 30 10.0
7 6.5 20 70 38 8.0
8 6.0 20 70 35 7.8
9 6.0 20 75 34 9.0
10 5.8 20 70 37 9.0
11 6.3 20 71 33 10.0
12 5.0 20 68 40 8.0
13 5.4 20 70 35 7.9
14 5.4 20 65 35 8.2
15 5.8 20 70 40 8.5
16 5.5 20 68 42 8.7
17 6.0 20 73 39 8.0
18 6.3 20 71 37 8.1

The following examples characterize the influence of certain factors on the physico-mechanical
properties of the hybrid organo-inorganic composite material: 6, 7: the molecular mass of
ethylene-vinyl acetate copolymer; 8, 9: the content of vinyl acetate in the composition material;
10, 11: the content of acetate groups in polyvinyl alecohol; 12, 18: Cas(PO,), to fluorine apatite
ratio in the inorganic filler; 14: the content of vinyl acetate in the composite material; 15: the
content of acetate groups in polyvinyl alcohol; 12, 16: Caz(PO,), to fluorine apatite ratio in the
inorganic filler; 17, 18: the content of vinyl acetate in the composite material.

Functional materials, 25, 3, 2018
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vinyl alcohol copolymer. The rate and com-
pleteness of each of these processes depend
on the ratio of ingredients in the composite
material, the structure of the filler, the
properties of the binder, the temperature
and other factors. However, as a rule, com-
plete stabilization of the strength and work-
ing characteristics occurs only since 15-
20 days. The scheme of the organo-inor-
ganic composite material of incorporative
type is shown in Fig. 3.

There was studied the influence of the
composition, macrostructure, thermal treat-
ment conditions for the powders, on the
physico-mechanical and biomedical proper-
ties of the obtained hybrid organo-inorganic
composites. The composition and the
physico-mechanical properties of the mate-
rial are presented in Tables 1 and 2, respec-
tively. As seen from Table 2, the maximum
adhesive strength with respect to bone tis-
sue at steady shear and high level of the
strength properties is characteristic of the
material of composition No. 2. The optimum
content of Cayz(PO,4)gF, in the inorganic
filler is determined, and it is shown that its
introduction raises the strength and stabil-
ity of the composite in the medium of a
living organism. In this connection the ma-
terial is obviously be effective for glueing
together bone fragments. There has been es-
timated the influence of the ratio of ingre-
dients and their composition on the behav-
ior of the material in vivo (in warm-blooded
animal organism at intraosteal application).
The investigated materials have been found
to be promising for filling cavities in bone
tissue. The microstructure of the organo-in-
organic composite material based on
Caz(PO,), and sevilen after 28-day testing
in vivo is presented in Fig. 4. As is seen,
damage in the microstructure is absent.

4. Conclusions

Developed is the concept for the obtain-
ing of the hybrid organo-inorganic compos-
ite material of incorporative type based on
the use of Caz(PO,), nanoparticles in the
capacity of inorganic filler, which structure
simultaneously contains two different
phases: a- and B-modifications of Casz(POy,),
separated by a coherent boundary.

There is established the possibility to
synthesize Caz(PQO,), nanocrystals which in-
terior is composed of non-hydrated (-modi-
fication of Caj(PQ,),, whereas the outer
part is its hydrated o-form. Thereat, both
parts are separated by a coherent boundary.
It is shown that the introduction of this
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Fig. 4. Microstructure of the organo-inor-
ganic composite material of incorporative
type based on Cas(PO,), and sevilen since
28 days of testing in vivo, x 70000.

inorganic filler into aqueous solution of the
polymer material allows to obtain a strong
frame of three-dimensional structure with
high mechanical strength due to formation
of hydroxyl apatite of the non-stoichiomet-
ric and then of the stoichiometric structure.

Developed is a simplified technological
scheme for the synthesis of bioceramic ma-
terials to be used in the capacity of fillers
for organo-inorganic biocomposites of incor-
porative type.

There is studied the influence of the ratio
of ingredients in the composite material, the
structure of the filler, the properties of the
binder and the temperature, on the rate of
the processes leading to stabilization of the
strength properties of the composite and the
degree of their completeness.

The processes which occur during the
formation and exploitation of the polymer
composite in vivo, are investigated.

The performed study is a basis for the
creation of technological foundations for
the obtaining of a new generation of func-
tional materials for biomedical purposes,
namely, hybrid organo-inorganic composites
of incorporative type possessing a specific
three-dimensional structure and predeter-
mined properties.
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