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The concept of obtaining a functional hybrid organo-inorganic composite material of
the incorporation type with a binder based on polyacrylic acid and a nanocrystalline filler
of a frag- mentary structure has been developed. Cas(PO,), particles contain two phases
with a semicohe-rent boundary between them. Structuring of the composite takes place at
five levels: in the volume of the polymer binder, in the interfacial layer and the polymer
matrix adjacent to it, and in the outer and inner layers of the calcium phosphate filler.
The effects of composition, structure, and the ratio of the initial components on the
properties of the composite were studied. The use of the composite causes the growth of
young tissue of the articular cartilage with the restoration of its structures.

Keywords: hybrid organo-inorganic composites, coherent boundary, incorporation type,
structuring mechanism, chelate complex.

Paspaborana KOHIENIUA IIOJAYyYeHUS (PYHKINOHAIBLHOrO r’mOPUIHOIO OPraHo-HEOPraHnvecKo-
ro KOMIIOSHI[MOHHOT'O0 MATepuaia MHKOPIIOPATHBHOrO THUIIA CO CBASYIOIIMM HA OCHOBE IIOJIHAKPHU-
JIOBOM KHCJIOTHI ¥ HAHOKPHUCTAINIECKUM HAIIOJHUTEAeM (hparMeHTapHON cTPyKTypbl. CTPYKTY-
pupoBaHUE KOMIIO3UTA HPOMCXOLUT HA ISTU YPOBHAX: B 00beM€ IIOJHMMEPHOIO CBA3YIOIIEro,
B MeX(asHOM cjoe, IMIOJNMEPHON MaTpulle, IPUMBIKAOIeHl K HeMy, BO BHEIIIHEM U BHYTPEH-
HeM cJ0AX KajabnuiipocharHoro HamoJHuTens. MaydeHo BIMAHKE COCTAaBa, CTPYKTYPHI U
COOTHOIIEHSI KOMIIOHEHTOB HA CBOMCTBA KoMIIO3uTa. VICIONIb30BaHNE KOMIIOBUTA O0YCIOBIIU-
BaeT POCT MOJIOLOH TKAHU CYCTABHOTO XPSAIAa ¢ BOCCTAHOBJIEHHEM €ro MCXOTHBIX CTPYKTYP.

dynknioHaasHi ri6puaHi OpraHo-HeopraHiuHi KOMIO3UIiiHI MaTepiaan iHKOPIIOPATHER-
HOTO TUIy AJA BigHOBAeHHS IedekxTie cyraoooBoro xpama. C.I.Kpusinvosa, O.M.Paccoxa,
0.10.3axosopomnuil, B.d.Moucees, B..JKykos.

Pospobieno Kouteniiio oTpuManusa QYyHKIIIOHATLHOTO TiOPUAHOTO OPraHO-HeOPTaHiuHOTO
KOMIOBUIIHHOTO MaTepiajy iHKopmopaTiBHOTO THUTy 31 3B’A3yHOUUM Ha OCHOBI mosiakpmio-
BOI KMCJOTV i HAHOKPUCTAJIUHMM HATOBHIOBaueM (parMeHTapHOl CTPYKTYpu, CTPYKTYpY-
BAHHA KOMIIO3UTY Big0yBaeThcad Ha T ATH PiBHAX: B 06’eMi mosimepHOTo 3B’A3YIOUOTO, B
Miskbpasnomy miapi, moaimepnii#i maTpuii, 10 OTPUMUKAE g0 HBOTO, Yy BOBHINIHbOMY i
BHYTPIUITHBOMY TIapax KaibllifiocdhaTHOTO HamoBHIOBAUa. BUBUEHO BIIWB CKJIALY, CTPYKTY-
pu i cuiBBiHONIEHHS KOMIIOHEHTIB Ha BJACTUBOCTI KOMHOO3UTY. BUKOpUCTAHHA KOMIIOBUTY
00YMOBJIIOE PiCT MOJIOM0I TKAHWUHY CYTJIOBOBOTO XPSAIA 3 BiIHOBJAEHHAM IOTO CTPYKTYD.
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1. Introduction

Fundamentally different materials are
necessary for the correction of structural
violations of various parts of the skeleton
[1, 2]. For engineering of articular carti-
lage, materials developed for other sites are
not applicable. Known polymer composites
and bioceramic materials do not cause re-
generation of articular cartilage, but only
lead to its punching [3-5].

A promising direction in modern medical
materials science is the development of
functional organo-inorganic hybrid compos-
ites based on hydroxylapatite, calcium phos-
phates, bioglasses and bio-metals a new
class of nanomaterials that are formed by
the incorporation of inorganic fillers into
polymer matrices [6]. In these composites,
the biocactive phase serves either as a matrix
in which the polymer phase is dispersed, or
as a filler distributed in the polymer ma-
trix. In both cases, the properties of the
phases are realized in the material: on the
one hand, the ability to regenerate cartilage
tissue (bioactive phase), and on the other
hand, elasticity and osteoplasticity.

The aim of this work is to create a func-
tional hybrid organo-inorganic composite
material of an incorporated type to restore
articular cartilage defects.

To achieve this goal it was necessary to
solve the following tasks:

(i) to create a concept for producing a
hybrid organic-inorganic composite material
of an incorporated type with a binder based
on polyacrylic acid and a nanocrystalline
filler with particles of a fragmented struc-
ture; (ii) to study the features of the forma-
tion of a fragmented structure of a calcium
phosphate filler and, based on the data ob-
tained, to develop a simplified technology for
the synthesis of bioceramic materials for use
as organo-inorganic composite fillers; (iii) to
study the effects of the composition, ratio of
components and structure of the inorganic
filler on the complex of deformation-strength
and operational properties of the composite;
(iv) to study the possibility of using the de-
veloped material for the regeneration of ar-
ticular cartilage in vivo, and to conduct a full
range of toxicological and hygienic tests.

2. Experimental

In the present study, high-purity
Ca(OH),, CaF, and H;PO, and magnesium
stearate Mg(C,7H35COQ), were used to ob-
tain an inorganic filler. The filler was syn-
thesized from pre-synthesized Caz(POy,),,
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CaF2 and Mg(C17H35COO)2 by trlple roast-
ing of tablet mixtures at a temperature of
1150 - 1250 °C with holding for 2 hours.

As the polymer component, we used a
mixture of aqueous solutions of polyacrylic
acid with a molecular weight of 25000 and
polyethyleneoxide with a molecular weight
of 1400-1600, macromolecules of which in-
teracts due to hydrogen bonds. The use of
polyethylene oxide significantly improves
the rheological characteristics of the organo-
mineral system at the stage of formation of a
functional hybrid material. The structure of
nanoparticles of various Cas(PO,), polymor-
phic modifications, namely, the o and p-modi-
fications with a semicoherent interface be-
tween them, was determined by high-tempera-
ture microscopy in situ [8] and X-ray
diffraction (XRD) analysis.

Functional hybrid organo-mineral com-
posite materials were prepared according to
standard laboratory procedures. The mixing
of the ingredients (dispersed and dispersion
phases) was carried out under normal condi-
tions for at least 60 seconds to obtain a
homogeneous material; then it was trans-
ferred to the mold for the initial stage of
structuring ("setting”). The deformation
and strength (breaking stress under com-
pression, impact strength, relative compres-
sive deformation during failure), techno-
logical and other properties were deter-
mined by standard methods [9, 10].

The possibility of using the developed
material for the regeneration of articular
cartilage was investigated under specific
surgical procedures for plastic surgery of
traumatic defects of the articular cartilage,
followed by the replacement of pathological
foci with a developed biocomposite. For this
purpose, samples of the materials were planted
in articular cartilages of laboratory animals.
Transcortical defects in the form of cylindrical
holes were made in the area of the knee and
hip joints with a 4-mm-diameter dental burr;
then the holes were filled with samples of hy-
brid polymer-ceramic composites.

A full range of toxicological tests and
assessment of the specificity of restructur-
ing and mechanisms of tissue regeneration
at different stages of the repair process was
carried out on the basis of clinical, X-ray,
morphological and biochemical analyzes per-
formed at Kharkov Medical University.

3. Results and discussion

For the production of a hybrid organic-
inorganic composite of an incorporated
type, a concept has been developed based on
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the use an inorganic filler consisting simul-
taneously of fragmentary structured
nanoparticles of two different Casz(PO,),
phases with a semicoherent interface be-
tween them. As a result of the implementa-
tion of the developed concept, a functional
hybrid nanocomposite material was ob-
tained, purposefully designed to restore de-
fects in articular cartilage.

The formation of the material with a
unique structure occurs at five levels:

1) in the volume of the polymer binder;

2) in the interfacial layer at the interface
between the filler and the polymer matrix;

3) in the areas of the polymer matrix
adjacent to the interfacial layer;

4) in the outer part of the a-Caz(PO,),
dispersed filler;

5) in the internal non-hydratable part of the
inorganic calcium phosphate $-Cas(PO,), filler.

The model of the structure of the func-
tional hybrid organo-inorganic composite of an
incorporated type in vivo is shown in Fig. 1.
The use of the specially developed inorganic
filler with a specific fragmented structure of
nanocrystalline particles allows the hybrid
nanocomposite structure to be formed at five
levels; its schematic image is shown in Fig. 2a.

The introduction of the fragmentary struc-
tured calcium-phosphate particles into an aque-
ous polymer solution allows for obtaining a du-
rable composite that is highly stable due to the
formation of hydroxylapatite (first non-
stoichiometric Cagn(PO,4)s(HPO4)(OH)o, and
then the stoichiometric structure - see Fig. 2b)
which is confirmed by the results of the XRD.

As a result of hydration processes at the
phase boundary in which a-Cag(PQ,),, water,
and a portion of the cabroxyl groups of
polyacrylic acid take part, an organomineral
interphase region is formed; this is charac-
terized by high strength and stability of prop-
erties and sizes (i.e., significant decrease in
shrinkage during the formation of the com-
posite). An equimolecular amount of water
available in the system is involved in the hy-
dration processes; as a result, the polymer
binder is almost completely free of moisture.
The flow rate and the completion degree for
each of these processes depends on the ratio of
ingredients in the composite material, the
structure of the filler, the properties of the
binder, temperature and other factors. Full
stabilization of the strength and operational
properties of the composite (which continues in
the environment of a living organism) usually
occurs only after 7-10 days.

It is advisable to use hydrophilic polymers
as matrices in composites for regenerative
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Fig. 1
structure of an organo-inorganic hybrid
nanocomposite material of an incorporated
type in vivo: 1 - phosphate ions; 2 - calcium
ions; 3 - hydroxyl groups.

Schematic representation of the

medicine. These polymers are crosslinked by
chemical and physical methods. This is the
result of intermolecular interaction of the
components of the polymer matrix-inorganic
filler system (due to the formation of hy-
drogen bonds, hydration, etc.). In compos-
ites for regenerative medicine, it is advis-
able to use particles of various crystalline
shapes, morphology and sizes as inorganic
fillers, since it is these characteristics that
determine the final properties of the mate-
rials (due to specific effects associated with
the behavior of induction charges).

Therefore, it seemed most appropriate to
use an aqueous solution of polyacrylic acid
and polyethylene oxide as a binder, and syn-
thetic nanocrystalline powders of apatite com-
position as a filler [7]. These powders are
spherical mesoporous polycrystals with bio-
compatibility and biomineralization potential;
this is especially important for the regenera-
tive approach in tissue engineering). The
presence of MgO and Ca;o(POu)sF> in the
filler composition makes it possible to in-
crease the strength of the composite and in-
crease its stability in a chemically aggressive
environment of a living organism.

We have revealed an improvement in me-
chanical properties due to the hybridization
of the material - the combination of organic
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Fig. 2 - Schematic representation of the structure of a finely dispersed particle of an inorganic
filler, consisting in the interior of a non-hydratable B-modification Casz(PO,), and the outer sphere
from a-Caz(PO,),: a - in the initial state; b- in the humid environment of a living organism in vivo.

molecules with inorganic nanoparticles (see
Table 2). And this, in turn, increases cell
adhesion and tissue regeneration (according
to the results of biomedical research). Thus,
by adjusting the concentration of the inor-
ganic filler, it is possible to control the de-
formation-strength properties of the com-
posite in accordance with the properties of
articular cartilage cells.

On the basis of our previous researches
[11,12], a synthesis technology of Cas(PQOy,),
nanocrystals with a special structure (which
we called fragmented) was developed. A sin-
gle particle contains two different phases of
o- and p-Caz(PO,), modifications with a
semicoherent boundary between them. The
authors of [13] called similar nanoscale
ZrO, particles "centaurs”. It was revealed
that the optimal ratio of the components
during the synthesis of calcium phosphates
in the solid phase should be determined tak-
ing into account the volatility of phosphorus
compounds used as precursors.

The XRD results confirmed that the syn-
thesis  products of Caz(PO,), and
Ca g(PO4)eF> are high purity nanocrys-
talline materials with a particle size of less
than 80 nm. Caz(PO,), nanoparticles are
crystals consisting of non-hydratable -
modification of tricaleium phosphate in the
inner part, and hydratable o-form in the
outer part. The o-Caz(PO,), modification dif-
fers from the B-Caz(PO,), in that the first is
apatite in nature and its formula can be written
as Cagn(PO,)gno, where o is a vacancy. When a
composite material is prepared in an aqueous
medium, a partial hydrolysis of Cas(PO,), takes
place and the substance becomes crystalline
hydroxylapatite of non-stoichiometric composition
Cagn(PO,)5(HPO4)(OH)o with channels only half
filled with water. In a physiological environ-
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Fig. 3. - Formation of cartilaginous regenerate
using a hybrid organo-inorganic composite
based on a nanocrystalline powder in a compo-
sition with a polymeric binder. Fields of newly
formed articular cartilage; cartilaginous cells of
different degree of maturity (after 14 days). x80.

ment (which contains H-OH and Ca?*) for a
long time, non-stoichiometric hydroxylapatite
Cago(PO,4)s(HPO4)(OH)o is converted to crys-
talline Ca;o(PO,4)g(OH), with a stoichiometric
composition.

The influence of the synthesis conditions
on the structure and properties of the filler
was studied, also, the optimal ratio of the
starting components and the heat treatment
modes (1100 - 1250°C) were determined; this
made it possible to obtain nanoecrystalline
powders with a fragmented particle struc-
ture (see Fig. 2). It is established that the
use of Mg(C;;H35COO0), in the charge and
the content of Cayg(PO4)eF> in the filler
composition increase the mechanical proper-
ties and stability of the functional hybrid
organo-mineral composite (see table 2, ex-
amples 1-83), which results in its rather high
fatigue strength, including in vivo.

The effect of the composition of the com-
posites on the complex of their deformation-
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Table 1. The composition of functional hybrid organo-inorganic composites of an incorporated type

Component name

The content of components in a hybrid organo-inorganic composite, mass %

1

2

3

4

5

6

7

8

9

10

Polyacrylic acid
(mol.mas. 25000)

Polyethylene oxide
(mol.mass 1400-1600)

Nanocrystalline filler

Distilled water

18.0

1.50

62.5
18.0

16.5

2.00

65.0
16.5

14.0

3.00

69.0
14.0

20.0

3.00

5.0
14.0

12.0

1.20

74.8
19.0

2.00

65.0
16.5

2.00

65.0
16.5

16.5

65.0
16.5

16.5

65.0
16.5

17.00

2.00

64.0
17.0

Polyacrylic acid - - -
(mol.mass 23000)

Polyacrylic acid - - -
(mol.mass 28000)

Polyethylene oxide - - -
(mol.mass 1000)

Polyethylene oxide - - -
(mol.mass 1800)

- 16.5 - - -

- ; 16.5 - -

- - - 2.00 -

2.00

strength and technological properties was
studied. The compositions of hybrid organo-
inorganic composites are shown in Table 1,
and their properties are shown in Table 2.
Analyzing the data obtained, we can con-
clude that both the content of the dispersed
phase in the polymer matrix and a certain
molecular weight of the polymers (25000
for polyacrylic acid and from 1400 to 1600
for polyethylene oxide) have a significant
impact on the complex of properties of the
composite and determine the area of its
functional purpose. As can be seen from
Table 2, for the restoration of defects in
articular cartilage, the whole range of the
studied compositions is promising. A
method of sterilization of a hybrid organo-
mineral composite has been developed. Also
it has been determined that adding contrasting
and antibiotic components to its composition
does not result in significant deterioration of
the final mechanical properties if the contrast
medium is incorporated during structuring of
the polymer matrix in situ [14].

The possibility of using the developed ma-
terial for the regeneration of articular carti-
lage was assessed. Verification showed that
during implantation of the developed hybrid
composite, the articular cartilage was newly
formed and the initial histological structures
were restored. In this case, no signs of gen-
eral intoxication were detected; local histo-
logical effect was not manifested. The mate-
rial compensates for the damaged area of the
articular cartilage and creates the necessary
conditions for its regeneration. Fig. 38 shows
the regeneration of the articular cartilage
after 14 days of in vivo testing. In this case,
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an organo-inorganic composite material was
used, purposefully developed by the authors
for plastic surgery of defects in articular
cartilage. The fields of newly formed carti-
lage and cartilage cells of various maturity
are clearly visible on it.

A full range of biomedical and toxicological
tests was carried out; the tests showed that the
use of the developed material ensures the re-
placement of damaged cartilage tissue and the
growth of young cartilage tissue. Further,
biodegradation of the composite and restora-
tion of the initial structures of the articular
cartilage follow. In this case, the material does
not have any toxic effect on the body. Implan-
tation of the composite is quite favorable for
the body, which will completely restore the lost
function of the joint.

4. Conclusions

A concept has been developed for produc-
ing a hybrid organic-inorganic composite of
an incorporated type; the concept is based
on the use of a fragmentary structure of
Caz(PO,4), nanoparticles as an inorganic
filler which consist simultaneously of two
different Casz(PO,), phases with a semico-
herent interface between them. As a result
of the implementation of the developed con-
cept, a functional hybrid nanocomposite ma-
terial was produced, purposefully designed
to restore defects in articular cartilage. A
technology has been developed for the syn-
thesis of Cas(PO,), nanocrystals with a frag-
mentary structure consisting of the non-hy-
dratable P-modification of Caz(PO,), in the
inner part, and of the hydratable o-form in
the outer part of the same compound.
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Table 2. Properties of hybrid organo-inorganic composites

Composite Parameter name
Breaking Time Relative Shaping time,| Toughness, |Open porosity
compressive | recruitment | deformation min KJ/m? of the
stress, MPa |strength, min |at fracture, % composite, %
1 105 60 0,8 15 3,5 3
2 110 55 1,0 14 3,5 4
3 113 50 1,3 10 4,0 5
4 77 68 0,8 15 3,0 3
5 93 70 0,8 20 2,8 2
6 85 73 1,0 17 3,1 1
7 90 75 1,1 20 2,7 3
8 75 70 1,2 13 3,2 4
9 70 65 1,3 14 3,0 2
10 87 75 1,0 14 2,8 2

Note to table 2: compositions of composites 1-3 provides the formation of a functional material
having a complex of high functional properties with an equimolecular ratio of water and carboxyl
groups of polyacrylic acid; compositions of hybrid composites 4-5 with non-optimal ratio of ingredi-
ents; composites 6-9, illustrating the effect of the molecular weight of the polymer ingredient
(polyacrylic acid and polyethylene oxide) on the complex of the studied properties of hybrid organo-
mineral composites; in composite 10, hydroxylapatite with a non-optimal phase ratio in the external
and internal spheres of the filler particles is used.

The introduction of such an inorganic
filler into an aqueous solution of a polymeric
material allows one to form a strong three-di-
mensional framework which has high me-
chanical strength due to the formation of hy-
droxylapatite; first, non-stoichiometric
Cago(PO,4)s(HPO,)(OH)o is formed, and then
the formation of hydroxylapatite stoichiomet-
ric structure takes place.

The effects of the composition, structure
and the ratio of polymeric materials with op-
timal molecular weight and the dispersed
filler with a certain structure on the complex
of deformation-strength and technological
properties of the composite were studied.

The possibility of using the developed ma-
terial for the regeneration of articular carti-
lage in vivo was evaluated. It is shown that
the developed hybrid organo-inorganic com-
posite compensates for the lost portion of the
articular cartilage and creates the necessary
conditions for its regeneration. This makes
its use promising in tissue engineering.
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