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The effect of ferromagnetic additives in the form of magnetite on composite systems
based on biogenic hydroxyapatite (BHA) and obtained by physico-mechanical and chemical
methods was studied. It was established that the specific density of BHA/Fe;O, powder
obtained by physico-mechanical method for introduction of magnetite is close to that of
trabecular bone. Herewith, the density of heat-treated pressed samples from this biomate-
rial is almost equal to that of cortical bone. Experiments in vitro revealed that a decrease
in the material bioresorption is bound with a gradual increase in the amount of Ca?* in
the filtrates accompanied by a sharp decrease in PO4‘3, Fe2* and Fe®" amounts within
5—7 days. The characteristics of elasticity were established to depend on the porosity and
chemical composition of samples, decreasing with introduction of ferromagnetic additives
that is probably due to the release of thermally induced carbon dioxide while decomposi-
tioning of iron oxalates. The results of this study indicate the expediency of using
BHA-based biomaterials in orthopedic practice for restoration of bone tissue functions.

Keywords: biogenic hydroxyapatite, magnetite, bioresorption, mechanical properties.

Wccnemosano BaumaHme (PEeppoOMArHUTHBIX LOGABOK B BHIEe MAarHeTHTA HA KOMIIOSUTHBIE
CHCTEMBI, IIOJYUYEHHBIE C NCIIOJb30BAHNEM (PU3HKO-MEXAHUYECKOTO U XMMUYECKOI'0 CIIOCOGOB.
O6uapyxeHo, 4T0O yIelIbHAA ILIOTHOCTH mopomka BI'A/Fe;0,, morydyennoro Gusnko-mMexanu-
YEeCKHM CIIOCOOOM BHECEHNS MAarHeTHUTa, IPUOIMIKeHA K YIeJbHON IIJIOTHOCTU TPadeKyasap-
HOUl Koctu. Ilpum sTOoM TepMuuecku oOpaboTaHHbIie 00pasIbl 3TOro OumoMAarepuaga MMEIOT
YIEeJIbHYIO ILIOTHOCTh, MAKCHMAJIbHO HPUOIMMKEHHYIO K 9TOH BeJWYHHE KOPTUKAJIBHOH KOCT-
HOII TRaHU. B sKcmepuMeHTax in Vitro yCTAHOBIEHO, UTO YMEHBIIIEHUE CKOPOCTH PAaCTBOpE-
HUfA BHISBAHO IIOCTEIIEHHBLIM YBeJIMUeHMEM KojiuuecTBa Ca?' B (puipTpaTax NpU PesKOM
YMeHBIITeHN U PO4‘3, Fe?* u Fe3* ma mporsasmenun 5—7 cyrok. Ilokasano, 4To XapaKTePUCTH-
KM YIOPYTOCTH 3aBUCAT OT MOPUCTOCTU M XUMHUYECKOTO COCTaBa o0pasi[oB, YMEHBLITAACH MPU
mobaBiaeHnn (GeppPOMATHUTHHIX M00aBOK, BEPOATHO, M3-3a BBIXOAA AMOKCUAA yrJjiepoja IMpu
TEPMOJIN3€e BCJEJCTBUE PeaKIUU PasjoKeHnus OKCcaJaToB sKejesa. Pe3yJabTaThl UCCaeT0BaHUI
MOKAa3aJu I1eJeco00pasHOCTh MCIIOJIb30BAHMA YKasaHHBIX OmomaTepuasoB Ha ocHoBe BI'A B
opTOoTIeAUYecKOoll MpaKTHUKe IJIs BOCCTAHOBJEHUSA (PYHKIIUI KOCTHBIX TKAHe.
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Hesaki ¢izuko-MexaHiuHi BJACTHBOCTI KOMIO3UTHHX OioMaTepiasiB Ha OCHOBi Gioren-
HOTO TigpoKkcuMamaTuTy 3 MarHiTHEMEH pgo6aBkamu. O.M.Omuuenxo, T.€.Babymina,
H.11.3amxesuyw, I0.I'Besumannuit, A.M.Konecnuxos, O.M.Bydunina, JI.C.IIpoyenro, O.10.Ko-
eanb, I.B.Yeaposa.

Hocmimxeno BuauB depoMarHiTHUX A06aBOK y (popMi MArHeTUTy Ha KOMIIOBUTHI cucTe-
MU, OfeP/KaHi 3 BUKOPUCTAHHAM (isnKo-MexaHiuHOTO Ta XimiuHoTO cmocobis. Beramosieno,
o mmroMa ryctuHa nopomry BI'A/Fe;0,, orpumanoro ¢isuko-mMexamiuHMM crmocoGoM BHe-
CeHHA MATHETUTY, HaOJIUMKeHa 0 TUTOMOI TycTHMHHU TpaberkymnapHoi Kictku. Ilpm mpomy
TepMiuHO 00pOoOJeHI 3paskm maHorTo OGioMaTepiany MalOTh TUTOMY TYCTUHY, MaKCUMAaJLHO
HAOMMIKEHy M0 JaHOol BeJUYWHM KOPTUKAJbHOI KicTKOBOI TKaHUHU. ¥ mocaigax in vitro
BCTAHOBJIEHO, 1110 3MEHIIEHHS MIBUAKOCTI PO3UMHHOCTI 3yMOBJIeHE TTOCTYIOBUM 30iJLIITEHHAM
kimprocri CaZ* y (inprparax mpu pisKOMY SMeHIIEHHI PO4‘3, FeZ* ta Fe®" mporsrom
5—7 mobu. ITorkasawmo, 110 XapaKTEePUCTUKN HPYIKHOCTL 3ajexaTb Bijg mopucrtocTi Ta ximiuHo-
ro CKJany 3paskKis, SMEHIIYIOUHCH i3 JomaBaHHAM (PepoMarHiTHHX g00aBOK, iMoBipHO, uepea
BUXig miokcuay ByIJemio Ipd TepMoJisl BHacaigork peariii poskjaamy oxcaigaTie saJisa.
Pesyabratu mocaigikeHsb IIOKa3ain JOLIJbHICT BUKOPHUCTAHHSA 3a3HaveHUX Oiomarepianis Ha

ocuoBi BI'A y opronexsnuHiil npakTUlll Ay BigHOBJIeHHA (PYHKIiH KiCTKOBUX TKAHNH.

1. Introduction

Nowadays, the tendency to increasing the
number of patients who require reconstruc-
tive interventions on the skeleton remains
topical. Therefore, the restoration of bone tis-
sue, damaged or lost through various destruc-
tive processes, is a vital problem, along with
satisfaction of the need in high-quality and
harmless biomaterials for orthopedics [1].

From an engineering point of view, bone
demonstrates a wide variation in morphol-
ogy. However, for the development of osteo-
materials only two of its types, cortical and
trabecular, are most often considered. These
types differ primarily in porosity and, ac-
cordingly, in the specific density. As
known, the average density for hydrated
cortical and trabecular tissues of the femur
is 1.86 and 0.30 g/cm3, respectively.
Herein the spongy trabecular bone tissue is
very sensitive to the specific density [2]. On
a nanometer scale, a compact bone tissue
consists of organic (80 wt. %), inorganic
(60 wt. %) phases and water (10 wt. %) [2-4].
Its main inorganic component is hydroxya-
patite (HA).

For medical purposes, synthetic [5, 6]
and biogenic HA (BHA) [7] are used. Both
of the types have a high level of biocompati-
bility (being nontoxie, nonantigenic, and
noncarcinogenic), but possess only osteocon-
ductive properties [7, 8]. Therefore, in most
cases, in order to achieve the needed prop-
erty of HA, the latter is taken as a basic
component in manufacturing various com-
posite systems via introduction of organic
or inorganic additives. Among which iron
and iron oxides occupy a marked place [9].
Along with various engineering applications
(catalysis, storage of information, optoelec-
tronics), magnetic nanoparticles and suspen-
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sions based on them are also used in medi-
cine, in particular for contrasting images in
magnetic resonance imaging, diagnosis of
various diseases at the initial stage, purifica-
tion and separation of various biological sub-
stances, as well as for treatment of malignant
tumors and targeted drug delivery [10-13].

In medical practice, the above composite
biomaterials are widely used as components
of scaffolds [14], coatings on metal im-
plants [15, 16], materials-fillers (powder or
granules) of small bone defects that are not
exposed to significant loads, etc. [7]. Be-
tween the surface of a ceramic implant and
the surrounding tissues, an active interac-
tion takes place, owing to which the implant
undergoes biological resorption with the
formation of bone tissue [17, 18].

For synthesis the composite systems
HA/Fe or HA/Fe30, a coprecipitation
method with the following hydrothermal
method [19] can be used. Also known a sol-
gel method [20], a biomimetic method [21],
neutralization [22], method with using of
ultrasonic irradiation [23] or spray-drying
technique [24]. Another method is the intro-
duction of the magnetite (powder or suspen-
sion) directly into the process of HA synthe-
sis [25]. Less widespread is the use of me-
chanical and mechano-chemical methods
[26, 27].

In accordance with the above, the aim of
this work was to produce composite systems
based on BHA via doping it with magnetite
(obtained from the precipitate of iron oxalate)
followed by heat treatment and to study the
effect of ferromagnetic additives on the
physical and mechanical properties of medi-
cine-aimed materials on the basis of BHA.

Functional materials, 25, 4, 2018
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Table 1. Physicochemical characteristics of studied powders

Material Specific surface Element contents, wt. % Specific
area, m2/g F c density, g/cm3
Ctotal total
BHA (<160 um) 5.60 0.03 - 0.57
BHA/Fe;O, phys.-mech. method 7.38 1.07 0.51 0.40
BHA/Fe;0, chem. method 8.82 1.01 0.62 0.61

2. Experimental

The present study was carried out using
the following materials and samples:

— powder "Osteocapatyt Keramichny”
(Ukraine), which is BHA obtained from cat-
tle bone with a particle size of under
160 um [28];

— powder composite materials
BHA/Fe;0,4 obtained by two methods: 1) via
including BHA directly in the process of
obtaining iron oxalate due to interaction of
oxalic acid dehydrate with iron sulfate solu-
tion stabilized with a mixture of iso-
propanol and sucrose (chemical method) and
2) via mechanical mixing of BHA micro-
granules with iron oxalate in the hydrosuspen-
sion state (physico-mechanical method), fol-
lowed by low temperature thermolysis in vac-
uum (107! mm Hg) for 2 h at 500°C (below the
Curie point for magnetite, 572°C) [29];

— compact samples from these materials
in the form of cylinders (diameter
10.0+£0.2 mm, mass 1.910.3 g) subjected to
thermolysis under the above conditions.

Total iron, calcium, and phosphorus con-
tents in the studied powders and filtrates
were determined by photocalorimetric
method on a "FEK-56M" (Russia) device.
The amount of total carbon was determined
using an express analyzer "AN-7529" (Be-
larus). The specific surface area of the
biomaterials was measured by the method of
thermal desorption of nitrogen on a
"MPP2" (Czech Republic) apparatus. The
phase composition of the powder materials
was controlled by X-ray diffractometer
"DRON-8.0" under Co-K, radiation. Sur-
face morphology of the compact materials
was studied using the microscope "JEOL Su-
perprobe 733" with gold (Au) deposition.

Investigation of specific mass lost was con-
ducted in vitro through placing powder mate-
rials in an inorganic model medium, namely
0.9 % sodium saline ("Arterium”, Ukraine),
for 2, 5, and 7 days under the thermostatic
conditions at a temperature close to that of
the human body (36.6—37.0°C).
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The dissolution rate (&p), as a charac-
teristic of the specific mass lost, was deter-
mined by the formula (1):

Qp =AM 100, (1)

mg -t

where Am is the change in a sample mass
during the stay in the model medium; mg is
the initial mass; ¢t is the time of the sample
stay in the model medium [30].

The samples mass was determined on the
analytical balance of "OHAUS Pioneer
PA214C" firm ("OHAUS Corporation”,
China) with an accurate within 0.0001 g.

Dynamic characteristics of elasticity
were determined on the basis of measuring
the propagation rate of longitudinal elastic
wave, the excitation parameters of which
were chosen by taking into account the
structural characteristics of compact sam-
ples. The wave velocity was determined
from the time of end-to-end passage of the
elastic momentum at a frequency of
0.6 MHz using a radio pulse method with a
discrete delay under shock excitation of the
transducer [31]. For this, a hardware com-
plex for precise acoustic measurements, de-
veloped in Frantsevich Institute for Prob-
lems of Materials Science of the NAS of
Ukraine, was used [32].

The velocity of the longitudinal elastic
wave propagation (c¢), was determined by
the formula (2):

h (2)

where & is the height of pressed sample, cm;
t is the measured time, sec; and %, is the
systematic error of measurement, sec.

The relationship between the elasticity
(E), the velocity of elastic waves (c¢), and
the density (p) was taken as follows (3):

E=p-c2 (3)

Minimization of the measurement error
caused by wvariation in the contact layer
thickness and penetration of contact lubri-
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Table 2. Results of chemical analysis of filtrates

Material Content elements, mg
2 days 5 days 7 days
Ca P Fe Ca P Fe Ca P Fe
BHA (<160 um) 0.33 | 0.02 - 0.40 | 0.01 - 0.48 | 0.003 -
BHA/Fe;O, phys.-mech. method | 0.37 | 0.02 | 0.09 | 0.48 | 0.01 0.01 0.55 | 0.015 | 0.020
BHA/Fe;O4 chem. method 0.30 | 0.02 | 0.08 | 0.35 | 0.06 | 0.03 | 0.44 | 0.017 | 0.017
# Fey04 Cayo(PO,)gOH,
3 1—BHA
*Fe.0 ° Feo =1.0F 2—BHA /Fe_0, (ph.-mech. method)
374 g 30,4 (Ph- .
BHA/Fe304 (chem. method) g- 08} 3—BHA/Fe3O4 (chem. method)
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Fig. 1. Diffractograms of studied powder ma-
terials.

cant into the material as well as the preser-
vation of sample integrity were provided with
using a specific measurement procedure: in a
special acoustic chamber, radiating and re-
ceiving transducers were aligned with the
sample and pressed to it through a polymeric
film using a normalized load. Herewith the
measurement error was 1.5 %.

3. Results and discussion

It is known that the chemical composi-
tion, specific density, and porosity are the
main characteristics which should be taken
into account in designing any biomaterial
for reconstruction of bone tissue. The corre-
sponding data for used in the work pure
and doped BHA powders are given in
Table 1. These data correlate with the data
of the X-ray phase analysis (Fig. 1).

When comparing the values of the spe-
cific density in Table 1 and ones for bone
tissue, one can see that the density of the
undoped BHA and BHA/Fe;0, obtained by
the physico-mechanical method is close to
the average specific density of trabecular
bone, 0.30 g/cm3. This fact may be related
to the presence in BHA of a predominant
number of particles sizing within 20-

80 um. Whereas the sample obtained by me-
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Fig. 2. Results of in vitro experiments.
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Fig. 3. Changes of pH level for filtrate dur-
ing the experiment (pH (NaCl) = 7).

chanical blending of BHA and prepared iron
oxalate is characterized by a significant
number of particles in the size range <1 um
(12.8 %) and within 6-20 um (total
41.8 %). For the sample BHA/Fe;0, ob-
tained by chemical method, the presence of
particles <2 um (total 27.1 %) and within
8-20 um (total 35.9 %) is characteristic
[24]. Comparison of the specific density of
the powders with that of human bones leads
to the conclusion on expediency of using
BHA-based biomaterials to restore the func-
tions of trabecular bone tissues.

Functional materials, 25, 4, 2018
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Table 3. Physical characteristics of studied compact samples

Material Shrinkage Specific Porosity, %

Am/m AR Adyd AVIV density, g/cm3| (total/open)

BHA (<160 um) -0.009 | -0.001 | 0.0 | —0.001 1.80 42.2/88.8
BHA/Fe;O, phys.-mech. method | -0.055 | 0.002 0.0 0.002 1.82 41.9/89.6
BHA/Fe;0O4 chem. method -0.042 | —0.009 | 0.0 | —0.041 1.67 47.0/35.6

In order to forecast the behavior of the
studied materials in the human body, a se-
ries of experiments in vitro were conducted.
The results of which for solid-state remains
of sample are showed on Fig. 2.

Since during the formation of bone tis-
sue, on the biomaterial surface, mineraliza-
tion of the surrounding cells takes place due
to release of Ca2*, PO,3~, FeZ*, Fe3*, and
other ions from the implanted material. It
seemed reasonable to perform a chemical
analysis of filtrates for the content of Ca,
P, and total Fe (Table 2) and pH change
(Fig. 8) after the experiment in vitro.

There is a significant amount of nega-
tively charged ions (PO43‘, Cl-, OH7) and
alkali compound, in particular Ca(OH),,
were identified in the filtrate of BHA for
first 2 days. It can be argued comparing to
the data of Table 2 and Fig. 8. Decreasing
of pH level with a time (Fig. 2), probably,
caused by a decrease of phosphate ion con-
tent by forming an insoluble compound
Caz(PO,), and formation of acidic com-
pounds (CaCl,). An increase of Ca content
with a decrease of P and Fe content is char-
acteristic for both materials doped with
magnetite (Table 2). Thus, in the filtrate of
these materials likely to be a variation in
the amount of the alkali compounds: from
minimal content of Ca(OH), with maximum
content of Fe(OH), during first 2 days to the
conversely situation during 7 days. This can
reduce the dependence of pH level on time for
materials BHA/Fe;0, (Fig. 8). Furthermore,
the acidity of solutions is also influenced by a
decrease in the content of phosphate ions and
the probable formation of CaCl,.

Current world medicine uses HA-based
biomaterials in the form of both powder (or
granules of various sizes) and blocks of
various shapes and volumes. Therefore in
the work, cylindrical blocks (diameter
10.0£0.2 mm, mass 1.910.3 g) were formed
by dry pressing in a mold under a pressure
of 10 MPa and subsequently subjected to
heat treatment in vacuum (107! mm Hg) for
2 h at 500°C. Their physical characteristics
are presented in Table 3.

Functional materials, 25, 4, 2018

From the data of Table 3, it is evident
that the specific density of the pressed sam-
ples of undoped BHA and BHA/Fe3O, ob-
tained by physico-mechanical method is very
close to the average specific density of cor-
tical bone tissue, 1.86 g/cm3, which leads
to the conclusion on expediency of using
thermally treated BHA-based blocks with
various shapes and volumes to restore the
function of cortical bone tissue. Further-
more, a significant loss of mass (—0.055)
with a slight increase in height (0.002),
and, accordingly, in volume (0.002), may be
a result of releasing a certain amount of
carbon dioxide during iron oxalate decompo-
sition. Herewith, almost all porosity of the
cylindrical sample is open (39.6 % at total
41.9 %). For the sample BHA/Fe;0,4, ob-
tained by the chemical method, mass loss
after thermolysis (—0.042) occurs as well.
However, its height and volume decrease,
which is directly reflected in the open po-
rosity (35.6 % at total 47.0 %). The micro-
structure images of the studied pressed
samples (Fig. 4) reveal a sufficient rough-
ness of the surface of all materials, which
in the case of implantation will facilitate
the adhesion of osteoblasts to the surface.
The presence of surface defects and 10-
18 pm areas of pore accumulation in unal-
loyed BHA is presumably a result of press-
ing. The surface of the sample prepared
from material obtained by physico-mechani-
cal method consists of pore chains smaller
than 600 nm with a few surface defects in
the form of 3.5—7.0 um pores. It can also be
traced to the presence of grain agglomerates
sizing within the range of 400 nm—-3.5 um.
The surface of the sample prepared from
material obtained by the chemical method is
characterized by the presence of the signifi-
cant number of 29-30 um areas, which con-
tain grain agglomerates of 3-10 pum and

pores of 6—17 wm. This may indicate the
release of a greater amount of carbon diox-
ide due to the decomposition of iron ox-
alate, compared to the previous sample.
Taking into account the mentioned dif-
ferences of alloyed materials, their dynamic
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10 pm : ' V 2 ’ L0 pm

f)

Fig. 4. Microstructure of materials studied: BHA: (a) (x100), (d) (x5400); BHA/Fe;O, obtained by
physico-mechanical method: (b) (x100), (e) (x5400); BHA/Fe;O, obtained by chemical method: (c)

(x100), (f) (x5400).

characteristics were determinates. The elas-
ticity of BHA and BHA/Fe30, obtained by
physico-mechanical and chemical methods
was equal 15, 7.8, and 4.3 GPa, respec-
tively. These values are close to the elastic
characteristics of cortical bone tissue [4].
Difference in the elasticity of doped materi-
als can be related to the difference in the
particle size spectrum of initial powders.
Particles of different sizes form different
structures of samples under pressing, which
additionally changed under the decomposi-
tion of iron oxalate. This is confirmed by
the difference in the propagation time of
longitudinal elastic wave (8.2 sec for sam-
ples obtained by physico-mechanical method
and ~ 11 sec for the sample obtained by chemi-
cal method), which, according to formula (2),
significantly influences the velocity of the
elastic wave propagation as well as elastic
characteristics, according to formula (3).

4. Conclusions

Composite BHA/Fe;0, systems with al-
most the same content of iron and carbon,
required for normal metabolism in case of
implantation, have been obtained via doping
BHA with ferromagnetic additives yielded
by decomposition of iron oxalate. Herein
the specific density of both powdered and
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compact materials from pure BHA and
BHA/Fe30, produced by physico-mechanical
method is almost equal to that of trabecular
and cortical bone tissue, respectively. The
dissolution rate of doped materials is higher
than that of pure BHA, probably owing to
the additional release of iron ions. In spite
of different dissolution rates, all materials
tend to equilibrium at the expense of slight
increase in the number of Ca ions and par-
allel decrease in that of P and Fe ions due
to precipitation. However, their elastic
characteristics differ by about twice: 7.8
and 15.0 GPa for BHA and BHA/Fe30,. As
for the compact sample from the
BHA/Fe3;0, system produced by chemical
method, it is characterized by the lowest
elasticity, 4.3 GPa, and the highest porosity
(47 %), which may be due to CO, release
during the thermal decomposition of iron
oxalate.

The composite BHA/Fe;0, systems pro-
duced by different methods exhibit differ-
ent characteristics and thus make it possible
to select the most suitable material accord-
ing to the demands of implantation in dif-
ferent regions of the human musculoskele-
tal system.

Functional materials, 25, 4, 2018
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