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Abstract

Nanostructured composites containing iron oxide and hydroxyapatite (m-HA) were prepared by two wet chem-
ical methods (single-step and double-step process) having different order of magnetite and HA precipitations.
The phase composition, crystal size and lattice constants of the prepared composites were determined by XRD,
the functional groups by FTIR and the structure, morphology and elemental composition by TEM. The mag-
netic susceptibility values and the colour indexes of each composite were also determined. Biocompatibility
testing was performed in simulated body fluid. The results show that the composites produced by different
(single-step and double-step) co-precipitating methods show different chemical and phase composition, aver-
age particle size, and therefore different superparamagnetic properties and bioactivities, with possibilities for
different applications.
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I. Introduction

Magnetic hydroxyapatite-based nanocomposites are
currently the most promising and the most studied bio-
materials having various possibilities for biomedical
and bioengineering applications (such as cancer treat-
ment, drug delivery, magnetic resonance imaging con-
trast agents, etc.) [1–3]. Many elements (e.g. Fe, Mn, Ni,
Co) have the potential to be used in magnetic hydrox-
yapatite nanocomposites with varying levels of bioac-
tivity and magnetization. Among them Fe is the most
important and iron oxide nanoparticles are by far the
most studied magnetic nanoparticles because of their
interesting superparamagnetic behaviour [4]. However,
the direct application of superparamagnetic iron ox-
ide nanoparticles is not possible due to biofouling and
aggregation processes into the bloodstream and con-
sequent rapid segregation by macrophages. This ag-
gregation decreases the intrinsic superparamagnetic be-
haviour [5]. Therefore, modification of the surface of
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iron oxide particles with different types of coatings
(polymers or ceramics) is required. The disadvantage of
biocompatible polymers is that they can disappear un-
der harsh in vivo physiological conditions [5–8]. On the
other hand, the inorganic hydroxyapatite (HA) is fre-
quently used due to its well-known biocompatibility,
bioactivity, lack of toxicity and its variable solubility in
body fluids [9,10]. Thus, the combination of iron oxide
and HA could be useful for bone cancer therapy because
HA has bone bonding ability [11].

The iron oxide magnetic nanoparticles are generally
fabricated in the form of core-shell-like structure, in
which the central part contains magnetic phase (mag-
netite, maghemite) covered by HA for improving bio-
compatibility, reducing cytotoxicity and avoiding par-
ticle aggregation [12,13]. These structures restrict the
growth of iron oxide particles, prevent the release of
iron ions and provide the stability of the nanoparticles
in solutions, but also help the binding of different lig-
ands to the surface, which is favourable for drug deliv-
ery [5,14–16]. The HA-based composites usually con-
tain iron oxide (Fe3O4) particles with size below 20 nm
uniformly embedded in submicron HA crystals. These
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nanoparticles are classified as superparamagnetic due to
its linear-type hysteresis loop [11,17] and can be rapidly
magnetized when exposed to a magnetic field; when the
magnetic field is removed they are rapidly demagne-
tized without a remnant or residual magnetization. This
feature is necessary to avoid coagulation and agglomer-
ation of nanoparticles causing possible embolization of
capillary vessels.

Iron oxide/hydroxyapatite nanocomposites (m-HA)
are mainly prepared by wet chemical methods by us-
ing one or two-step process. In the two-step wet chem-
ical method, as reported by Mondal et al. [12], hy-
droxyapatite is synthesized in the first step and after
that the precipitation of iron oxide nanoparticles is per-
formed. Thus, the m-HA composites are prepared by
mixing the two suspensions under appropriate condi-
tions. On the other hand, in one-step method, proposed
by Ansar et al. [6], the precursors required for magnetite
formation are reacting first in an acidic medium, and
then Ca(NO3)2 · 4 H2O is added for HA formation and
(NH4)2HPO4 for adjusting the appropriate pH.

Magnetic bioactive nanoparticles can also be ob-
tained by direct incorporation of magnetic ions into the
HA structure [18]. Thus, transition metals might suc-
cessfully replace calcium in the HA lattice. A wide
range of substitution in the crystal structure of HA is
possible, which allows tailoring material properties [3].
Usually, divalent transition metals, such as: Mn, Fe and
Co, are used which cause magnetization decrease in the
order of Mn-HA > Fe-HA > Co-HA composites. The
changes in the crystallinity and lattice parameters of HA
refer to the size of substituting ion. The replacement
of Ca2+ with iron ions resulted in apatite nanoparticles
with much lower crystallinity. According to Panseri et

al. [19] the Fe2+ and Fe3+ ions can occupy different
Ca2+ positions in the HA lattice, so they are not situ-
ated in interstitial cell positions. An increase of the lat-
tice parameter a (from 9.4218(5) to 9.4557(1) Å) and
a decrease of the lattice parameter c (from 6.8813(3)
to 6.8785(1) Å) in the case of Ca substitution with iron
ion having a lower radius were found by Rietveld anal-
ysis [19]. The replacement of Ca2+ with Fe2+ or Fe3+

ions in the HA structure has two opposite effects on the
crystal lattice. Shrinkage of the lattice is caused due to
the smaller ionic radius of Fe2+ with respect to Ca2+.
In contrast, although Fe3+ has an ionic radius smaller
than those of both Ca2+ and Fe2+, an increase in the size
of cell parameters of HA doped with Fe3+ ions was ob-
served. This expansion cannot be explained by the sim-
ple replacement of Ca2+ with Fe3+. In this case it was
supposed that the substitution involves the coinsertion
of iron with carbonate and interstitial oxygen ions. The
Fe3+ ions are preferentially positioned in areas with low
crystal order [1]. Further investigation showed that the
Fe3+ ions (similarly to Cu+) formally substitute hydro-
gen of the [OH]– groups located in the hexagonal chan-
nels of HA crystal structure [20,21].

In this paper a modified two-step and one-step meth-

ods were used and the effect of the processing parame-
ters on the structure and properties was investigated.

II. Materials and methods

2.1. Synthesis of magnetic HA nanocomposites

Iron (II) chloride tetrahydrate (FeCl2 · 4 H2O, 99%),
calcium nitrate tetrahydrate (Ca(NO3)2 · 4 H2O, 99%),
hydrochloric acid (37%) and ammonium hydrox-
ide (30%) were purchased from Sigma-Aldrich. Di-
ammonium hydrogen phosphate ((NH4)2HPO4, 99%)
and iron (III) chloride (FeCl3, 99%) were purchased
from Reanal. Starting materials were used without fur-
ther purification.

Nanocomposites containing HA and magnetic iron
oxide (in amount of 5, 10, 15, 20, 25, 30, 35 and
40 wt.%) were prepared by two different wet chemical
methods: i) single-step (m-HA/SS) [6] and ii) double-
step method (m-HA/DS) [22]. In the single-step method
the synthesis of HA particles was carried out by co-
precipitation from solution prepared by iron salts and
calcium-phosphate precursors in alkaline medium. The
amounts of components required for the formation of
hydroxyapatite with Ca/P ratio of 1.67 were calculated
according to the following equation:

5 Ca(NO3)2 · 4 H2O + 3 (NH4)2HPO4 + NH4(OH) −−−→

Ca5(PO4)3(OH) + 10 NH4NO3 + 3 H2O (1)

The iron-salt solution was prepared in an acidic medium
of HCl using FeCl2 · 4 H2O and FeCl3 in the molar ratio
of 1:2. The reaction may be written as follows:

Fe2+ + 2 Fe3+ + 8 OH− −−−→ Fe3O4 + 4 H2O (2)

The required amount of Ca(NO3)2 · 4 H2O (Eq. 1) was
dissolved in distilled water and the iron salt solution
was added during stirring and heated up to 70 °C. Since
the formation of magnetite requires alkaline medium,
the pH of the solution was slowly increased to 11 by
adding NH4(OH) solution. The suspension was stirred
for 1 h at 70 °C, then the solution of (NH4)2HPO4 was
added in order to form hydroxyapatite. After the reac-
tion was completed, the temperature was increased to
80 °C and continuously stirred for 1 h to eliminate ex-
cess ammonia. The suspension was aged for 24 h and
then the formed precipitate was washed three times with
distilled water and filtered. Finally the samples were
dried at 80 °C and ground for further investigations (Fig.
1) [6].

In the double-step method the HA suspension with
Ca/P ratio = 1.67 was previously precipitated by mix-
ing Ca(NO3)2 · 4 H2O and (NH4)2HPO4 solutions [21].
This 12.2 wt.% hydroxyapatite containing suspension
was stirred and heated to 70 °C. Then the acidic solu-
tion of FeCl2 · 4 H2O and FeCl3 with the ratio of Fe3+

: Fe2+ = 2 : 1 was added to the HA suspension and the
pH = 11 was adjusted by addition of NH4(OH) solution.
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Figure 1. Different synthesis routes for preparation of m-HA nanocomposites: a) one-step and b) two-step method

The reactant mixture was continuously stirred for 1 h at
70 °C followed by ageing for 24 h. The samples were
washed three times with distilled water, filtered, dried
and then dispersed for further investigations (Fig. 1). In
the sample notation m-HA/SS and m-HA/DS denote the
synthesis method and number indicates magnetite con-
tent in the m-HA nanocomposites (5, 10, 15, 20, 25, 30,
35, and 40 wt.%).

2.2. Testing methods

The phase composition and crystal structure of the
magnetic nanocomposites were investigated by Philips
PW3710 type X-ray diffractometer, performed on pow-
ders within a 2θ range of 2–70° by CuKα (λ = 1.5405 Å)
radiation. The quantitative phase composition of some
samples was determined using the Rietveld analysis,
where addition of 10 wt.% ZnO was used as a standard.

The crystallite size of the nanoparticles was deter-
mined using the Scherrer equation:

D =
K · λ

B · cos θ
(3)

where D is the average crystallite diameter, K is the
shape factor, B is the broadening of the full width at
half maximum of the diffraction peak measured in radi-
ans, λ is the wavelength (1.5405 Å) of the X-ray radia-
tion and θ is the diffraction angle [13]. The full width at
half maximum was measured at the reflections 002 and
311 of HA and magnetite, respectively.

The differential thermal (DTA) and thermogravimet-
ric (TGA) analysis were carried out by Q-1500D MOM
type derivatograph in the temperature range of 20–
1000 °C with a 10 °C/min heating rate.

Fourier-transform infrared (FT-IR) spectroscopic
measurements were carried out using a PerkinElmer
Spectrum TWO type spectrometer in ATR mode with-
out additional sample manipulation. The spectra were
recorded at a resolution of 4 cm-1.

Transmission electron microscopy analyses were per-
formed using a Talos F200X G2 instrument (Thermo
Fisher), operated at 80 kV accelerating voltage equipped
with a field-emission gun and a four-detector Super
X energy-dispersive X-ray spectrometer. STEM high-
angle annular dark field (HAADF) images were col-
lected both for characterisation and for determining el-
emental composition by energy-dispersive X-ray spec-
trometry (EDS). Samples for TEM were prepared by de-
positing a drop of aqueous suspension of the nanocom-
posite particles on copper grids covered by lacey carbon
amorphous support film.

Magnetic properties were studied by magnetic
susceptibility measurements by an Agilent 4284A
impedance analyser in the frequency range of f = 60 Hz
to 1 MHz. The susceptibility was measured with an er-
ror of ±0.01. The data were extrapolated to 0 Hz in order
to obtain the static initial susceptibility (χ0).

The colour of the magnetic nanocomposites was
characterised by the values of the CIELAB colour space
measured by a Konica Minolta CM-3600d spectropho-
tometer.

In order to investigate the bioactivity of the compos-
ites the samples were immersed in SBF for 7 and 26
days. The SBF solution was prepared according to well-
known Kukobo recipe [23], which is the closest to the
ionic concentrations of the human blood plasma. The
chemical composition of the body fluids obtained after
immersion were measured by X-ray spectroscopy using
a Philips Minipal 4 spectrometer.
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Figure 2. X-ray diffraction patterns of m-HA/SS (a) and m-HA/DS (b) composites with different magnetite contents

Table 1. Phase composition of the samples determined by
Rietveld analysis

System
Phase composition [wt.%]
HA Magnetite

m-HA/SS5 82.8 8.3
m-HA/DS5 94.6 0.2
m-HA/SS15 70.7 21.4
m-HA/DS15 85.4 9.62
m-HA/SS30 62.6 29.6
m-HA/DS30 72.7 15.2

III. Results and discussion

3.1. X-ray diffraction analysis

The X-ray diffraction patterns of the samples pre-
pared by two different methods and with different iron
oxide contents (Fig. 2) show that the synthesized m-
HA samples do not contain any crystalline phase beside
hydroxyapatite (JCPDS number 9-0432) and magnetite
(JCPDS number 019-0629) (Fig. 2). Comparison of the
peaks shows higher peak intensities of magnetite phase
for the m-HA/SS samples prepared by the single-step
method. Using a preformed HA suspension as starting
material in the double-step method resulted in compos-
ite containing a well crystallized hydroxyapatite phase.
The Rietveld analysis of the samples containing differ-
ent amounts of iron oxide confirmed that by the double-
step synthesis nearly all of HA is well crystallized, but
only partial crystallization of HA (87–90%) was deter-
mined for the single-step process (Table 1). At the same
time the iron oxide is well crystallized in these samples
(m-HA/SS), while in the m-HA/DS samples produced
by double-step method a large portion of iron oxide is
poorly crystallized. This means that in the m-HA/SS
samples prepared by the single-step process, the ma-
jority of poorly crystallized phase is HA, while in the
samples obtained by the double-step method a signifi-
cant part of iron oxide is in an imperfectly crystallized
form.

The cell parameters of the pure HA and m-HA pow-
ders were determined by the Rietveld analysis and pre-

Table 2. Cell parameters of HA and m-HA particles

System
Lattice constant [Å]

a c

HA 9.413 6.886
m-HA/SS5 9.494 6.859

m-HA/SS15 9.479 6.847
m-HA/SS25 9.497 6.881
m-HA/SS30 9.527 6.870
m-HA/SS35 9.511 6.898
m-HA/SS40 9.506 6.903
m-HA/DS5 9.436 6.889
m-HA/DS15 9.425 6.881
m-HA/DS25 9.441 6.895
m-HA/DS30 9.442 6.894
m-HA/DS35 9.446 6.898
m-HA/DS40 9.449 6.898

Figure 3. Change of the hydroxyapatite a lattice constant in
the magnetic nanocomposites prepared by different methods

and iron oxide content

sented in Table 2 and Fig. 3. The results (i.e. evidence
of the lattice expansion and the elemental composition
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Table 3. Average crystallite size (D) of HA and magnetite in the composites prepared by different methods and iron oxide
content

Hydroxyapatite Magnetite
2θ Peak width [°] D [nm] 2θ Peak width [°] D [nm]

HA 25.567 0.284 53.8 M 35.465 0.734 67.5
m-HA/SS5 25.842 0.583 27.3 m-HA/SS5 35.373 1.100 22.8

m-HA/SS15 25.768 0.543 31.5 m-HA/SS15 35.320 1.124 21.4
m-HA/SS30 25.782 0.583 27.3 m-HA/SS30 35.399 0.987 33.0
m-HA/DS5 25.685 0.284 54.6 m-HA/DS5 35.316 0.823 56.0

m-HA/DS15 25.692 0.273 56.9 m-HA/DS15 35.402 0.953 38.1
m-HA/DS30 25.754 0.307 51.1 m-HA/DS30 35.501 0.889 53.8

of the separated hydroxyapatite particles) confirm that
in the samples synthesized by the single-step method
part of Fe3+ ions is incorporated into the structure of
apatite (in the middle of the hexagonal channel [21])
by an ion exchange process. A deeper knowledge about
the incorporation mechanisms, the specific positioning
of Fe2+/Fe3+ ions and determination of the magnetic be-
haviour would greatly contribute to develop new bioma-
terials with tailored magnetic and biological properties
[1].

The average crystallite sizes determined using the
Scherrer equation (Table 3) show that the hydroxyap-
atite crystallite sizes in the composites prepared by dif-
ferent methods change in the range of 27.3–31.5 nm
(m-HA/SS samples) and 51.1–56.9 nm (m-HA/DS sam-
ples). In addition, the samples prepared by single-step
method contain smaller magnetite crystallites (Table 3).
Thus, due to smaller crystallite size in the composites
prepared by the single-step process, better superparam-
agnetic properties could be expected in these samples.

3.2. Infrared spectroscopy

To confirm the coordination of iron in magnetic
nanocomposites, the samples were also examined
by Fourier-transform infrared spectroscopy (Fig. 4).
The FTIR-spectrum of the magnetite prepared by
co-precipitation shows a strong absorption band at
541.85 cm-1 assigned to the vibration of the Fe2+–O2 –

functional groups. The peak at 624.13 cm-1 is attributed
to the symmetry degeneration on octahedral B-type

Figure 4. FTIR spectra of magnetite, m-HA/SS40 and
m-HA/DS40 samples

sites. In the region of 1200–500 cm-1 all m-HA samples
display peaks that match the pure HA without any sig-
nificant shift in peak position. According to the FTIR
data the magnetite does not produce any considerable
change in the chemical structure of hydroxyapatite, sim-
ilarly to the results of Ansar et al. [6].

3.3. Thermogravimetric analysis

The carbonate content of the samples was measured
by thermogravimetric analysis. The CO2 –

3 content is cal-
culated from the weight loss obtained in the temperature
range between 550 and 950 °C [1]. The results of ther-
mal analysis indicate 0.1–0.2 wt.% mass decrease only,
which indicates very small amount of carbonate present
in the magnetic nanocomposites prepared by different
method and iron oxide content.

3.4. TEM analysis

Most of the particles are in the range of 5–50 nm as
seen on STEM micrographs (Fig. 5). In the samples pre-
pared by the single-step method the hydroxyapatite par-
ticles surrounding the smaller magnetite crystals show
flakes and plate-like structure (Fig. 5a), whereas the
preformed HA particles used in the double-step pro-
cess have larger plate-like and nearly isometric struc-
ture (Fig. 5b). Examination of the chemical composition
of the HA particles shows that the Ca/P atomic ratio
of the m-HA/SS and m-HA/DS samples was 1.59 and
1.63, respectively. In addition, the maximum value of
iron content in hydroxyapatite particles was 0.65 at.%
for the m-HA/SS40 sample. The hydroxyapatite struc-
ture in the samples prepared by the double-step method
did not show any presence of iron. These results corre-
lated well with the lattice parameters obtained by X-ray
analysis (Table 2).

3.5. Magnetic properties

The magnetic properties of the Fe3O4/HA nanocom-
posites were characterized by magnetic susceptibil-
ity measurements (Fig. 6). The paramagnetic materi-
als have positive magnetic susceptibility and lose their
magnetism after the disappearance of the external mag-
netic field, so they show no ferromagnetic behaviour.
The size of paramagnetic iron oxide particles is in the
nanometre range, but the particles having larger size
have shown ferromagnetic properties [8]. The curves of
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Figure 5. STEM micrographs of: a) m-HA/SS40 and b) m-HA/DS40 samples

Figure 6. The change of magnetic susceptibility of the
magnetite (M) and composites prepared by different

methods

the samples with the same amount of iron oxide pre-
pared by different precipitation methods show a very
small difference of the susceptibility values (the sam-
ples with 5 wt.% and 10 wt.% of Fe3O4). In the case of
the composites with 25 wt.% and 40 wt.% of Fe3O4, the
difference between the susceptibility values of the m-
HA/SS and m-HA/DS samples is much higher, i.e. an
order of magnitude. Thus, the m-HA/SS25 sample has
better magnetic properties than the m-HA/DS40 sample.
It could be concluded that the well crystallised mag-
netite containing samples prepared by the single-step
process have higher magnetic susceptibility.

3.6. Colour measurements

Figures 7 and 8 show the values of the ∆E and mag-
netic susceptibility for different m-HA composites. The
∆E value shows the deviation from the colour of the
pure magnetite. In the samples prepared by the single-

Figure 7. Correlation of colour changes of the composites
with the magnetic susceptibility (measured at f = 10000 Hz)

for samples prepared by single-step method

Figure 8. Correlation of colour changes of the composites
with the magnetic susceptibility (measured at f = 10000 Hz)

of samples prepared by double-step method

step method, the ∆E value increases with Fe3O4 con-
tent, having the same trend observed for the magnetic
susceptibility. However, in the case of the m-HA/DS
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Figure 9. Correlation of brightness factors of the composites
with the magnetic susceptibility measured at f = 10000 Hz

Figure 10. Calcium content in SBF after 7 and 26 days
immersion for composites prepared by different methods

Figure 11. Phosphorous content in SBF after 7 and 26 days
immersion for composites prepared by different methods

samples, the ∆E value of the colour changes decreases.
The a∗ (a∗ > 0 red colour content), b∗ (b∗ > 0 yel-
low colour content) and L∗ (the brightness factor) values
were also measured at the frequency of f = 10000 Hz
(Fig. 9). The results indicate the decrease of L∗ bright-
ness factor with the increase of magnetite content in the
samples prepared by both methods. This could be an
indication that the change of brightness factor can be
related to the magnetization at a given frequency.

3.7. Investigation of bioactivity

The in vitro bioactivity of the composites was tested
after 7 and 26 days of immersion in the simulated body
fluid at 36.5 °C. Bioactivity of the samples was char-
acterized by the measurement of Ca and P contents in
SBF after the treatment. The samples with the small-
est (5 wt.% - m-HA/SS5, m-HA/DS5) and the highest
(40 wt.% - m-HA/SS40, m-HA/DS40) magnetite con-
tent were used for the study. During the dissolution test
1 g of the sample was added to 30 ml of SBF and kept
for 7 and 26 days at 36.5 ± 0.5 °C in a closed ves-
sel. The Ca and P contents were measured in the fil-
trates. The samples prepared by the double-step method
show higher Ca2+ dissolution rate than the single-step
samples (Figs. 10 and 11). For all investigated samples
the calcium content in SBF observed after 7 days de-
creased significantly with increasing the treating time
to 26 days. This can be explained by the formation of
a calcium-phosphate layer on the surface of the parti-
cles. After 7 days of SBF treatment, the dissolution of
phosphorous from HA is observed in the double-step m-
HA/DS samples. In other cases a decrease in the phos-
phorous content of the SBF (similar to calcium) indi-
cates the involvement of phosphorous in the formation
of calcium-phosphates. Based on these results the HA
suspension containing the double-step prepared samples
have higher solubility despite their better crystallized
structure. It is supposed that the large part of amorphous
iron oxide next to the HA can inhibit its dissolution. On
the other hand, in the m-HA/SS samples prepared by the
single-step process the iron ions (∼0.65 at.%) positioned
in HA structure can accelerate the dissolution.

IV. Conclusions

Nanostructured composites containing iron oxide and
hydroxyapatite (m-HA) were prepared by two wet
chemical methods (single-step and double-step pro-
cess) having different order of magnetite and HA pre-
cipitations. The magnetite-hydroxyapatite nanocompos-
ites prepared by the single-step method contain well-
crystallized magnetite phase and have higher magnetic
susceptibility. In these samples iron ions can be accom-
modated in the HA structure, which decrease the disso-
lution rate of HA in simulated body fluid. On the other
hand, the samples prepared by double-step method have
better crystallinity and contain larger magnetite crystal-
lites. The results of the colour measurement confirm that
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the magnetic properties can be correlated to brightness
factors of a sample.

Acknowledgments: TEM studies were performed at
the electron microscopy laboratory of the University
of Pannonia, established using grant no. GINOP-2.3.3-
15-2016-0009 from the European Structural and Invest-
ments Funds and the Hungarian Government.

References

1. V. Iannotti, A, Adamiano, G. Ausanio, L. Lanotte.G.
Aquilanti, J.M.D. Coey, M. Lantieri, G. Spina, M. Fit-
tipaldi, G. Margaris, K. Trohidou, S. Sprio, M. Mon-
tesi, S. Panseri, M. Sandri, M. Iafisco, A. Tampieri, “Fe-
doping-induced magnetism in nano-hydroxyapatites”, In-

org. Chem., 56 (2017) 4446–4458.
2. A. Tampieri, T.D’Alessandro, M. Sandri, S. Sprio, E.

Landi, L. Bertinetti, S. Pansieri, G. Pepponi, J. Goettlicher,
M.B. Lopez, J. Rivas, “Intrinsic magnetism and hyper-
thermia in bioactive Fe-doped hydroxyapatite”, Acta Bio-

mater., 8 (2012) 843–851.
3. M.E. Zilm, L. Chen, V. Sharma, A. McDannald, M. Jain,

R. Ramprasat, M. Wei, “Hydroxapatite substituted by tran-
sion metals: experiment and theory”, Phys. Chem. Chem.

Phys., 18 (2016) 16457–16465.
4. M. Kawashita, “Ceramic microspheres for biomedical ap-

plications”, Int. J. Appl. Ceram. Technol., 2 (2005) 173–
183.

5. S. Scialla, B. Palazzo, A. Barca, L. Carbone, A. Fiore,
A.G. Monteduro, G. Maruccio, A. Sannino, F. Gervaso,
“Simplified preparation and characterization of magnetic
hydroxyapatite-based nanocomposites”, Mater. Sci. Eng.

C, 76 (2017) 1166–1174.
6. E.B. Ansar, M. Ajeesh, Y. Yokogawa, W. Wunderlich, H.

Varma, “Synthesis and characterization of iron oxide em-
bedded hydroxyapatite bioceramics”, J. Am. Ceram. Soc.,
95 (2012) 2695–2699.

7. Y. Zhang, N. Kohler, M. Zhang, “Surface modification of
superparamagnetic magnetite nanoparticles and their intra-
cellular uptake”, Biomaterials, 23 (2002) 1553–1561.

8. A.K. Gupta, M. Gupta, “Synthesis and surface engineering
of iron oxide nanoparticles for biomedical applications”,
Biomaterials, 26 (2005) 3995–4021.

9. M. Kester, Y. Heakal, T. Fox, A. Sharma, G.P. Robertson,
T.T. Morgan, E.I. Altinoglu, A. Tabakovic, M.R. Parette,
S.M. Rouse, V.R. Velasco, J.H. Adair, “Calcium phosphate
nanocomposite particles for in vitro imaging and encap-
sulated chemotherapeutic drug delivery to cancercells”,
Nanoletters, 8 (2008) 4116–4121.

10. A. Dobradi , M. Enisz-Bodogh, K. Kovacs, T. Korim,
“Bio-degradation of bioactive glass ceramics containing

natural calcium phosphates”, Ceram. Int., 42 (2016) 3706–
3714.

11. M. Sneha, N.M. Sundaram, “Preperation and character-
ization of an iron oxide-hydroxyapatite nanocomposite
for potential bone cancer therapy”, Int. J. Nanomed., 10

(2015) 99–106.
12. S. Mondal, P. Manivasagan, S. Bharathiraja, M. Santha

Moorthy, H.H. Kim, H. Seo, K.D. Lee , J. Oh, “Magnetic
hydroxyapatite: a promising multifunctional platform for
nanomedicine application”, Int. J. Nanomed., 12 (2017)
8389–8410.

13. H-C. Wu, T-W. Wang, J-S. Sun, W-H. Wang, “A novel
biomagnetic nanoparticle based on hydroxyapatite”, Nan-

otechnology, 18 (2007) 165601.
14. A. Adamiano, M. Iafisco, M. Sandri, M. Basini, P. Arosio,

T. Canu, G. Sitia, A. Esposito, V. Iannotti, G. Ausanio, E.
Fragogeorgi, M. Rouchota, G. Loudos, A. Lascialfari, A.
Tampieri, “On the use of superparamagnetic hydroxyap-
atite nanoparticles as an agent for magnetic and nuclear in
vivo imaging”, Acta Biomater., 73 (2018) 458–469.

15. A. Ashokan, D. Menon, S. Nair, M. Koyakutti, “A molec-
ular receptor targeted, hydroxyapatite nanocrystal based
multi-modal contrast agent”, Biomaterials, 31 (2010)
2606–2616.

16. D.K. Kim, Y. Zhang, W. Voit, K.V. Rao, M. Muhammed,
“Synthesis and characterization of surfactant-coated su-
perparamagnetic monodispersed iron oxide nanoparti-
cles”, J. Magn. Magn. Mater., 225 (2001) 30–36.

17. B. Horvath, M. Rigo, S. Guba, I. Szalai, R. Barabas, “Mag-
netic field response of aqueous hydroxyapatite based mag-
netic suspensions”, Heliyon, 5 (2019) e01507.

18. D.L. Trandafir, C. Mirestean, R.V.F. Turcu, B. Frentiu, D.
Eniu, S. Simon, “Structural characterisation of nanostruc-
tured hydroxyapatite-iron oxide composites”, Ceram. Int.,
40 [7, Part B] (2014) 11071–11078.

19. S. Panseri, C. Cunha, T. D’Alessandro, M. Sandri, G.
Giavaresi, M. Marcacci, C.T. Hung, A. Tampieri, “In-
trinsically supermagnetic Fe-hydroxyapatite nanoparticles
positively influence osteoblast-like cell behaviour”, J.

Nanobiotechnol., 10 (2012) 32.
20. M.A. Pogosova, D.I. Provotorov, A.A. Eliseev, M. Jansen,

P.E. Kazin, “Synthesis and characterization of the Bi-for-
Ca substituted copper-based apatite pigments”, Dyes Pig-

ments, 113 (2014) 96–101.
21. T. Baikie, S.S. Pramana, C. Ferraris, V. Huang, E.

Kendrick, K.S. Knight, Z. Ahmad, T.J. White, “Polyso-
matic apatites”, Acta Crystallograph., B66 (2010) 1–16.

22. Z. Bako, I. Kotsis, “Composition of precipitated calcium
phosphate ceramics”, Ceram. Int., 18 (1992) 373–378.

23. T. Kokubo, H. Kushitani, S. Sakka, T. Kitsugi, T. Ya-
mamuro, “Solutions able to reproduce in vivo surface-
structure changes in bioactive glass-ceramic A-W”, J.

Biomed. Mater. Res., 24 (1990) 721–734.

328


	Introduction
	Materials and methods
	Synthesis of magnetic HA nanocomposites
	Testing methods

	Results and discussion
	X-ray diffraction analysis
	Infrared spectroscopy
	Thermogravimetric analysis
	TEM analysis
	Magnetic properties
	Colour measurements
	Investigation of bioactivity

	Conclusions

