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Abstract

Bioactive magnetite nanoparticles were prepared successfully by coating magnetite nanoparticles with CaSiO; followed by their
immersion in simulated body fluid. The Fe;O,4 nanoparticles (5-10 nm) were synthesized by a co-precipitation technique. In order to
prepare core-shell nanocomposites, the nanoparticles were soaked for 1 h in a calcium silicate solution that had been aged for 24 h
before using it. The samples were dried in air and then immersed in SBF at 37 °C for 1, 3 and 7 days. The analyses of the samples after
the biomimetic process revealed the formation of a bonelike apatite layer on all the samples tested and not a significant change was
observed on their original magnetic behavior. Hemolysis test, evaluated as release of hemoglobin, revealed that all the samples showed
no hemolytic effects up to 3 mg/ml, indicating no damage of the red blood cell membranes. These bioactive, hemocompatible and
superparamagnetic particles may be potential materials for bone cancer treatment by hyperthermia.

© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Magnetic particles ranging from the nanometer to
micrometer scale are being used in an increasing number
of medical applications [1]. Because of their dimensions,
nanosized particles have properties that are not character-
istic of either the atom or the bulk counterparts. In the last
decade, a large number of investigations with several types
of iron oxides have been carried out in order to evaluate
their use in several biomedical applications, such as
hyperthermia, cell labeling, tissue repair, magnetic reso-
nance imaging and drug delivery. For these applications, in
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order for the particles to be effective, they must combine
certain properties. For example, to produce an effective
magnetic enrichment, they should possess a high magnetic
susceptibility. Moreover, their size has to be smaller than a
critical size (about 15 nm, depending on the composition)
so that the particles would consist of a single magnetic
domain, i.e. the particles exhibit the so-called superpar-
amagnetism [2].

Several materials that generate heat by hysteresis loss
have been developed [3] and the magnetite nanoparticles
are highly suitable for hyperthermia because of their strong
ferrimagnetic behavior, which leads to a relatively high
magnetic saturation and biocompatibility [4]. The sub-
10 nm magnetite nanoparticles exhibit superparamagnetic
behavior due to the fact that each particle can be
considered as a single magnetic domain [5] and this
property is particularly interesting, as they do not retain
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any magnetism after the removal of the applied magnetic
field [6].

Hyperthermia is a promising approach to cancer ther-
apy. It is based on the heating of the target tissue to
slightly above body temperature. This can generally reduce
the viability of cancer cells and increasing their sensitivity
to chemotherapy and radiation. This technology is based
on the fact that magnetic particles produce heat through
various kinds of energy losses during application of an
external AC magnetic field [7]. Cancer cells generally
perish at around 43 °C because their oxygen supply via
the blood vessels is not sufficient, whereas normal cells are
not damaged at even higher temperatures [8].

Magnetite nanoparticles under an alternating magnetic
field are expected to be useful thermoseeds in hyperthermic
cancer treatment since they can be targeted and confined
into the cancer site without damaging normal cells. All
biomedical and bioengineering applications require that
these ferrites must have not only high magnetization values
and narrow particle size distribution, but they have also to
be non-toxic and biocompatible [9].

The surfaces of iron-oxide nanoparticles are, in chemical
terms, relatively inert, and there are only a limited number
of molecules that can be covalently bonded to the particles
surface. This is the reason why certain changes to the
surfaces must be performed, such as functionalization.
Apart from enabling the selective binding of different
bioactive molecules, the functionalized nanoparticles must
exhibit appropriate magnetic properties; they have to be
non-toxic, hydrophilic and biocompatible, and they have
to remain stable in aqueous colloidal suspensions [10].
Design and synthesis of discreet magnetic nanoparticles,
where each particle is coated with a biocompatible mole-
cule, are keys for obtaining magnetic materials for bio-
technological applications [11].

Bonelike apatite coatings obtained by biomimetic meth-
ods bond to living bone. The biomimetic methods consist
mainly in the deposition of a bonelike apatite layer on the
substrate by immersing samples in simulated body fluids
(SBF, 1.4 SBF, 1.5 SBF and 5 SBF) for different periods of
time. As reported previously [12], the formation of apatite
was enhanced using a re-immersion method in which the
SBF was periodically replaced to maintain a high ionic
concentration. Moreover, if a wollastonite (CaSiO3) bed is
used as a calcium ion supplier during the first phase of
immersion, the apatite nucleation is more effective [13,14].

Bioactivity can be induced on bioinert surfaces either by
the formation of functional groups or by the formation of
thin ceramic phases that have the potential to form func-
tional groups on exposure to a body environment [15].
Some calcium silicates are bioactive materials that form an
apatite layer on their surface when they are in contact with
real or SBF. The apatite formation is mainly due to the
Ca’™ that is released into the SBF from wollastonite
leading to the increase of the supersaturation degree
of the fluid with respect to apatite by increasing pH [16].
At the beginning of the reaction an ionic exchange of

Ca’* for H™ takes place on the wollastonite surface. The
ionic exchange transforms the wollastonite crystals into an
amorphous silica phase and increases the calcium concen-
tration and the pH of the surrounding SBF. Under these
conditions, apatite nucleation on the surface and the
simultaneous solution of the amorphous silica take place
[17,18]. In a previous work [19] we have showed that it is
possible to form a bonelike apatite layer on magnetite
nanoparticles after a week of biomimetic treatment using
SBF and wollastonite.

It has been reported that the incorporation of silanol
(Si—-OH) groups into the chitosan microparticles leads to
bone-bonding ability to the microparticles when they are
immersed in SBF, accelerating the tissue integration, which
leads to the unique strength of such interfaces [20].
However, this technique has not been applied to the
bioactivation of magnetite nanoparticles.

The aim of this work was to prepare magnetite nano-
particles coated with a bonelike apatite layer by treating
the magnetite nanoparticles in a calcium silicate solution
followed by their immersion in SBF. The coated particles
may be potential thermoseeds for bone cancer treatment.

2. Material and methods
2.1. Preparation of magnetite nanoparticles

Magnetite nanoparticles were synthesized by a chemical
co-precipitation technique [21] using 0.1 M separate solu-
tions of the following reagent grade chemicals: FeCls; - 6H,O
(Sigma-Aldrich) and FeCl,-4H,O (Sigma-Aldrich). These
solutions were prepared by dissolving appropriate amounts
of the starting chemicals in distilled water. Appropriate
amounts of solutions were mixed in a Pyrex baker using a
mechanical stirrer (around 1000 rpm) to obtain a Fe " %Fe™?
ratio of 2:3 while heating on a hot plate. When 70 °C of
temperature was reached, the stirring velocity was increased
up to 5000 rpm to produce an effective reaction and then
NH4OH (Sigma-Aldrich) at 10% was promptly added. A
black color, characteristic of the precipitated nanoparticles,
was observed. The precipitate was washed several times with
distilled water to eliminate as much as possible the residual
chlorides. The magnetite particles were dried in air at room
temperature.

2.2. Calcium silicate solution treatment

The solution was prepared as reported [20]: TEOS:
Si(OC,H5)4(Sigma-Aldrich), deionized water, (C,HsOH)
(Sigma-Aldrich), 1 M aqueous HCI solution and CaCl,
(Sigma-Aldrich) were mixed for 10 min at 0 °C in order to
prepare a calcium silicate solution with a molar ratio of
TEOS/H,0/C,Hs;OH/HCI/CaCl, of 1.0/4.0/4.0/0.014/0.20.
The solution was aged for 24 h before using it. The
nanoparticles were soaked in the aged calcium silicate
solution at 36 °C and 120 rpm for 60 min. The final
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product was obtained by magnetic separation and then
dried in air at room temperature.

2.3. Biomimetic treatment

For the biomimetic process an SBF with an ionic
concentration nearly equal to that of human blood plasma
was used [22]. The solution was prepared by dissolving
reagent-grade chemicals (Sigma-Aldrich) of NaCl,
NaHCO3, KCI, KzHPO4 3H20, MgC12 6H20, C'chlz
2H,0 and Na,SO, in deionized water and buffered to
pH 7.4 with tris(hydroxymethyl)-aminomethane and 1.0 N
HCI at 36.5 °C [16]. The calcium silicate-coated magnetite
nanoparticles were immersed in SBF at a solid/liquid
weight ratio of 0.5 g/150 ml at 36.5 °C for three different
periods: 1, 3 and 7 days. At the end of the immersion
periods, the magnetite powder was removed from the
flasks, washed gently with deionized water and dried at
room temperature.

2.4. Characterization

The surfaces of the magnetite nanoparticles before and
after the solution treatment and the subsequent biomimetic
treatment were analyzed by scanning electron microscopy
(SEM) (JSM 6300, Jeol, Japan), energy dispersive spectro-
scopy (EDS), X-ray diffraction (XRD) (X’Pert, Philips,
Holland) and Fourier-transform attenuated total reflec-
tance infrared spectroscopy (FTIR) (FT-IR Perkin Elmer
GX-X00). Magnetic properties of the samples were mea-
sured with a Lakeshore 7307 vibrating sample magnet-
ometer (VSM), in applied fields from —12.5 to 12.5 KOe
and 60 Hz in frequency.

Particle size and shape were studied by transmission
electron microscopy (TEM) (Titan 80300 Kv). The samples
were prepared by placing one drop of the dilute suspension
of magnetite nanoparticles in acetone on a carbon coated
copper grid and allowing the solvent to evaporate slowly at
room temperature.

2.5. Solution analysis

The concentration of Ca, P and Si of the SBF, before
and after immersing the magnetite particles, was analyzed
by inductively-coupled plasma atomic emission spectro-
metry (ICP) (IRIS Intrepid II XSP, Thermo Elemental
Instruments).

2.6. In vitro hemolysis assay

The hemolysis test was performed using human whole
blood from healthy non-smoking donors with permission,
following the proper guidelines for studies using human
specimens. Blood, collected in heparinized-tubes, was
centrifuged at 3000 rpm for 4 min at 4 °C. The obtained
pellets were washed three times with cold Alsever’s solu-
tion (dextrose 0.116 M, NaCl 0.071 M, sodium citrate

0.027 M and citric acid 0.002 M at pH 6.4). The super-
natant was then removed and 100 ul of the purified
erythrocytes were diluted 1:99 with Alsever’s solution.
Then, 150 ul of this suspension were again diluted in
Alsevers buffer and taken for the curve-response experi-
ments (total volume 2000 pl). This suspension of red blood
cells was always freshly prepared and used within 24 h
after collection.

Three concentrations of nanoparticles were tested: 0.25,
0.50 and 3.0 mg/ml. Magnetic nanoparticles were brought
in direct contact with the blood samples. The tubes were
gently mixed in a rotator shaker and then incubated at
37°C+1°C within a shaking water bath for 30 min.
Alsever’s solution and deionized water were used as
negative (0% hemolysis) and positive (100% hemolysis)
controls, respectively. Each group contained three tubes.
The specimens were then centrifuged under 3000 rpm for
4 min to collect the supernatant. In order to avoid false-
positive results due to nanoparticles absorbance at the
assay wavelength, the iron oxide nanoparticles were
removed from supernatants using permanent magnets [23].

The absorbance (A) value of the hemoglobin released
from the erythrocyte cells was measured spectrophotome-
trically at 415 nm (Thermospectronic Genesys 5). All trials
were performed three times. The hemolysis rate (HR) was
calculated as follows: HR (%)=[(A of the experimental
group — A of the negative control group)/(A of the positive
control group—A of the negative control group)] x 100%
[24]. Less than 5% hemolysis was regarded as non-toxic
effect level. The experiments were performed in triplicate
and were repeated twice to obtain 6 experimental units.
The values obtained were expressed as mean + SD (stan-
dard deviation). The data were analyzed with MINITAB
15 software. No a significant difference was considered
when P < 0.05.

3. Results and discussion

The general aspects and morphology of magnetite
nanoparticles and calcium silicate coated nanoparticles
are shown in Fig. 1. The magnetite particles are approxi-
mately spherical and the mean size was about 8§ nm
according with the TEM image (Fig. 1A). Fig. 1B shows
the TEM image of magnetite after calcium silicate treat-
ment. In a high-resolution transmission electron micro-
scope (HRTEM) micrograph (Fig. 1C) the thin amorphous
layer of calcium silicate (~2 nm) is clearly visible on the
surface of the magnetite nanoparticles.

Fig. 2 shows the FTIR spectra of the surface of the
uncoated magnetite, after calcium silicate treatment and
after calcium silicate treatment followed by immersion in
SBF for 7 days. Since magnetite has an inverse spinel-type
structure, it shows bands indicating the vibrations M;O-
Mo (~600-550 cm ™~ '), where My and My, correspond to
the metal occupying tetrahedral and octahedral positions,
respectively, as observed in the spectrum corresponding to
the untreated material. The spectrum of the calcium
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Fig. 1. TEM images of the surfaces of the untreated magnetite nanoparticles (A), the magnetite nanoparticles after the calcium silicate treatment (B)
and HRTEM image of the surfaces of magnetite nanoparticles after the calcium silicate treatment (C).
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Fig. 2. FTIR spectra of the surfaces of the untreated magnetite nano-
particles, the nanoparticles after treatment with calcium silicate solution
and those treated with calcium silicate solution after 7 days of immersion
in SBF.

silicate coated magnetite showed the characteristic absorp-
tions for the silica network located at 1080 and 800 cm ™"
due to the siloxane groups (Si—-O-Si) and a shoulder at
960 cm ~ ! due to the Si-O—H bond vibrations associated to
silanol groups [4,25,26]. After immersion in SBF, reflection
peaks of the phosphate group (PO3 ™) at 1030 cm ™' were
observed. These results are in agreement with those
reported by Leonor and Baran [20].

As mentioned before, the particles treated with calcium
silicate were immersed in SBF for 1, 3 or 7 days. FTIR
analysis was performed in order to characterize the
chemical structure of the surface of those magnetite
nanoparticles.

Fig. 3 shows the FTIR spectra of nanoparticles after 1, 3
and 7 days of immersion. In order to compare the changes
occurred before and after immersion in SBF of the calcium
silicate treated samples, the spectrum corresponding to the
sample after 7 days was also included in Fig. 2. The
reflection peak at 1030 cm ' for the phosphate group was
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Fig. 3. FTIR spectra of the surfaces of the magnetite nanoparticles after
treatment with calcium silicate solution and the magnetite nanoparticles
after treatment with calcium silicate solution followed by immersion in
SBF for 1, 3 or 7 days.

observed for all the samples. Comparing the spectra it is
possible to observe that as the immersing time in SBF
increases, the phosphate band becomes sharper. After only
one day of immersion, bands corresponding to the
untreated magnetite can be observed. This may indicate
that, at this time, the calcium silicate layer partially
dissolves into the SBF.

Fig. 4 shows the XRD patterns of the untreated
magnetite nanoparticles, the treated with a calcium silicate
solution and the treated with a calcium silicate solution
followed by immersion in SBF for 7 days. The XRD
pattern of the untreated magnetite nanoparticles and that
corresponding to the calcium silicate treated exhibit the
characteristic peaks of magnetite (JCPDS 19-629). After
immersion in SBF of the sample treated with a calcium
silicate, new diffraction peaks appeared at 25.8° and 31.7°
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20 corresponding to (002) and (211) diffraction planes of
apatite, respectively (JCPDS 9-432) [27,28].

Fig. 5 shows the surface of the magnetite nanoparticles
treated with calcium silicate solution (Fig. 5A), and then
immersed in SBF for 1, 3 and 7 days (Fig. 5B, C and D,
respectively). After immersion in the calcium silicate
solution, the nanoparticles were agglomerated (Fig. 5A).
When the magnetite nanoparticles treated with calcium
solution were immersed in SBF for 1 day (Fig. 5B), a Ca,
P-rich layer was formed on the surface of the agglomerates
as demonstrated by the corresponding EDS spectrum.
This layer became denser by increasing immersing time
in SBF (Fig. 5C and D). According to the XRD results
showed earlier, this Ca, P-rich compound corresponds
to apatite.
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* *
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f_,,‘:‘ . 7 din SBF
8
¢
Z 4 ¢
c
§]
£
Calcium silicate treated
L} * .
M Untreated
I o T ' T = T L T 5 T " T .
10 20 30 40 50 60 70 80
26 (degrees)

Fig. 4. XRD patterns of the untreated magnetite nanoparticles, the
nanoparticles after calcium silicate treatment and the magnetite nano-
particles after treatment with calcium silicate solution followed by
immersion in SBF for 7 day.

0.000

By EDS analysis the presence of silicon (Si), chlorine (ClI)
and calcium (Ca) was detected on the surface of the
magnetite nanoparticles which is in agreement with the
calcium silicate treatment. After immersion in SBF, Ca and
P peaks were detected. The intensity of the Ca and P peaks
increased significantly as immersing time in SBF was
increased. These results are in good agreement with those
obtained from the FTIR analysis shown in Fig. 3. The Ca/P
ratio of the layer formed after 7 days in SBF was evaluated
from the EDS analysis. The mean value of five analyses
performed in different particles was 1.65+0.06, which is
close to that corresponding to hydroxyapatite (1.67).

The hysteresis loops of magnetite nanoparticles are
shown in Fig. 6. The saturation magnetization (Mj) of
the untreated magnetite nanoparticles was 48.6 emu/g,
which is in agreement with the reported value [29]. For
the calcium silicate treated magnetite M, was 38.8 emu/g,
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Fig. 6. Hysteresis loops of magnetite nanoparticles: (A) untreated, (B)
after calcium silicate treatment and (C) after calcium silicate treatment
followed by immersion in SBF for 7 days.

Fig. 5. SEM images and EDS spectra of the magnetite nanoparticles treated with a calcium silicate solution (A) and the nanoparticles treated with a
calcium silicate solution followed by their immersion in SBF for 1 (B), 3 (C) or 7 days (D).
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this may be due to the mass proportion of the magnetite
nanoparticles. After 7 days of immersion of this sample in
SBF, M was increased up to 49.6 emu/g. These results
indicate the dissolution of the calcium silicate gel into the
SBF, as shown in the ICP results (Fig. 7).

Fig. 7 shows the changes in Ca, P and Si concentrations
in SBF. The ICP results indicated that at the beginning of
immersion (day 1), the concentration of Ca was increased
when the sample was treated with calcium silicate. This
may be due to the release of calcium ions from the surface
of the nanoparticles into the SBF. After this period of time,
the Ca concentration decreased. This decrease may be due
to the nucleation of the Ca, P- rich layer on the calcium
silicate treated magnetite. The P concentration in SBF was
also decreasing. This is due to the interaction with the
calcium in the solution and the formation of apatite. The
release of silicon is attributed to the partial dissolution of
the calcium silicate layer, which results in the formation of
the Si-OH groups that are responsible for the apatite
nucleation [20]. In order to compare the ion concentration
changes in SBF, in this Fig. 7 the changes in Ca, P and Si
after immersing the untreated magnetite sample were also
included. These behaviors indicate that the calcium silicate
treatment improves the apatite formation ability.

In a previous report we found that it is possible to form
an apatite layer when the magnetite nanoparticles were
immersed in SBF using a reimmersion method and a
wollastonite disk [19]. In this work, we have found that
it is possible to reduce the immersion time if the magnetite
nanoparticles are treated previously in a calcium silicate
solution. The formation of Si—~OH groups may be possible
due to the release of the calcium ions (Ca’") of the
calcium silicate into the SBF via ionic exchange with the
hydronium ion (H;0 ). These groups on the surface of the
magnetite induce apatite nucleation. The released Ca®™
accelerates apatite nucleation by increasing the ionic
activity product of the apatite in the SBF. Once the apatite
nuclei are formed, they can grow forming a uniform layer
by consuming calcium and phosphate ions from the SBF,
since the SBF is already highly supersaturated with respect
to apatite [30,31]. Leonor and cols. [20] suggested that
some chemical bondings, such as Si-O—-Ca—O-Si, exist at
the interface between apatite and calcium silicate.

The results of the hemolytic test (Fig. 8) demonstrated
that the HRs of the samples were lower than 2%. This
finding indicates that the untreated magnetite nanoparti-
cles, the magnetite nanoparticles treated with calcium
silicate and the magnetite nanoparticles treated with
calcium silicate followed by immersion in SBF for 7 day
had no hemolytic reaction at all tested concentrations up
to 3.0 mg/ml. According to ASTM F 756-08 (Standard
Practice for Assessment of Hemolytic Properties of Mate-
rials) [24], a HR < 2% produced by any material could be
considered as not hemolytic.

Consequently, we can assume that all these samples are
compatible with erythrocytes when they are circulating in
the human blood and it was consistent with the requirement
of hemolytic test for biomaterials [32]. The obtained results
also indicate that the untreated magnetite nanoparticles and
the magnetite nanoparticles treated with calcium silicate
exhibited a high degree of hemolytic activity at 3.0 mg/ml as
compared with the SBF treatment. Therefore, it seems that
the apatite coating adds a protective effect from the
hemolysis, since hemolysis of magnetite treated with calcium
silicate is higher than that corresponding to the sample after
immersion in SBF. No significant differences were found in
hemolysis levels among all groups (P < 0.05).
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Fig. 8. Hemolysis caused by different magnetite nanoparticles.
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Due to the superparamagnetic behavior at room
temperature and non hemolytic activity, well-dispersed
nanoparticles in a carrier medium can be injected and
transported to the tissue through blood vessels under an
external applied magnetic field. Furthermore, due to the
bioactivity of these magnetite particles, they are expected
to bond chemically to bone, leading to the feasibility to
repeat the hyperthermia treatments at different periods
of time.

4. Conclusions

The magnetite nanoparticles treated with a calcium
silicate solution can be coated with a bonelike apatite
layer after only one day of biomimetic treatment using
SBF. These bioactive ferrite particles showed also a super-
paramagnetic behavior and non hemolytic activity. Thus,
these magnetite nanoparticles can be successfully used as
thermoseeds for hyperthermic treatment of solid bone
tumors under an alternating magnetic field.
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