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Abstract Our purpose was obtaining and characterizing a
complex composite system with multifunctional role: bone
graft material and hyperthermia generator necessary for
bone cancer therapy. The designed system was a magnetite
enriched collagen/hydroxyapatite composite material,
obtained by a co-precipitation method. Due to the applied
electromagnetic field the magnetite will induce hyperther-
mia and cause tumoral cell apoptosis. The complex bone
graft system was characterised by XRD, FTIR and SEM,
while the hyperthermia was quantify by measuring the
temperature increase due to the applied alternative elec-
tromagnetical field.

1 Introduction

Magnetite is one of the most studied magnetic materials
due to their biomedical application (Fig. 1): magnetic
resonance imaging (MRI) as magnetic contrast agent [1];
drug delivery and drug carrier [2, 3] and hyperthermia [4].

Many times, bone cancer treatment involves two stages.
In the first stage the tumoral bone tissue is surgically
removed [5]. After the surgical intervention, the obtained
bone defect can be filled with bone graft material or better
with magnetite or anti-tumoral loaded bone graft material.
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The most cases of tumours recurrence are done due to the
partial removal of tumoral tissue. This is the reason
because all the time the surgical interventions are accom-
plished by chemo/radiotherapy. The bone cancer treatment
can be represented as summarised in Fig. 2.

In present, a lot of composite materials with different
content of magnetite were obtained [6-9] in order to induce
hyperthermia. Also, many anti-tumoral drug delivery sys-
tems were obtained [10-20] some of them containing
gold/silver nanoparticles with proved antitumoral activity
[21-23].

2 Experimental

Collagen (300,000 Da) gel was obtained in the Leather and
Footwear Research Institute, Collagen Department starting
from calf hides by chemical and enzymatic extraction. The
collagen gel concentration was 1.6% and pH = 7.

Collagen mineralization occurs in two stages, in order to
mimic the in vivo osteosynthesis [24]. In the first stage the
calcium hydroxide (Fluka) suspension is added onto the
collagen gel and let to interact for 24 h. In the second
stage, the corresponding amount of sodium dihydrogen
phosphate is added (Ca:P molar ratio was 1.67) in order to
precipitate pure HA. The amount of collagen, calcium
hydroxide and sodium dihydrogen phosphate is added in
order to obtain a composite material with the COLL: HA
ratio of 1:4. The final pH was adjusted to ~9 with NaOH
0.1 M.

In order to obtain COLL/HA-Fe;0O, composite materi-
als the wet COLL/HA composite, obtained as presented
above, is mixed with the appropriate amount of magnetite
particle. The magnetite particles were obtained by co-pre-
cipitation from aqueous solution starting from FeCl; and
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Fig. 1 Applications of magnetic nanoparticle

FeSO, (Fe*™:Fe** molar ratio was 1:2), as precursors (both
purchased from Fluka) at pH ~ 9.

During the synthesis of COLL/HA-magnetite compos-
ite, the temperature was thermostated at 35 £ 2°C. The
composite materials were dried by freeze-drying.

Hyperthermia was obtained by due to the interaction of
the composite materials with the electromagnetic field. The
magnetic field was created using a horizontal coil, the
applied frequency being 150 kHz.

The obtained material was investigated by X-ray
diffraction, IR spectroscopy and scanning and transmission
electron microscopy.

X-ray diffraction analysis was performed using a
Shimadzu XRD 6000 diffractometer at room temperature.
In all the cases, Cu Ko radiation from a Cu X-ray tube was
used. The samples were scanned in the Bragg angle, 26
range of 10-80.

For IR spectroscopy (Shimadzu 8400 FTIR Spectrom-
eter) measurements, the spectra were recorded in the wave
number range of 400-4,000 cmfl, with a resolution of
2cm .

SEM analyses were performed on a HITACHI S2600N
electron microscope on samples covered with silver layer.

The transmission electron images were obtained on finely
powdered samples using a Tecnai G> F30 S-TWIN high
resolution transmission electron microscope (HRTEM). The
microscope was operated in transmission mode at 300 kV
whcile TEM point resolution was 2 A and line resolution was
1 A.

3 Results and discussion

The composite material composition was confirmed by
XRD, FTIR, EDS and DTA-TG.

/Y N
£

Tumoralbone fissue
Tumoral Bone excizion

Fig. 2 Bone cancer treatment
of osteosarcoma

Remained fumaral cell
\ Bone defect

@ Springer

+ _,l?'\ ‘Y _?' = ;ﬂ\l

i) Multifunctional

o Hydroxyapatite (ASTM [74-5066])
o Magnetite (ASTM [82-1533])

10 20 30 40 50 60 70 80
2Theta

Fig. 3 XRD pattern of COLL/HA-Fe;O, composite material
containing 2% magnetite

X-Ray diffraction was used in order to confirm the
presence of HA and magnetite as pure phases (Fig. 3). It
can be easily identify the main characteristic peaks of HA
(20 = 25.90, 28.96, 31.79, 32.21, 32.92, 34.09, 39.82,
46.73 and 49.53) and magnetite (20 = 30.04, 35.43, 43.05,
56.94 and 62.52).

SEM images were recorded at different magnification on
the materials surface and transversal section. At low
magnification, the SEM images of COLL/HA-Fe;Oy4
composite (Fig. 4a, b) exhibit a homogenous structure, the
images being very similar with the images recorded for
COLL\HA composite materials.

At relative high magnification, due to the special inter-
actions between collagen and magnetite, acicular (rod-like)
crystals can be observed (Fig. 4c, d). The size of the
acicular crystals is in the range of a few um in length and
100-300 nm in diameter.

The acicular structures formation can be explained
based on the above presented synthesis procedure. After
the addition of the calcium hydroxide suspension, the pH
became basic and the collagen fibrillogenesis began [25].
When the magnetite particle is added, the collagen mole-
cule is associated in fibrils and fibres and these will func-
tion as surfactants for magnetite stabilization. In same
conditions of synthesis, in the absence of magnetite, the
obtained COLL/HA composite materials exhibit no such
acicular structures as we previously reported [26, 27].

\
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Fig. 4 SEM images of COLL/HA-Fe;0, composite material

Comparing with the case of magnetite stabilization with
citrate anions it can be observed a morphological change of
the composite. If, in the case of citrate the stabilised
magnetite particles are spherical, the stabilization in the
presence of collagen (in the above presented conditions)
leads to acicular morphology because the collagen fibrils
and fibres are bigger than magnetite core and only a few
collagen suprastructures can be bound (through electro-
static interactions) around the magnetite particle.

Also, SEM images give information about the porosity
of the composite materials.

The above-mentioned theory is confirmed also by EDS
analysis (Fig. 5). For this purpose we recorded the EDS
spectra, at the same magnification, in acicular rich and,
respectively, acicular free zone. Obviously quantitative

Fig. 5 EDS spectra of COLL/ 1.4 21ES
HA-Fe;0,4 composite I(a)
material a acicular rich zone 121

and b acicular free zone .
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determination cannot be made with accuracy due to the low
content of Fe;Q,4, the recorded spectra are suggestive. In
any acicular rich zone, the Fe peak is present at about
6.3 keV while in the acicular free zone the Fe peak is
absent.

Transmission electron microscopy is used in order to
analyze the magnetite particles shape and size (Fig. 6).
There can be identified two kinds of magnetite nanoparti-
cles: spherical and rod-like. The dimension of the particles
varies from ~35 nm and up to 20 nm, the mean diameter of
these particles being ~10-12 nm while the rod-like
nanoparticles can reach up to 50 nm length.

The infrared spectrum, recorded for COLL/HA-Fe;0,
composite material (Fig. 7) confirms the characteristic
peaks of the components, some of them being superposed.
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Fig. 6 a TEM and b HRTEM
image of magnetite nanoparticle

Fig. 7 Infrared spectra of
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In order to resolve these superposed peaks the composite
spectrum was deconvoluted. After the spectrum deconvo-
lution over the region of 400-1,800 cm_l, it can be clearly
identify the collagen/hydroxyapatite main absorption bands
[24] but also the main characteristic absorption bands of
magnetite (713, 878, 962, 1,082 and 1,450 cmfl).

The obtained composite materials were analysed also
from the point of view of the produced hyperthermia. In all
three cases before measurements the composite materials
were kept at 37°C for 1 h. Then, the composite materials
were introduced in the electromagnetic field (frequency
150 kHz) and the temperature was determined after 5, 10,
15, 20, 30 and 60 min. It can be observed that increasing
amount of magnetite lead to an increase thermal effect
(Fig. 8).
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Fig. 8 Temperature dependence of COLL/HA-Fe;O, with irradia-
tion time (frequency = 150 kHz)
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It is worth to mention that using the same magnetite
nanoparticles (composition, shape and size distribution) the
concentration can influence the obtained thermal effect.
Even in small concentration of magnetic nanoparticle, the
hyperthermia can be evidentiated. In all the cases, the
increase is adequate for the use of these composite mate-
rials for cancer treatment by hyperthermia. In case of bone
cancer, these materials can be used for both regeneration
and antitumoral effect.

4 Conclusion

Our purpose was to obtain a regenerative composite
material based on collagen and hydroxyapatite, which
contain different concentration of magnetite nanoparticle.
The role of magnetite is to produce controlled hyperther-
mia which can be activated by an alternative electromag-
netic field, any time after implantation.

The rod-like structures characteristic only of the COLL/
HA-Fe;0,4 composite material and nor for COLL/HA can
be explained based on the interactions occurred between
collagen fibrils and fibres and magnetite.

It was obtained a multifunctional composite material in
order to assure bone regeneration and antitumoral effect.

Obviously, the COLL/HA-Fe;O, composite materials
containing 1 and 2% magnetite cannot produce the neces-
sary hyperthermia; the COLL/HA-Fe3;0,4 composite mate-
rials with higher content of magnetite (for instance 5%) can
be successfully used as hyperthermia generator system, the
activation time being of about 20-30 min (at 150 kHz).

In the future, we intend to reduce the necessary magnetite
induced hyperthermia by the use of some more complex
systems containing gold or silver nanoparticles with anti-
tumoral activity. The combined effect of magnetite and
gold/silver nanoparticles will improve the anti-tumoral
effect and perhaps will permit to work with systems with
lower content of magnetite without to reduce the global
antitumoral effect.
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