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The magnetite (Fe30,4) nanoparticles were prepared by coprecipitation of Fe3* and Fe?* using ammonium
hydroxide (NH4OH) as a precipitating agent. The Fe;04/polyethylene glycol (PEG) magnetic compos-
ite nanoparticles with a core-shell structure with a diameter of 10-40 nm were prepared by two step
additions of the primary and the secondary surfactants, respectively. The inductive heat property of
Fe304/PEG composite nanoparticles in an alternating current (AC) magnetic field was investigated. The
potential of Fe304/PEG nanoparticles was evaluated for localized hyperthermia treatment of cancers. The
saturation magnetization, Ms, and coercivity, Hc, are 67.06 emu g~! and 7 Oe for Fe304 nanoparticles and
64.11emug-! and 14 Oe for Fe304/PEG composite nanoparticles, respectively. Exposed in the AC mag-
netic field for 100 s, the temperatures of physiological saline suspensions containing Fe;O4 nanoparticles
or Fe;04/PEG composite nanoparticles are 89.2°C and 72.2°C, respectively. The Fe;04/PEG composite
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nanoparticles will be useful as good thermoseeds for localized hyperthermia treatment of cancers.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Hyperthermia is a promising approach to cancer therapy [1,2].
The inevitable technical problem with hyperthermia is the dif-
ficulty in heating only the local tumor region to the intended
temperature without damaging the surrounding healthy tissue.
Fe304 nanoparticles have been used for hyperthermia treatment in
an attempt to overcome this obstacle [3,4]. If Fe304 nanoparticles
can be made to accumulate only in the tumor tissue, cancer-
specific hyperthermia can be achieved by generating heat in an
alternating current (AC) magnetic field due to hysteresis loss [5].
Localized hyperthermia treatment of cancers injects the magnetic
thermoseeds into the tumor area of the patient. The heating of
the cancer area containing the implanted thermoseeds to elevated
temperatures in an external AC magnetic field induces apoptosis
of tumor cells. Due to the strong magnetic property and low tox-
icity, the application of Fe304 in biotechnology and medicine has
attracted significant attention [6-16]. Magnetic fluid hyperthermia
(MFH) is an important application, which can increase the tem-
perature of tumors to 41-46 °C and therefore kill tumor cells. This
method involves the introduction of ferromagnetic or superpara-
magnetic particles (thermoseeds) into the tumor tissue and then
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irradiation with an AC magnetic field. The particles transform the
energy of the AC magnetic field into heat by several physical mech-
anisms, and the transformation efficiency strongly depends on the
frequency of the external field as well as the nature of the particles
such as magnetism and surface modification [17-22].

With the rapid development of nanotechnology, it has become
possible to fabricate, characterize and specially tailor the functional
properties of nanoparticles for biomedical applications and diag-
nostics [22-26]. Increased investigations with several types of iron
oxides have been carried out in the field of nanosized magnetic par-
ticles, among which Fe30,4 is a very promising candidate since its
biocompatibility has already been proven [22]. With proper surface
coatings, these magnetic nanoparticles can be dispersed into suit-
able solvents, forming homogeneous suspensions, called ferrofluids
[27]. Such a suspension can interact with an external magnetic field
and be positioned to a specific area, facilitating magnetic resonance
imaging for medical diagnosis and AC magnetic field-assisted can-
cer therapy [22]. Fe304 has been widely studied in recent years due
to its interesting magnetic properties and many potential applica-
tions, especially being an ideal candidate for biological applications
[28-42].

In our previous work, Fe304 nanoparticles with different mag-
netic properties were prepared by coprecipitation of Fe3* and Fe?*
and their inductive heating properties were investigated [43]. In
this work, Fe304/polyethylene glycol (PEG) magnetic composite
nanoparticles with a core-shell structure were prepared and their
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inductive heating property was measured by an AC magnetic field
generator for localized hyperthermia.

2. Experimental
2.1. Preparation of Fe304 nanoparticles

FeCl,-4H,0 and FeCl;-6H,0 were used as iron sources and ammonium hydrox-
ide (NH4OH) was used as a precipitator. The iron solution was strongly stirred with
100 ml of distilled water, which was heated up to 80°C. The molar ratio of FeZ*
and Fe3* was 5.5:1. After stirring for 10 min, ammonium hydroxide was added. This
coprecipitation process is as follows:

FeCl, + 2FeCl; + 8NH40H — Fe304+ 8NH4Cl + 4H,0

The precipitates were separated by magnetic decantation with ethanol and distilled
water after cooling of the suspension at room temperature. The subsided Fe;O4
nanoparticles were dried in a vacuum atmosphere at 60°C.

2.2. Synthesis of Fe304/PEG composite nanoparticles

Fe304/PEG magnetic composite nanoparticles with a core-shell structure were
prepared by two step additions of the primary and the secondary surfactants, respec-
tively. The whole procedure was as follows. Deionized water of 60 ml was added to
Fe304 nanoparticles (1.0 g) in a 250 ml round-bottomed four-necked flask equipped
with a mechanical stirrer, an inlet of nitrogen and a condenser. To reduce aggre-
gation of Fe304 nanoparticles, the mixture was kept under ultrasonic vibration for
30 min. The mixture of water and Fe;04 nanoparticles was vigorously stirred for
30 min under nitrogen protection, which was heated up to 80 °C, and then a solution
of 25 ml oleate sodium was added to the mixture with slow agitation. The surface
modification procedure was allowed to proceed for additional 30 min. The suspen-
sion was then cooled slowly down to 50°C with constant stirring. The PEG-4000
solution was then added to the suspension. Then, the mixture was kept at 50°C
under vigorous stirring and nitrogen protection for 1 h. The products were dialyzed
and purified by magnetic field separation and decantation with water after cooling
of the suspension at room temperature. This purification procedure was repeated
five times. The products were dried under vacuum at 60°C for 10 h.

2.3. Characterization of Fe304/PEG composite nanoparticles

Particle size and morphology of Fe3;04 and Fe;04/PEG nanoparticles were
detected using a Hitachi H-800 transmission electron microscope (TEM). Sam-
ples for TEM measurement were prepared by dispersing the Fe304 or Fe;04/PEG
nanoparticles in acetone at an appropriate concentration and then depositing on
Formvar-coated copper grids and drying. The microstructure of the Fe3;04 and
Fe;04/PEG nanoparticles was characterized by powder X-ray diffraction (XRD),
which was carried out in a Rigaku D/MAX-3CX diffractometer using the Ka line
of Cu as a radiation source. The infrared (IR) spectra of all samples were recorded
on a Nicolet 200SXV Fourier transform infrared spectrometer (FTIR) using KBr pel-
lets. Their magnetic properties were measured by a vibration sample magnetometer
(VSM, Lakeshore, Model 7300).

The inductive heating property of the Fe304/PEG composite nanoparticles was
measured by an AC magnetic field generator in agreement with the method reported
inRef.[43]. Depending on body cross-section and tissue conductivity, lower frequen-
cies in the range of 50-100 kHz should be used with humans [18]. The frequency
applied in the present work is 80 kHz, which is just in the range for biomedical
applications. All samples used in the measurements were freshly prepared. The fre-
quency and amplitude of the magnetic field are 80 kHz and 30 kA m~, respectively.
All samples were dispersed in physiological saline with the same concentration of
30mgml-! and treated with ultrasound for 30 min before the measurements.

3. Results and discussion

The Fe304/PEG magnetic composite nanoparticles with a
core-shell structure were prepared by two step additions of the pri-
mary and the secondary surfactants, respectively. Fig. 1(a) shows
the TEM micrograph of Fe304 nanoparticles. The particles are
almost spherical with diameters ranging from 5 nm to 30 nm. Most
of the particles are polydisperse while some agglomerated due to
magneto-dipole interactions between particles. In the absence of
any surface coating, Fe304 nanoparticles have hydrophobic sur-
faces with a large surface area to volume ratio. Due to hydrophobic
interactions between the particles, these particles agglomerate
and form large clusters, resulting in increased particle size. These
clusters, then, exhibit strong magnetic dipole-dipole attractions
between them and show ferromagnetic behaviour. When two
large-particle clusters approach one another, each of them comes
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Fig. 1. TEM images of Fe;04 (a) and Fe304/PEG composite nanoparticles (b).

into the magnetic field of the neighbour. Besides the arousal of
attractive forces between the nanoparticles, each nanoparticle is
in the magnetic field of the neighbour and gets further magne-
tized. The adherence of remnant magnetic nanoparticles causes
a mutual magnetization, resulting in increased aggregation prop-
erties [22]. Fig. 1(b) shows the TEM micrograph of Fe304/PEG
composite nanoparticles with a core-shell structure, which are
quite polydispersed with a diameters ranging from 10 nm to 40 nm.
The non-covalentimmobilization of PEG on the surface canimprove
the biocompatibility, blood circulation time and internalization
efficiency of the Fe;04 nanoparticles. With PEG surface coating, the
Fe304 nanoparticles were dispersed into suitable solvents, forming
homogeneous suspensions, called ferrofluid. The Fe304 ferrofluid
can interact with an external magnetic field and be positioned to a
specific area, facilitating AC magnetic field-assisted cancer ther-
apy. But the samples for TEM measurement were prepared by
dispersing the Fe304/PEG nanoparticles in acetone at an appropri-
ate concentration and then depositing them on the Formvar-coated
copper grids and drying. So the Fe304/PEG composite nanoparticles
agglomerated again due to magneto-dipole interactions between
particles.

Fig. 2 shows the XRD patterns of the Fe304/PEG compos-
ite nanoparticles as well as the Fe;04 nanoparticles. XRD and
electronic diffraction (ED) of Fe304 and Fe304/PEG nanoparticles
indicated the inverse cubic spinel structure of Fe304. The main
peaks of Fe304 and Fe304/PEG nanoparticles are at 260=18.29°,
30.09°,35.43°,37.07°,43.07°,53.44°, 56.96°, 62.55°, 70.96°, 74.01°,
78.97°, 86.75° and 89.65°, which are observed in the pure Fe304
particles’ graph. This result also indicated that the Fe304/PEG
composite nanoparticles contain Fe304. The FTIR spectra of the
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Fig. 2. XRD patterns of Fe304/PEG composite nanoparticles (a) and Fe304 nanopar-
ticles (b).

Fe304/PEG composite nanoparticles as well as PEG and Fe304
nanoparticles are shown in Fig. 3. The peak around 3440cm™!
ascribes to the-OH group. For the Fe304/PEG and Fe304 nanoparti-
cles, the peaks at 569 cm~"! ascribe to Fe—-0 group (Fig. 3(b) and (¢)).
Two typical bands near 1457.94 cm~! and 1616.08 cm~! indicated a
complex reaction between hydroxy groups on the surface of Fe304
nanoparticles and carboxylate groups of oleate sodium [44]. The
absorption of free oleate sodium, which is around 1700-1750 cm~!
(C=0) cannot be found. The —-C=C- group of oleate sodium was
characterized by band at 952.67 cm~!. Absorptionsat 1114.55 cm™!
(-C-0-C-)and 3409.58 cm~! (the associated hydroxy groups) indi-
cated the existence of PEG. This result suggested that the Fe304
nanoparticles be successfully coated by oleate sodium and PEG-
4000.

Saturation magnetization Ms, remanent magnetization Mr and
coercivity Hc are the main technical parameters to characterize
the magnetism of a ferromagnetic particle sample. The hysteresis
loops of Fe304 nanoparticles and Fe304/PEG composite nanoparti-
cles are shown in Fig. 4. Ms and Hc are 67.06emug~! and 7 Oe for
Fe304 nanoparticles and 64.11emug-! and 14 Oe for Fe304/PEG
composite nanoparticles, respectively.

It can be seen that Ms, Mr, Hc, and Mr/Ms of Fe304 nanoparticles
are higher than those of Fe304/PEG composite nanoparticles. Fig. 5
shows the time-dependent temperature curves of Fe304 nanopar-
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Fig. 3. FTIR spectra of PEG (a), Fe304/PEG composite nanoparticles (b) and Fe304
nanoparticles (c).
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Fig. 4. Hysteresis loops of Fe304 nanoparticles and Fe;04/PEG composite nanopar-
ticles.

ticles and Fe304/PEG composite nanoparticles in the 80 kHz and
30kAm~! AC magnetic field. As shown in Fig. 5, exposed in the
80kHz and 30 kA m~! AC magnetic field for 100 s, the temperatures
of physiological saline suspensions containing Fe;04 nanoparti-
cles or Fe304/PEG composite nanoparticles with a concentration of
30mgml~! are 89.2°C and 72.2 °C, respectively. The heating of the
cancer area containing the implanted thermoseeds to elevated tem-
peratures of 41-46°C in an external AC magnetic field kills tumor
cells. So the Fe304/PEG composite nanoparticles with a core-shell
structure can be used as thermoseeds for localized hyperthermia
treatment of cancers.

The inductive heating of oxide magnetic materials with low
electrical conductivity in an external AC magnetic field is due to
the loss processes during the reorientation of the magnetization. If
thermal energy kgT is too low to facilitate reorientation, hysteresis
losses dominate which depend on the type of remagnetization pro-
cess (wall displacement or several types of rotational processes).
With decreasing particle size thermal activation of reorientation
processes lead in dependence on temperature and measurement
frequency to superparamagnetic behaviour of the particle ensem-
ble and the occurrence of the so-called Néel relaxations losses. In
the case of ferrofluids losses related to the rotational Brownian
motion of magnetic particles may arise, too [45]. Relaxation losses
are caused by the relaxation processes of ultrafine monodomain
magnetic particles in an AC magnetic field, which are the gradual
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Fig. 5. Time-dependent temperature curves of Fe;04/PEG composite nanoparticles
and Fe304 nanoparticles in the 80 kHz and 30 KA m~! AC magnetic field.
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alignment of the magnetic moments during the magnetization pro-
cess. The relaxation processes of a ferrofluid may take place through
two distinct mechanisms. The first one consists of the rotation of
the single-domain particle, which is related to the Brownian motion
of the magnetic particles. The second one corresponds to magne-
tization vector rotation if we abstract the Brownian motion and
consider the particleimmobile. The second one is the so-called Néel
relaxation of fine magnetic particles. Ferrofluid can exhibit both of
these mechanisms, each having the proper weight [17]. Both Néel
and Brownian relaxations contribute to the power losses of the
Fe;04 and Fe304/PEG nanoparticles. Hysteresis loss is mainly due
to the domain wall motion, and its value is given by the area of the
hystersis loop in an applied AC magnetic field [ 17]. For the magnetic
materials whose saturation magnetization Ms is high, their specific
power absorption will be big. So the inductive heating property of
Fe304 nanoparticles in the AC magnetic field is higher than that of
Fe304/PEG composite nanoparticles (Fig. 5).

4. Conclusions

The Fe304 nanoparticles were prepared by coprecipitation of
Fe3* and Fe2* using ammonium hydroxide as a precipitating agent.
The Fe304/PEG magnetic composite nanoparticles with a core-shell
structure with a diameter of 10-40 nm were prepared by two step
additions of the primary and the secondary surfactants, respec-
tively. The saturation magnetization, Ms, and coercivity, Hc, are
67.06 emu g-! and 7 Oe for Fe304 nanoparticles and 64.11 emug~!
and 140e for Fe304/PEG composite nanoparticles, respectively.
Exposed in the AC magnetic field for 100s, the temperatures of
physiological saline suspensions containing Fe304 nanoparticles or
Fe304/PEG composite nanoparticles are 89.2 °C and 72.2 °C, respec-
tively. The Fe304/PEG composite nanoparticles can be used as
thermoseeds for localized hyperthermia treatment of cancers.
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