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Abstract Ferrimagnetic materials can be expected to be
useful as thermo seeds for hyperthermic treatment of can-
cer, especially where the cancer is located in deep parts of
body, as they can generate heat by magnetic hysteretic loss
when they are placed in an alternating magnetic field.
Recently, it was reported that ferrimagnetic maghemite
(y-Fe>03) microspheres 20-30 pm in diameter prepared in
aqueous solution can show excellent heat generating abil-
ity. However, these microspheres have many cracks on
their surfaces. In this study, the preparation conditions for
the microspheres was further optimized in order to obtain
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crack-free ferrimagnetic microspheres, and the in vitro heat
generation of the obtained microspheres was measured in
an agar phantom under an alternating magnetic field.
Crack-free y-Fe,Oz; microspheres 20-30 um in diameter
were obtained successfully. Their saturation magnetization
and coercive force were 68 emu g~' and 198 Oe, respec-
tively. Their heat generation under an alternating magnetic
field of 300 Oe at 100 kHz was estimated to be 42 W g
The microspheres showed in vitro heat generation when
they were dispersed in an agar phantom and placed under
an alternating magnetic field. It is believed that these
microspheres may be useful for the in situ hyperthermic
treatment of cancer.

1 Introduction

Cancer cells are generally destroyed at above 43 °C
because of their intrinsic microenvironment including low
pH, whereas normal cells are not damaged at even higher
temperatures [1, 2]. In addition, tumors are more easily
heated than the surrounding normal tissue, as their vascular
and nervous systems are poorly developed [3-6]. There-
fore, hyperthermia is expected to be a very useful treatment
of cancer with minimal side effects [1, 2]. Various tech-
niques for heat delivery, such as treatment with hot water,
infrared rays, ultrasound and microwaves have been
attempted. However, deep-seated tumors cannot be heated
effectively and locally using these techniques. Ferrimag-
netic microspheres 20-30 um in diameter may be useful as
thermoseeds for inducing hyperthermia in cancers, espe-
cially in tumors located deep inside the body. These
spheres are entrapped in the capillary bed of the tumors
when they are implanted through blood vessels and can
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heat cancers locally by their hysteresis loss when placed in
an alternating magnetic field.

So far, glass—ceramics containing lithium ferrite
(LiFesOg) in a biocompatible matrix of hematite (-Fe,053)
and a SiO,—P,0Os5 glassy phase [7-9]; magnetite (Fe;Oy4) in
a matrix of f-wollastonite ($-CaSiO;) and a CaO-SiO,—
B,0O3-P,05 glassy phase [10-18]; o-Fe in CaO-SiO,
glasses [19]; Fe304 in a B,03-free CaO-SiO,—P,05 glassy
phase [20]; Fe30,4 in a CaO-Si0,—B,03;-P,05 glassy phase
[21, 22]; zinc-iron ferrite in a CaO-SiO, glassy phase [23];
or Fe;0,4 in Na,0O-Ca0O-SiO,—P,05 glassy phase [24-28]
have been developed for this purpose. However, none has
been produced in the form of microspheres 20-30 pm in
diameter, or has shown high heat generating ability.
Ferromagnetic microspheres consisted of maghemite
(y-Fe,O3) nano-crystals encapsulated within a coating from
polyester of valeric and butyric acids [29-32] were also
proposed, but there is fear that the microspheres might
deteriorate after a long period under body environment.

Recently, we revealed that ferrimagnetic microspheres
20-30 pum in diameter, in which ferrimagnetic Fe;O, is
deposited on silica glass microspheres can be obtained by
precipitation from aqueous solution and subsequent heat
treatment [33]. The heat generation of the microspheres
was estimated to be 41 W g‘l, under 300 Oe and 100 kHz.
However, they had some cracks on their surfaces. In
addition, the in vitro heat generation of the microspheres
was not investigated. In this study, we attempted to prepare
crack-free ferrimagnetic microspheres by a modified
aqueous solution method, and their in vitro heat generation
was examined in an agar phantom by placing them under
an alternating magnetic field.

2 Experimental procedure
2.1 Preparation of microspheres

An iron-containing solution was prepared by dissolving
8.48 g of iron fluoride (FeF3; Morita Chemical Industries
Co., Osaka, Japan) in 0.1% hydrofluoric acid solution
(500 ml) in a Teflon beaker. Silica (Si0,) glass micro-
spheres 10 pm in diameter (0.75 g, 99.9 wt%; Catalysts &
Chemicals Industries Co., Kanagawa, Japan) were soaked
in the iron-containing solution (500 ml) at 33 °C. Subse-
quently, 0.5 M boric acid (H3;BOj3) solution (0.83 ml;
Sigma-Aldrich, Tokyo, Japan) was dropped into the solu-
tion while stirring. After 1 h, the products formed in the
solution were recovered by filtration, and heated to 600 °C
at arate of 5 °C minﬁl, kept at 600 °C for 1 h, and allowed
to cool in an atmosphere of 70 vol% CO, gas and 30 vol%
H, gas.
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2.2 Structural analysis of microspheres

The crystalline phases precipitated in the products before
and after the heat treatment were characterized by powder
X-ray diffraction (XRD; RAD-RC, Rigaku Co., Tokyo,
Japan) using the following settings: X-ray source, Ni-fil-
tered CuKo radiation; X-ray power, 40 kV, 150 mA;
scanning rate, 20 = 3°min~'; and sampling angle, 0.3°. The
crystalline phases precipitated in the specimens were
identified by referring to data from the Joint Committee on
Powder Diffraction Standards. The products after the heat
treatment were observed using a field-emission scanning
electron microscope (FE-SEM; S-4500, Hitachi Ltd.,
Tokyo, Japan). The crystallite size of the precipitated
crystalline phase was estimated by using a transmission
electron microscope (TEM; EM-002B, Topcon, Tokyo,
Japan).

2.3 Magnetic properties of microspheres

The saturation magnetization and coercive force of the
heat-treated products were measured using a magnetic
property measurement system (MPMS-XL, Quantum
Design, Tokyo, Japan) under magnetic fields up to 10 kOe
at room temperature. The amount of heat generated (P) by
the products was calculated from the area of the hysteresis
loop under a magnetic field of up to 300 Oe, which is a
practically available maximum alternating magnetic field,
and by using the following equation [34]:

P:f-?{Hde 1077, (1)

where f, H and B are the frequency (hertz), the magnetic
field strength (oersted) and magnetization (electromagnetic
units per gram), respectively.

2.4 Magnetic core-type alternating magnetic field
generator

A magnetic core-type alternating magnetic field generator,
shown schematically in Fig. 1, was constructed. An electric
source was supplied to the silicon controlled rectifier
(SCR) bridge. The alternating current was rectified to a
direct current and the voltage of the direct current was
increased to 270 V through an SCR bridge. After the
electric noise was eliminated by the noise filter, the direct
current was converted into 100 kHz alternating current
through a silicon transistor. Finally, the voltage of the
alternating current was raised to 6.42 kV, 422 A through
the transformer for matching impedance and the resonance
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Fig. 1 Schematic
representation of the
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condenser. The strength of the field could be varied con-
tinuously from 10% to 100% by adjusting the voltage of
the SCR.

The alternating magnetic field was applied to the gap
between the opposite ends of a C-shaped core. The core
was made of ferrite (TDK PE-1, Tokyo, Japan) with a
cross-section in 100 x 100 mm?. Around the each core, a
three-turn-copper-solenoid coil with 18 pH inductance was
settled, via which a 100 kHz alternating electric current
was supplied. The gap between opposite cores could be
varied from 10 mm to 250 mm by moving the upper core.

Profiles of magnetic field were mapped by the following
method. A coil for the measurement of the alternating
magnetic field was prepared by coiling a copper wire
around a vinyl chloride block with a cross-section area of
20 x 20 mm®. The coil was placed at various positions
between the opposite cores, connected to an oscilloscope,
and then induced electromotive force (V) and frequency (f)
were measured when the generator produces an alternating
magnetic field. The magnetic field was calculated accord-
ing to the following equation.

B=——x10 2

2w fS ; (2)
where B, V, f and § are magnetic field (oersted), induced
electromotive force (volt), frequency (hertz) and cross-
section area of coil (square meter), respectively. The
measurement was carried out at the central axial position of

the ferrite core.
2.5 Measurement of in vitro heat generation
of microspheres

The ferrimagnetic microspheres (10 or 12 mg) were uni-
formly dispersed into an agar phantom (4 or 6 g) and

Flow: 60 l-min
Temperature: 35 °C max

* Power: 20 kW
¢ Gap: 250 mm (in maximum)
¢ Cross section: 100 x 100 mm?

placed under an alternating magnetic field generated by the
magnetic core-type generator described in Sect. 2.4.
Temperature increase in the agar phantom was measured
using a fluoroptic thermometer (Model 3000, Luxtron). In
some cases, the microspheres were locally distributed at the
tip of the fluoroptic thermometer.

3 Results and discussion
3.1 Structure of microspheres

Figure 2 shows the XRD patterns of microspheres as pre-
pared in aqueous solution and those subsequently heat
treated in CO,—H, gas. Peaks assigned to -FeOOH (No.
13-157) were observed for microspheres as prepared,
whereas those assigned to y-Fe,O; (No. 39-136) were
observed after the subsequent heat treatment in CO,—H,

[ ] v : p-FeOOH
n: y-Fe,O,

After heat treatment
[ ]
- [ ]
N ER mm l 'y N

As-prepared in
aqueous solution

Intensity / arb. unit

30 40 50
20 (CuKa) / degree

Fig. 2 XRD patterns of the microspheres as prepared in aqueous
solution and those subsequently heat treated in CO,—H, gas
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Fig. 3 FE-SEM photographs of
the heat-treated products

Fig. 4 TEM photographs of a
cross-section of the heat-treated
products

gas. The absence of the reflections by silica in these pat-
terns indicates that silica microspheres fully covered with
y-Fe,03 can be obtained by the present method. Figure 3
shows the FE-SEM photographs of the obtained products.
Spherical and almost crack-free particles approximately
20 pum in diameter were successfully obtained by the
present method. It can be seen from Fig. 3 that the surfaces
of the specimens were porous, and composed of tiny
crystals less than 1 um in size. These results indicate that
the present method gives almost crack-free y-Fe,O5; micr-
ospheres with a SiO, core approximately of 20 pm in
diameter.

Figure 4 shows the TEM photographs of cross-sections
of the obtained products. These micrographs show that
y-Fe,O3 was deposited uniformly on the surface of SiO,
glass microspheres. Volume ratio of the y-Fe,O; crystals to
silica glass spheres was estimated to be 30 to 1 from these
figures. A total of 70 microspheres were chosen at random
and the size of the y-Fe,Oj; crystallites was measured by
using image analyzing software (analySIS 3.0, Olympus
Soft Imaging System GmbH, Miinster, Germany) and a
film scanner (LS-4500AF, Nikon, Tokyo, Japan). It was
found that y-Fe,O; had a wide distribution in its crystallite
size, as shown in Fig. 5. The average crystallite size of the
y-Fe,03 was estimated at 206 nm. It is considered that the
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Fig. 5 Crystallite size distribution of y-Fe,Oj precipitated in the
heat-treated products

y-Fe, 03 as well as Fe;0,4 [35] gives a largest coercive force
when it has a single domain, since the crystal structure and
magnetic properties of y-Fe,O; are similar to those of
Fe;0,4. It has been reported that a spherical or cubic
y-Fe,O3 particle has a single domain when its crystallite
size is smaller than 74 nm [36] or 100 nm [37], respec-
tively. Therefore, the present y-Fe,O; does not have the
optimum crystallite size for high coercive force. It is
desirable that the crystallite size of y-Fe,O3 be controlled
so that the optimum coercive force is obtained.



J Mater Sci: Mater Med (2008) 19:1897-1903 1901
Fig. 6 Magnetization c1‘1r.ves of (a) '-'g, (b) E.;; )
the heat-treated products in 2 g 20
magnetic fields of up to 10 kOe ° 50 2
(a) and up to 300 Oe (b) 5 s

3 §10-

g e

5 ;/.

© ()

=

f f t ;
-10 10 -300 -200

3.2 Magnetic properties of microspheres

Figure 6 shows the magnetization curves for the heat-
treated products in fields of 10 kOe (a) and 300 Oe (b). It
can be seen from Fig. 6(a) that the heat-treated products
gave a saturation magnetization of 68 emu g' and a
coercive force of 198 Oe. The heat generation was calcu-
lated from the area of the magnetization curves under a
magnetic field of 300 Oe given in Fig. 6(b), using Eq. (1),
where the frequency (f) was set at 100 kHz. Its value was
estimated to be 42 W g in 300 Oe at 100 kHz.

3.3 Magnetic field produced by magnetic core-type
alternating magnetic field generator

Figure 7 shows the change in magnetic field at a distance
(z) from the surface of the bottom ferrite core of 10 mm
(i.e. z=10 mm) when the gap between ferrite cores is
changed. The magnetic field rapidly decreased from 480 to
200 Oe when the gap was increased from 10 to 80 mm.
When the gap was larger than 80 mm, the magnetic field

500
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400 -

300

200 [

Magnetic field / Oe

100 -

0 1 1 1 1
0 30 60 920 120 150

Gap / mm

Fig. 7 Change in magnetic field at the distance from the surface of
the bottom ferrite core of 10 mm (i.e. z = 10 mm) as a function of gap
between ferrite cores

Coercive force / kOe

] ]
T T
0 200 300
1 Loercive force / Oe

.20+

became constant at approximately 200 Oe. When the
present microspheres are clinically used for treatment of
deep-seated cancer such as liver cancer, the patient’s
stomach is placed between the magnetic cores of the
magnetic field generator during the treatment. Therefore, it
is considered that a large gap such as 300 mm will be
required for clinical application on the assumption that
even the largish stomach of the patient can be placed
between the magnetic cores. However, the present result
indicates that a large magnetic field such as 300 Oe cannot
be obtained by the present alternating magnetic field gen-
erator, when the gap is large enough for -clinical
application.

Figure 8 shows the magnetic field as a function of z with
gaps of 50 mm (a) and 150 mm (b). When the gap was
50 mm, a uniform and large magnetic field of 300 Oe was
obtained despite increasing z. However, when the gap was
150 mm, the magnetic field decreased remarkably with
increasing z up to half the length of the gap. These results
indicate that the gap should be decreased to 50 mm to
obtain a uniform and large magnetic field of 300 Oe in the
present alternating magnetic field generator.

3.4 In vitro heat generation of microspheres

Figure 9 shows the change in temperature of 6 g of an agar
phantom in which 12 mg of the microspheres were locally
distributed at the fiber tip of the fluoroptic thermometer (a)
or uniformly distributed (b). The gap and z were set at 30
and 15 mm, respectively. The period of application of
alternating magnetic field was set at 10 min. The temper-
ature of the agar phantom rapidly increased within 2 min
for the local distribution of the microspheres (see Fig. 9a),
whereas it gradually increased for the uniform distribution
(see Fig. 9b). The maximum temperature increases for
local distribution and uniform distribution were 20 and
2 °C, respectively. These results indicate that the density of
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Fig. 8 Magnetic field as a
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Fig. 9 Change in temperature of the agar phantom in which the
microspheres were locally distributed at the fiber tip of the fluoroptic
thermometer (a) or uniformly distributed (b)

the microspheres has a large effect on the heat efficacy of
the surrounding agar phantom, which indicates that the
microspheres should be localized as much as possible for
the effective hyperthermic treatment of cancer.

Figure 10 shows the change in temperature of 4 g of an
agar phantom in which 10 mg of the microspheres were
locally distributed at the fiber tip of the fluoroptic ther-
mometer, under various gaps and distances z. When z was
constant at 10 mm, a smaller gap of 38 mm gave a more
rapid temperature increase than a larger gap of 50 mm.
This is attributed to the higher magnetic field for the
smaller gap than for the larger gap, as shown in Figs. 7 and
8. However, when the gap and z were 100 and 40 mm,
respectively, the temperature increase was only 3 °C.
These findings indicate that a remarkable temperature
increase can be obtained if the microspheres are localized
and the gap is set below 50 mm. When the gap was 50 mm,
the magnetic filed was 300 Oe as shown in Fig. 8a. This
indicates that the present microspheres can generate a large
heat enough for hyperthermic treatment under the magnetic
field of 300 Oe. However, the gap should be at least
300 mm for clinical application. Therefore, the heat gen-
eration of the microspheres should be further increased by
optimizing the composition, controlling the crystallite size
of ferrimagnetic crystal and increasing the content of fer-
rimagnetic crystal, as well as increasing the available
magnetic field of the magnetic field generator.
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Fig. 10 Change in temperature of the agar phantom in which the
microspheres were locally distributed at the fiber tip of the fluoroptic
thermometer, under various gaps and distances z

4 Conclusions

Crack-free ferrimagnetic y-Fe,O3 microspheres 20-30 pm
in diameter were successfully obtained by optimizing
preparation conditions. Their saturated magnetization and
coercive force were 68 emu g and 198 Oe, respectively.
Their heat generation in an alternating magnetic field of
300 Oe at 100 kHz was estimated to be 42 W g'. The
microspheres showed in vitro heat generation when they
were dispersed in an agar phantom and placed under an
alternating magnetic field. For clinical application, it is
desirable that the heat generation of the microspheres be
further increased by optimizing the composition, control-
ling the crystallite size of ferrimagnetic crystal and
increasing the content of ferrimagnetic crystal, as well as
by increasing the available magnetic field of the magnetic
field generator.
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