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Magnetic hyperthermia is a safe method for cancer therapy. A gap-type alternating current magnetic field
(100 kHz, 100–300 Oe) is expected to be clinically applicable for magnetic hyperthermia. In this study,
magnetite nanoparticles (MNPs) varying in size from 8 to 413 nm were synthesized using a chemical
coprecipitation and an oxidation precipitation method to find the optimum particle size that shows a high
heating efficiency in an applied magnetic field. The particles' in vitro heating efficiency in an agar phantom at
an MNP concentration of 58 mg Fe/ml was measured in an applied magnetic field. In a magnetic field of
120 Oe, the temperature increase (ΔT) of the agar phantom within 30 s was 9.3 °C for MNPs with a size of
8 nm, but was less for the other samples, while in a magnetic field of 300 Oe, ΔT=55 °C for MNPs with a size
of 24 nm, and ΔT=25 °C for MNPs with a size of 8 nm. The excellent heating efficiency of MNPs with a size of
24 nm in a magnetic field of 300 Oe may be due to a combination of the effects of both relaxation and
hysteresis losses of the magnetic particles. It is believed that MNPs with a size of 8–24 nm will be useful for
the in situ hyperthermia treatment of cancer.
+81 22 795 3937.
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1. Introduction

Magnetic hyperthermia has recently attracted significant attention
as a safe method for cancer therapy. It can increase the temperature in
tumors to 41–46 °C, thereby killing the tumor cells with minimum
damage to normal tissue. This method involves the introduction of
ferromagnetic or superparamagnetic particles into the tumor tissue,
followed by irradiation using an alternating current (AC) magnetic
field. In general, magnetic particles generate heat in an external AC
magnetic field from several physical mechanisms. These include
relaxation loss or hysteresis loss, which strongly depends on the
frequency of the external field, as well as the nature of the particles,
such as the particle size and surface modifications [1,2]. Ferromag-
netic particles generate heat (P) due to hysteresis loss, which is
described by Eq. (1) [3]:

P = fΔU; ð1Þ

where f is the frequency and ΔU is the area of the hysteresis loop in an
applying field.
Superparamagnetic particles generate heat (P) due to the
relaxation loss (either Néel or Brown relaxation), which is approx-
imated by [4]:

P = π μ0 χ f H2
; ð2Þ

where f,H,χ, and μ0 are the frequency, themagnetic field strength, the
imaginary part of the magnetic susceptibility, and the permeability of
free space, respectively.

Modern studies on hyperthermia of cancer have focused on
developing intracellular hyperthermia systems. In these studies, super-
paramagnetic magnetite nanoparticles (MNPs) (with a size around
10 nm) are usually modified using dextran or oleic acid, and are
functionalizedwith apolymeror liposome, and/or are further conjugated
with an anticancer therapeutic drug to attempt to improve the colloidal
stability of the magnetic fluid, affinity for the carcinoma cell, or confer a
tumor-specific targeting ability [5–8]. Thesemodifiedmagnetic particles
show an improved adsorption and accumulation in the area of a tumor,
and also have an improved heating efficiency on exposure to an AC
magnetic field. As reported by Ito et al. however, a local injection of
magnetite cationic liposome (MCL) into glioma of rat caused transient
accumulation of MCL in spleen of rat by 4 days after injection [5,6].
Mitsumori et al. reported that dextran-modified magnetite magnetic
fluid could escape into the systemic circulation and was easily decom-
posed into dextran and iron oxide by the reticuloendothelial system
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when it was used as thermoseed for cancer treatment. Therefore, we still
have fears that magnetic particles used are very small (some dozens of
nanometer) and hence they are easily carried away by blood flow and
disperse tounexpectedother organs or tissues after a short hyperthermia
treatment [7,8].

Recently, ferromagnetic microspheres with a diameter=20–30 μm
have been proposed to be useful as thermo-seeds for inducing embolic
hyperthermia in cancers, especially in tumors located deep inside the
body [9]. These spheres can be entrapped in the capillary bed of the
tumorswhen they are implanted into blood vessels near the tumors by a
catheter. They can heat the cancers locally by their hysteresis loss when
placed in an ACmagnetic field. Also, the entrapment of the spheres in the
capillarybedof the tumors cangive therapeutic effects of embolizationby
the prevention of blood and nutrition supply to the tumors. A few groups
have studied the heating properties of ferromagnetic particles in a low-
frequency AC magnetic field (∼100 kHz), which can allow for clinical
hyperthermia [10–12]. Some of the results have shown thatMNPswith a
diameter of about 46 nm exhibit excellent heating efficiency because of
their hysteresis loss in anACmagneticfield [12]. Therefore,microspheres
containing MNPs with a high heating efficiency may be useful for the in
situ hyperthermia treatment of cancer in an AC magnetic field.

Various types of equipment have been developed for generating
AC magnetic fields for the hyperthermia of cancer. Solenoid-type
equipment able to generate high frequencies is often used, but it has a
limited working space [13–15]. High frequencies, such as those above
400 kHz, cause nonspecific heating due to eddy currents, and this
restricts their clinical application [16]. In 2005, the first clinical
application of magnetic fluid hyperthermia was carried out for
treating prostate cancer. In this study, the feasibility of hyperthermia
was evaluated using a magnetic fluid hyperthermia apparatus (MFH
300F, operating at 100 kHz with a variable field strength of 0–226 Oe)
and aminosilane-coated Fe3O4 nanoparticles [17]. It was reported that
the treatment was tolerated well without anesthesia using a specially
designed cooling device. These results suggested that a frequency of
100 kHz was safe and practicable for medical use.

Our group has developed a gap-type apparatus for generating AC
magnetic fields, which operates at a frequency of 100 kHz, with an
adjustable field strength of 100–300 Oe and a treatment space of 10 to
250 mm [9]. It is expected that this apparatus will be used clinically,
andwill be able to induce heat inmagnetic particles via hysteresis loss
and/or relaxation loss. Superparamagnetic fluids [7,8] and ferromag-
netic spheres [9] have also been used as thermo-seeds in vitro and in
vivo heat studies in the apparatus developed. Themain problem is still
the low heating efficiency of the applied magnetic medium.

Many studies have shown that there is a size (d) dependence of the
magnetic properties of a magnetic particle, with most empirical data
showing that the coercive force (Hc) follows a d−0.6 power law for large
grain sizes, e.g., multidomain particles [18], and that Hc is proportional to
d6 for ultrafine particles [19]. Obviously, besides the physical properties of
themagneticmedia, the nature of the applied ACmagnetic field is crucial
for the effectiveness and reliability of tumor therapy. In this study, the size
dependenceof theheating efficiencyofMNPswas studied inour gap-type
AC field apparatus. A series ofMNPswith different sizeswere prepared in
aqueous solution and their heating properties were measured in an
appliedmagneticfield.We aimed tofind the optimumparticle sizewith a
high heating efficiency in an applied magnetic field. The theoretical
predictions and results of in vitro studies will be discussed later. It is
expected thatourfindingswill beuseful fordesigningnovel thermo-seeds
for clinical hyperthermia using present-day magnetic field apparatus.

2. Materials and methods

2.1. Preparation of the MNPs

All the chemicals used in our experiments were of analytical
reagent grade andwere usedwithout further purification. The sodium
hydroxide (NaOH) (Wako Pure Chemical Industries, Osaka, Japan),
iron (II) chloride (FeCl2), and iron (III) chloride (FeCl3) (Wako Pure
Chemical Industries) used were dissolved in deionized and deoxy-
genated water. MNPs with different diameters were prepared using
two chemical methods. To obtain smaller-sized MNPs, Sample A was
prepared using a coprecipitationmethod. Although the stoichiometric
ratio of Fe2+/Fe3+ is 1:2 for the formation of Fe3O4 by using a
coprecipitationmethod, we chose a slightly higher ratio of Fe2+ in this
study, because Fe2+ is easily oxidized to Fe3+ in aqueous solution [20].
The detail of experiment was described as follows: 37.5 ml of a 0.1 M
FeCl2 aqueous solutionwasmixedwith 50 ml of a 0.1 M FeCl3 aqueous
solution; the mixed liquid was then added to 935 ml of a 21 mM
NaOH solution while stirring with pH change of NaOH solution
from 13 to 9 by the addition of iron solution. This was followed by
ultrasonic treatment for a period of 20 min, and finally, the solution
was aged at 36.5 °C for a period of 8 h. The resultant precipitate was
washed with pure water and ethanol and then dried at 60 °C for a
period of 12 h under a nitrogen (N2) atmosphere.

In addition, Samples B, C, D, E, and F were prepared using an
oxidation precipitation method in a FeCl2–NaNO3–NaOH aqueous
system in accordance with two procedures as described elsewhere
[21]. Samples B and C were prepared as follows. Under a given molar
ratio of Fe2+/NO3

−/OH−=3:1:5, a calculated amount of sodium
nitrate (NaNO3) was added into a predetermined volume of NaOH
aqueous solution (0.1–0.5 M), which was sufficiently deaerated by N2

gas. And then a predetermined volume of deaerated FeCl2 aqueous
solution (0.5 M) was added to the NaNO3–NaOH solution under
stirring at a rate of 400 rpm. After stirring for 15 min, the solution was
subjected to ultrasonic treatment for 10 min and aged at 60 °C for 5 h.
The precipitates were separated and washed with pure water
and ethanol, and then dried at 60 °C for 24 h. On the other hand,
Samples D, E and F were prepared as follows. Under a given molar
ratio of Fe2+/NO3

−/OH−=3:1:5, a predetermined volume of FeCl2
solution (0.1 or 0.5 M) was added slowly into NaOH solution (0.02 or
0.5 M) under stirring. After running out of the predetermined volume
of FeCl2 solution for 5 min, a calculated amount of NaNO3 solution
(0.5 M) was added slowly into the FeCl2–NaOH solution and further
stirred for 10 min, and then aged at 60 °C for 4 or 10 h.

2.2. Structural characterization

The crystalline phases of the materials were verified using powder
X-ray diffraction (XRD, RINT-2200VL, Rigaku, Japan) using the
following settings: X-ray source=Ni-filtered CuKα radiation; X-ray
power=40 kV, 40 mA; scanning rate=2θ=2°/min; and sampling
angle=0.02°. The particle size and crystal morphology of the samples
were observed using a transmission electron microscope (TEM,
HF2000, Hitachi, Japan). The particle size distributions of the samples
were obtained statistically by measuring the size of 100 nanoparticles
using the TEM images.

2.3. Magnetic properties of particles and magnetic hysteresis loss

The saturation magnetization (Ms) and coercive force (Hc) of the
samples were measured using a vibrating sample magnetometer
(VSM-5, Toei, Japan) in magnetic fields up to 10 kOe at room temper-
ature at a frequency of 80 Hz. We assumed that the area of the
hysteresis loop measured under the applied field (100 kHz, 300 Oe or
120 Oe) was the same as that measured in a field of 300 Oe or 120 Oe
using the VSM. The heat generated by the samples was calculated
using the following equation [10]:

P = f∮HdB × 10–7
; ð3Þ

where f and H are the frequency and the applied magnetic field, and B
is the magnetization of the samples in the applied magnetic field. The
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term ∮HdB is the area of the hysteresis loop in the applied magnetic
field. Therefore, in our calculations, f=100 kHz and the area of
hysteresis loop measured at 300 Oe or 120 Oe using the VSM was
substituted for ∮HdB.

2.4. In vitro heating studies

The in vitro heat generated by the samples was measured as
follows. The samples were separately dispersed in a hot agar solution
(agar content=1.1 wt.%) in a glass tube. This was followed by
ultrasonic treatment for a period of 2 min, and the agar was then
solidified in cold water. In this study, the concentration of the sample
in the agar phantom was fixed at 58 mg Fe/ml, which was lower than
that (86.9 mg Fe/ml) used in the first report on clinical trials of
magnetite nanoparticles-mediated hyperthermia [17]. In accordance
with a previous study [9], the glass tubes in which the samples were
dispersed with the agar phantom were placed in an alternating
magnetic field of 100 kHz, 120 Oe or 100 kHz, 300 Oe. The heat
generated by the samples was investigated by measuring the change
in temperature of the agar phantom as a function of time using a
fluoroptic thermometer (Model-3000, Luxtron Corp., Santa Clara, CA,
USA).

3. Results and discussion

3.1. Structure of the samples

Fig. 1 shows the XRD patterns of all the samples formed in solution
by the coprecipitation and oxidation precipitation methods. The XRD
patterns were similar, and consisted of sharp peaks near to 18.32,
30.10, 35.46, 43.08, 53.66, 57.07, and 62.64°, showing that all the
synthesized nanoparticles could be identified as magnetite (Fe3O4)
with an inverse spinel structure (ICDD=19-0629 [22]). In addition,
the lattice constant, a, calculated from the XRD patterns, was
0.8393 nm for Sample A, 0.8375 nm for Sample B, 0.8371 nm for
Sample C, 0.8398 nm for Sample D, 0.8388 for Sample E, and
0.8384 nm for Sample F. When compared with the data of maghemite
(γ-Fe2O3, 0.8345 nm), the lattice constants of all the samples were
closer to the values of Fe3O4 (0.8396 nm) [23,24]. The change in lattice
constant, a, may suggest the formation of intermediate ferrite
particles with a composition between that of Fe3O4 and γ-Fe2O3.

Fig. 2 shows TEM photographs of all the samples. Samples A, B, and
C contained nearly spherical particles (see Fig. 2A–C), Samples D and E
were composed of cubic-shaped particles with a few spherical
particles present (see Fig. 2D and E), and Sample F consisted mainly
of hexahedral and octahedral particles (see Fig. 2F). Some relatively
larger particles in Sample E exhibited a thin plate-like shape
Fig. 1. XRD diffraction patterns of Samples A–F prepared by a coprecipitation method
(A) and an oxidation precipitation methods (B–F).
compared with Sample F. Fig. 2 also shows that agglomeration of
the particles occurred in all the samples because of the magnetic
interaction usually of a dipole nature between the nanoparticles.

Some literatures reported that γ-FeOOH or α-FeOOH phases were
obtained in the precipitated nanoparticles when Fe3O4 was prepared
at a temperature lower than 60 °C by a coprecipitation method [25].
This would be due to the presence of dissolved oxygen in reaction
solution because the content of dissolved oxygen in aqueous solution
is higher at a low temperature. Under the condition of absence of
dissolved oxygen, it is believed that the temperature would affect
mainly the particle size, and a high temperature would lead to the
formation of nanoparticles with the larger particles size [26]. In the
present study, we used the deoxygenated water to prepare the NaOH
solution, therefore, only Fe3O4 and/or γ-Fe2O3 were precipitated even
at a lower temperature than 60 °C. In fact, TEM observation showed
that no rod-likeα-FeOOH or vein-like γ-FeOOH crystal as described in
literature [25], was formed in all samples.

Fig. 3 shows the particle size distribution of Samples A–F. The
percentage ratio of the standard deviation to the mean size of the
particle distribution are 18.8% for Sample A, 22.5% for Sample B, 25.6%
for Sample C, 38.5% for Sample D, 35.3% for Sample E and 28.2% for
Sample F. The wide size distribution in Samples D and E may be
responsible for the obvious flocculation of the particles, because
smaller particles tend to settle in the gaps between the larger particles,
decreasing the specific surface area. This is a result of the basic
tendency of primary particles to reduce the surface energy. Sample F
showed large particles size (mean size=415 nm) and a high standard
deviation (std. dev.=116 nm), but a relatively low percentage ratio
of the standard deviation to the mean size of the particle (28.2%),
suggesting its relatively uniform particle size distribution.

3.2. Magnetic properties of the samples

The saturation magnetization (Ms) and coercive force (Hc) of the
samples are shown in Table 1. The smaller value ofMs for Samples A, B,
and C is attributed to the disordered surface spins [27] and/or the
partial existence of γ-Fe2O3 in these samples, because γ-Fe2O3 has a
lower value ofMs (56 emu/g) than Fe3O4 (92 emu/g) [28]. In addition,
one theoretical prediction [11] claims thatHc is proportional to d−1 for
larger grain sizes, Hc is proportional to d6 for ultrafine particles, and
that the dividing line (the exchange length, dex) between the two
cases is calculated to be 27 nm. The particles in Samples A were
superparamagnetic, the value of Hc is near to zero. The particles in
Sample B and C had a single domain [29,30], the value of Hc increased
with increasing particle size. The particles in Samples D, E and F were
inferred to contain a multidomain structure. In this case, pinning is
one of the main sources of the Hc, and increasing the particle size
would result in a loss of more pinning sites [11]. Thus, Sample F had a
lower value of Hc than Sample E and D. There a deviation from the
theoretical prediction (dex=27 nm), Sample D (65 nm) showed the
highest value of Hc, this is likely due to not only the particles size, but
also the larger shape anisotropy corresponding to its cubic crystal
structure (Fig. 2D).

Fig. 4 shows the magnetization (M) curves of Samples A–F under
magnetic fields (H) up to 300 Oe at room temperature. We could
estimate the magnetic loss caused by the hysteresis properties by
integrating the area of the hysteresis loop according to Eq. (3), where
f=100 kHz and the maximum value of H is 300 Oe. The value of the
hysteresis loss (P) was obtained, and is listed in Table 1. For Sample A,
heat generated by the hysteresis loss was very small because of its
superparamagnetic properties. When the particle size was greater
than24 nm, the hysteresis loop area decreasedwith increasingparticle
size. The dependence of loop area on particle size is similar to that of
coercivity on particle size. The particle size of Sample B (24 nm) was
nearest to the exchange length dex (27 nm) [12], the energy barrier of
Sample B for reorientation of the magnetic moment was the highest,



Fig. 2. TEM photographs of Samples A–F.
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thus Sample B gave the largest hysteresis loop area. Samples D, E and F
contained a multidomain structure, and the coercive force as well as
the needed energy to continue domain wall motion decreased with
increasing the particle size, thus they showed a decreased loop area. In
addition, Samples C and D exhibited high Hcs under a saturated
magnetic field (10 kOe), but their full hysteresis loop could not be
obtained under a restricted field amplitude (300 Oe). Consequently,
hysteresis loop areas of Samples B–F decreased with increasing
particles size.

Fig. 5 shows the magnetization (M) curves of Samples A–F under
magnetic fields (H) up to 120 Oe at room temperature. In this case, the
loop areas for all samples were narrow, indicating that heat
generations due to their hysteresis losses were very low. Our
Fig. 3. Particle size and size dis
evaluation was a first-order approximation, since a hysteresis loop
in an AC field should be different from a hysteresis loop measured in a
static field.

3.3. In vitro heat generation of the samples

To avoid evaluation errors and to obtain the absolute heating
results, the specific absorption rate (SAR) of each samplewas analyzed
using the data from the in vitro heat studies. Fig. 6 shows the time-
dependent temperature curves of the agar phantoms in which
the samples were dispersed in two different AC magnetic fields:
(a) 300 Oe and (b) 120 Oe at 100 kHz. In the 300 Oe magnetic field,
the temperature increase (ΔT) in the agar phantom within a period of
tribution for Samples A–F.



Table 1
Particle sizes, magnetic properties and heating properties of samples.

Sample Mean size
(nm)

Ms

(emu/g)
Hc

(Oe)
P
(W/[g of Fe])a

SAR
(W/[g of Fe])b

SAR
(W/[g of Fe])c

A 8 67.3 8.2 1.1 52.8 17.2
B 24 76.5 106.1 55.1 134.1 3.7
C 36 76.7 139.8 26.9 31.0 1.1
D 65 89.2 189.3 22.0 23.3 2.2
E 103 79.3 175.0 16.3 7.2 1.3
F 413 91.3 84.0 15.3 10.6 0.6

a Loss power per mass Fe estimated from 100 kHz and a loop area measured under magnetic field of up to 300 Oe at 80 Hz.
b Calculated from heating curve in agar phantom of per mass Fe measured under the applied magnetic field of up to 300 Oe at 100 kHz.
c Calculated from heating curve in agar phantom of per mass Fe measured under the applied magnetic field of up to 120 Oe at 100 kHz.
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30 s was 55 °C for Sample B and 25 °C for Sample A, and decreased
with increasing particle size (i.e., Sample BNSample CNSample
DNSample F). Sample B (24 nm in size) exhibited a high heating
efficiency in the ACmagnetic field. Comparing the data in Figs. 4 and 6,
we can see that the particles with larger hysteresis loop areas also
showed higher heating efficiencies in the applied magnetic field
(300 Oe). In this case, the applied magnetic field strength was much
higher than the value of Hc of all the samples, as listed in Table 1.
Hence, the contribution to the generated heat due to the hysteresis
losses was enhanced in these samples. Sample E exhibited a lower
temperature increase than Sample F. This is most probably attribut-
able to its lower value of Ms, as well as its large shape anisotropy
corresponding to its thin plate-like crystal structure (Fig. 2E),
although further investigation on this is needed.

From the increase in temperature, the value of SAR was calculated
using the following equation [27]:

SAR =
∑
i
Cimi

mFe

ΔT
Δt

; ð4Þ

where Cimi is the heat capacity of each component whose temper-
ature will be increased in the applied AC field (Cagar=4.2 J/g K,
Fig. 4. Magnetization (M) curves of Samples A–F under ma
Cmagnetite=0.937 J/g K) [31]. The term ΔT/Δt is the initial gradient of
the time-dependent temperature curve. The value of SAR calculated
for all the samples is listed in Table 1. At 100 kHz and 300 Oe, the
reason for the high value of SAR for Sample A (52.8 W/g) was the
magnetic particles' Néel relaxation loss in the applied AC magnetic
field because of its superparamagnetic properties, which could not be
calculated from its hysteresis loop area, as shown in Fig. 4A. The value
of SAR of Samples B, C, and D was higher than their hysteresis losses
estimated from the loop area, suggesting that the actual loss in the AC
magnetic field was higher than that calculated from the loop area
measured in a static field. The value of Hc of a ferromagnetic particle
usually increases with increasing field frequency according to the
following equation [32]:

Hc =Hk = 1 – kbT =KuVð Þ ln 1=τ0fð Þ½ �1=2; ð5Þ

where Hc is the coercive force, Hk is the anisotropic magnetic field, kb
is Boltzmann's constant, T is the temperature, Ku is the anisotropy
constant, V is the particle volume, f is the frequency, and τ0 is the time
constant. This may be responsible for the increase in hysteresis loss in
the AC magnetic field, since an increase in the value of Hc leads to an
increase of the area of the hysteresis loop in an AC magnetic field.
gnetic fields (H) of up to 300 Oe at room temperature.



Fig. 5. Magnetization (M) curves of Samples A–F under magnetic fields (H) of up to 120 Oe at room temperature.
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Similarly, the diameter of the MNPs, which can generate heat from
hysteresis loss in an applied AC magnetic field, can be predicted by
placing the value of Hc (the applied field strength=100–300 Oe),
Hk=400 Oe, Ku=1.35 kJ/m3, T=298 K, f=100 kHz, and τ0=10−9 s
into Eq. (5). The obtained diameter of the MNPs was 44 nm at 300 Oe
and 21 nm at 100 Oe. According to this prediction, the hysteresis loss
will decrease or even reach zero when the particle size is greater than
44 nm in an applied field of 300 Oe, while in the case of an applied
field of 100 Oe, the hysteresis loss will decrease for particle sizes
greater than 21 nm. As can be seen in Table 1, the in vitro heating
Fig. 6. Time-dependent temperature curves of the agar phantoms in which the samples w
100 kHz.
efficiency began to decrease from Sample C, which had amean particle
size of 36 nm. Therefore, as shown in Fig. 3, Sample C, which contained
some particles greater than 44 nm, showed a slightly lower heating
efficiency than Sample B (24 nm). In addition, the dependence of Hc to
a high frequency was more pronounced for smaller ferromagnetic
particles [33], which may be another reason for the high value of SAR
for Sample B. Fig. 3 shows that Sample B also contained some
superparamagnetic particles (b20 nm [33]); thus, the Néel relaxation
loss contributed significantly to the heat generation in Sample B (heat
generation due to Brownian relaxationwas unavailable because Fe3O4
ere dispersed under two different AC magnetic fields: (A) 300 Oe and (B) 120 Oe at
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nanoparticles were fixed in agar medium). Samples D, E and F
exhibited a lower heating efficiencywhich ismost likely attributable to
their multidomain structure.

In a field strength of 120 Oe, the temperature increase (ΔT) of the
agar phantom within a period of 30 s was 9.3 °C for Sample A, 2 °C for
Sample B, and 0.5–1 °C for the other samples. SAR values for all
samples exposed to the AC field of 120 Oe have been calculated and
shown in Table 1. Sample A showed a higher SAR value (15 W/g), and
other samples showed a very low value. Particles in Sample A are
superparamagnetic, therefore, heat generation is mainly due to its
Néel relaxation loss and obviously decrease with decreasing magnetic
field amplitude from 300 Oe to 120 Oe. The heat generated due to the
hysteresis loss was low for Samples B–E, because the applied external
magnetic field strength (120 Oe) wasmuch lower than the value of Hc

of these samples [34]. This can be referred from the small area of
hysteresis loops measured under the magnetic field of 120 Oe by VSM
(Fig. 5). This result can be predicted according to Eq. (5), where the
allowed particle size is 22 nm, and so hysteresis loss will decreased
rapidly when the particle size is greater than 22 nm. The heat
generated in Sample B is significantly due to its Néel relaxation loss
because of the presence of some superparamagnetic particles in the
sample, as shown in Fig. 3B.

In general, hysteresis loop area demonstrates the heat generation
due to hysteresis loss of sample under AC magnetic field. Heat
generation due to relaxation loss cannot be estimated from loop area.
In the case of 300 Oe, Sample A showed a smaller loop area but a
higher value of SAR than those of Samples C–F, indicating Néel
relaxation become an important contribution to SAR value of Sample
A. The change in SAR values for Samples C–F with particle size showed
a similar trend with that of hysteresis loop areas with particle size,
suggesting that hysteresis loss is the main heating mechanism for
these samples. For Sample B, whose SAR was much higher than that
calculated from hysteresis loop area, suggesting that besides hyster-
esis loss, Néel relaxation contributed significantly the heat generation
in Sample B. In the case of 120 Oe, the SAR values as well as hysteresis
loop area of all sample decreased greatly, indicating that the magnetic
field is too weak to continue domain wall motion for a larger particle
(Samples D–F), and reorientating magnetic moment in single domain
particle (Samples A–C) become difficult under the magnetic field of
120 Oe. The significant heat generated in Sample A is mainly due to its
Néel relaxation loss.

It is ideal to evaluate the size-dependent heating properties of
magnetic nanoparticles using particles having a narrow size distribu-
tion, but accurate classification of particle size is still difficult using
present techniques, and therefore, we used the samples in their initial
state (as-prepared) to clarify the main trends of the relationship
between the heating properties and the particle size of theMNPs in an
applied magnetic field. Based on our work, accurate classification of
the particle size is the next step that can be performed selectively in a
narrower particle size range.

There are several subjects that need further investigation prior to
clinical application becoming possible.

(1) Our results show that superparamagnetic MNPs are useful in an
applied field below 120 Oe, and MNPs with a size of 24 nm are
useful in an applied field of 300 Oe. These data suggest that the
optimal size of the MNPs that have high heating efficiency is
present in the particle size range from8 to 24 nm. Therefore, it is
necessary to carry out further size clarification and character-
ization in this range. Further identification of the composition,
perhaps using Mössbauer spectroscopy, is needed. The depen-
dency relationship among particle size, field strength, and the
heating properties of the particles needs to be clarified.

(2) Because of the high Curie point of the MNPs (580 °C), the
temperaturemust be controlled by either adjusting the strength
of the appliedmagnetic field or by controlling the concentration
of the MNPs in the magnetic medium.
4. Conclusions

MNPs with a size around 8 nm exhibited a high heating efficiency
in a magnetic field of 120 Oe, while MNPs with a size around 24 nm
exhibited a high heating efficiency in high AC magnetic fields. The
heating efficiency was the highest for MNPs with a size of 24 nm in
300 Oe magnetic fields at a frequency of 100 kHz, which may be
because of the combined effect of the relaxation and hysteresis losses
of the magnetic particles. The SAR values of samples with a single
domain size were higher than those evaluated from the area of the
hysteresis loopmeasured in a static field. It is believed that MNPs with
a size around 8–24 nm will be useful for the in situ hyperthermia
treatment of cancers in an AC magnetic field.
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