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a b s t r a c t

A correlation between the DC magnetization and hyperthermia heating rate in high frequency magnetic
fields was established for two distinctively different magnetic nanoparticle (MNP) systems: (1) poly-
styrene (PS)/Fe3O4 based composites, consisting of 10 nm diameter Fe3O4 nanoparticles embedded in the
matrix of polystyrene (PS) spheres (�100 nm), and (2) similar Fe3O4 nanoparticles coated with
polyacrylic acid (PAA) and dispersed in water. Due to physical confinement of Fe3O4 nanoparticles in
the former, the PS/Fe3O4 composite exhibited much lower magnetic hyperthermia heating compared to
the latter. The reduced magnetic hyperthermia heating in the polystyrene (PS)/Fe3O4 based composites
was found to be associated with strong dipolar interactions.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, superparamagnetic nanoparticles have attracted
increasing interest in biomedical research due to their unique
physical and chemical properties. The ability to absorb and convert
electromagnetic energy into heat has made these magnetic nano-
particles a potentially promising tool for biomedical applications
especially the hyperthermia heating in cancer therapy [1–3].
Magnetic hyperthermia arises from energy loss associated with
the oscillation and relaxation of the magnetic dipoles in the
nanoparticles, identified as Néel and Brownian relaxations, when
exposed to an alternating magnetic field [4]. Thus, if a tumor is
loaded with the magnetic nanoparticles (MNP's), the local heat
generated can effectively kill cancer cells; a method called magnetic
hyperthermia therapeutics [5]. However, the physical mechanisms
responsible for different heating behaviors among a variety of MNP
systems have not been systemically identified. In particular, the key
materials parameters affecting the hyperthermia heating are not

well understood, including particles size, geometry, distribution,
surface functionalization, and particle configuration. One such
example is the observed reduction in the Specific Absorption Rate
(SAR) for decreasing size of the nanoparticles in aqueous solution
reported by Wang et al. [6]. They performed a series of experiments
and ascribed the decrease in SAR to different particle size, surfac-
tants, and dispersion state in the particle systems. No correlations
have so far been established between the hyperthermia heating
rates and MNP structural configurations for different Fe3O4 nano-
particles. In this work, the effects of particle–particle interaction
were investigated on the hyperthermia heating performance for
several Fe3O4 MNP's. The research was focused on magnetic
relaxation behaviors associated with particle configurations, inter-
particle distances, confinement, and surface coatings in an applied
AC magnetic field.

2. Materials and experimental details

In this work, the DC magnetization and hyperthermia heating
rates of two different nanoparticle systems were investigated. The
particle synthesis procedures were described in a previous report
[7–9]. The first system [PS/Fe3O4 nanospheres (NS)] is a composite
comprised of 10 nm diameter Fe3O4 nanoparticles that are
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dispersed and embedded in a polystyrene (PS) matrix of a spherical
shape with an average overall diameter of 100 nm [Fig. 1(a) and (b)].
Two variations of the nanospheres were studied: uncoated PS/Fe3O4

nanospheres [Fig. 1(a)] and the same system (Silica/PS/Fe3O4)
[Fig. 1(b)] where the spherical polystyrene surface was coated with
a thin layer of silica [7,8]. The second system of MNP's (PAA/Fe3O4)
consists of almost same diameter Fe3O4 particles coated with PAA
[Fig. 1(c)] [9]. Fig. 1 shows the transmission electron microscope
(TEM) images of these nanoparticles and their corresponding
histogram with lognormal distribution of particle size. As can be
seen in this figure, the polystyrene composite materials have a
spherical shape with embedded nano-size Fe3O4 particles. The
average hydrodynamic sizes of (as measured by a Zetasizer Nano
Series, Malvern instrument) the PS/Fe3O4, Silica/PS/Fe3O4 and PAA/
Fe3O4 samples were found to be 227 nm, 191 nm and 32 nm,
respectively.

The heating profiles of these MNP systems were experimentally
obtained at concentrations of 0.5, 1.0, 2.5, 5 and 10 mg/mL. The
heating curves were taken by placing the Fe3O4 MNP's in a
13.56 MHz alternating magnetic field with an amplitude of
4500 A/m, produced by a 10 turn 42 mm diameter coil. A glass vial
containing the magnetic nanoparticle solution was placed inside
the copper coil surrounding the Styrofoam insulation. The solution
temperature was measured in situ as a function of time using a FISO
optical fiber temperature probe (Model: FOT-L-SD). Note that a
cylindrical Styrofoam surrounding the coil was used to serve as
insulation for proper adiabatic conditions. After 30 min of magnetic
field exposure at 4500 A/m, the temperature rise of the distilled
water was no more than 1–2 1C, indicating that the samples were
well isolated from the heating of the coil.

3. Results and discussion

The DC magnetization measurements of all the samples were
carried out at T¼300 K in magnitude fields up to 710 kOe using a
SQUID magnetometer. Fig. 2(a) shows the DC magnetization
curves of the PAA/Fe3O4 at different Fe3O4 concentrations and
inset shows the minor hysteresis loop indicating the particles are
interacting as the concentrations goes higher. The DC magnetiza-
tion curves for per gram of nanoparticles for each sample are
shown in Fig. 2(b) and inset shows the corresponding initial
magnetization. As shown in Fig. 2(a) and (b), all magnetization
curves have almost zero retentivity and coercivity indicating that
the MNP systems are superparamagnetic. The magnetization (M)
of an assembly of superparamagnetic particles in an external

magnetic field (H) can be well described by the Langevin function

M¼MsLðxÞ ¼Ms cothðxÞ�1
x

� �
ð1Þ

where Ms is the saturation magnetization, x¼ μomH=kbT , m being
the magnetic moment, μo is the permeability of free space, kb is
the Boltzmann constant, and T is the absolute temperature. The
magnetic moment (m) can be extracted by fitting Eq. (1) with
experimental magnetization curve. Assuming magnetization is
unaffected by any interaction at high field, the experimental
magnetization data of each sample is fitted by Eq. (1). From the
fits, the obtained magnetic moments of the individual MNP's are
m¼6.35�10�19 A m2 for PAA/Fe3O4, m¼2.35�10�19 A m2 for PS/
Fe3O4, and m¼2.45�10�19 A m2 for Silica/PS/Fe3O4. These values
are consistent to those reported by Chen et al. among which the
magnetic moment of the individual 10 nm diameter PS/Fe3O4 was
determined to be m¼2.5�10�19 A m2 [10]. The saturation mag-
netization obtained for PAA/Fe3O4, PS/Fe3O4 and Silica/PS/Fe3O4

samples are 61.67 emu/gm, 59.88 emu/gm and 56.85 emu/gm,
respectively. Using the low field (0–100 Oe) magnetization data,
the initial susceptibility (χi) was also found to be χ i ¼ 0:2357
:01ðemu=ðoe�gmÞÞ for PAA/Fe3O4, whereas the PS/Fe3O4 and Silica/
PS/Fe3O4 samples had lower susceptibility values ofχ i ¼ 0:1187
:014ðemu=ðoe�gmÞÞ and χ i ¼ 0:1267 :0022ðemu=ðoe�gmÞÞ, respec-
tively.

The time dependent temperature curve of five different con-
centrations of PAA/Fe3O4 nanoparticles exposed in AC magnetic
field is shown in Fig. 3(a). The temperatures increase as a function
of time and reach saturation as the heat generation is balanced by
the heat loss in the MNP system. A higher saturation time was
observed for higher concentrations of the Fe3O4 nanoparticles. As
can be seen in Fig. 3(a), the initial rate of temperature change
(initial slope) increases with respect to particle concentration
(dashed line). The time dependent temperature curves for each
sample at a fixed concentration of 10 mg/mL are shown in Fig. 3
(b). The initial heating rate per gm of Fe3O4 of nanoparticles for
each of the concentration was also calculated and resulting plot is
shown in Fig. 3(c). Interestingly, at the same magnetic volume
fraction, the PAA/Fe3O4 material exhibited the highest heating
rates by a factor of 3, compared to those of the Silica/PS/Fe3O4 and
PS/Fe3O4 samples for all concentrations investigated. This behavior
will have important significance in the application of hyperther-
mia therapy and its underlying mechanism must be identified.

The heat dissipation for an assembly of superparamagnetic
particles arises due to the delay of the magnetic moment response
in an AC magnetic field. Three potential mechanisms can be
responsible for nanoparticles heating in AC field, namely: Néel

Fig. 1. TEM image of (a) Polystyrene/Fe3O4 nanosphere (b) Silica/Polystyrene/Fe3O4 nanosphere (c) PAA/Fe3O4 nanoparticles.
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relaxation, Brownian relaxation, and hysteresis loss [11]. PAA/
Fe3O4 contains dispersed individual Fe3O4 nanoparticles that are
surface coated with PAA and have the freedom to physically rotate
under the AC field. However, in the PS/Fe3O4 and Silica/PS/Fe3O4

materials, the 10 nm nanoparticles are embedded in the polymer
matrix of the NS and not free to individually rotate [see TEM
images in Fig. 1(a) and (b)]. In this particle confinement, the
Brownian relaxation is significantly reduced. However, even for
quite different particle configurations, the calculated Brownian
relaxation times for PAA/Fe3O4 and PS/Fe3O4 are respectively
�10�5 s and �10�3 s, which is much longer than the measure-
ment time of �10�8 s. It is therefore reasonable to eliminate the
Brownian motion as the possible cause for the initial heating rate
differences. Thus it is likely that most of the heat loss is arising due
to the susceptibility loss (Néel relaxation process) and hysteresis
loss. This hypothesis is in-fact consistent with one of the recent
observation by Vallejo-Fernandez et al. They found that Néel,
Brown and hysteresis losses are all effective in NP's heating in AC
magnetic field for a polydisperse sample [11]. However, in the case
of NS samples, as the particles are closely packed and confined in
PS matrix, in addition to the suppressed Brownian loss, they might
experience strong dipole interactions. Therefore, it is very difficult
to thermally activate the nanoparticles at such small field. So most
of the heat losses in NS systems are likely due to the hysteresis
loss. However, PAA/Fe3O4 nanoparticles are more relaxed and
particles can move freely. Therefore their magnetic moment can
switch in presence of AC field. In this situation, both Néel
relaxation and hysteresis loss contribute to the overall heating
performance.

The minor hysteresis loop area calculated for PAA/Fe3O4, PS/
Fe3O4 and Silica/PS/Fe3O4 samples at 10 mg/mL concentrations
are 10.63 (a.u), 4.95 (a.u), 7.65 (a.u), respectively. These would

be sufficient dissipations that are responsible for hyperthremia
heating. The experimental results shown in Figs. 2 and 3 indicate
a close correlation between the initial magnetization and
heating rate. Both are dependent on concentration, which can
be explained by the theory of Rosensweig [12]. According to
Rosensweig, the loss power is scaled to the initial susceptibility.
More detailed study on the magnetic hyperthermia mechanism of
different Fe3O4 systems is currently under way.

4. Conclusions

In conclusion, the mechanisms governing the magnetic heating
behavior of different Fe3O4 nanoparticle systems have been
identified. It is found that, for the same volume fraction of
magnetic materials, the initial heating rate is much lower in the
polystyrene (PS)/Fe3O4 based composites where the Fe3O4 nano-
particles are physically confined in the polystyrene matrix. In
contrast, in the PAA/Fe3O4, the high heating rate is due to weak
dipolar interactions and higher hysteresis loss. It is concluded that,
for more efficient magnetic hyperthermia heating, the dipole
interaction is the key factor that should be reduced in the design
and synthesis of Fe3O4 nanomaterials.
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