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The effect of intracellular hyperthermia induced by magnetic nanoparticles (MNPs) has been evaluated using a theoretical model.
In this study, magnetization reversal of MNPs in the cellular environment under an AC magnetic field was evaluated on the basis
of measured AC hysteresis loops. The specific and intrinsic loss powers—SLP and ILP—were also estimated from the area of AC
hysteresis loops. The measured samples were a liquid sample dispersed in water, a fixed sample mixed with an epoxy bond, and a
cellular sample. In the cellular environment, the rotations of particles and magnetic moments were inhibited by particle-cell and
dipole-dipole interactions, respectively. The heat dissipation of the MNPs in the cellular environment was lower than that of the
liquid and fixed samples. Moreover, the SLP in a single cell was estimated. The temperature increase of a single cell was calculated
on the basis of the conventional theoretical model and the SLP measured in a single cell.

1. Introduction

Hyperthermia induced by magnetic nanoparticles (MNPs)
is a potent tool in cancer therapy [1–3]. To increase the
therapeutic effect of magnetic hyperthermia, combination
therapy with other clinical agents and evaluation of the
method to synthesize MNPs have been studied. In particular,
antibody-modified MNPs exhibited a therapeutic effect on
cancer owing to their enhanced selectivity toward cancer
cells [4, 5]. The various sizes of spinal-structured iron oxide
particles have been synthesized by changing heating time
of 𝛼-Fe

2
O
3
platelet particles in tetraethylene glycol [6]. In

addition to hyperthermia, magnetic particle imaging (MPI)
has recently attracted attention as the application to visualize
MNPs in the human body for therapy and diagnostics [3, 7].

The volumetric power dissipation𝑃, as calculated accord-
ing to the following equation, is used to quantify the heat
generated by MNPs [8]:

𝑃 = −𝑓𝜇0∮𝑀𝑑𝐻 = 𝜇0𝜋𝜒
󸀠󸀠
𝑓𝐻

2
, (1)

where 𝑓, 𝜇
0
, 𝑀, 𝐻, and 𝜒󸀠󸀠 are the frequency of magnetic

field and the permeability of free space, the magnetization

of MNPs, the magnetic field strength, and out-of-phase
component of susceptibility, respectively. In addition, the
specific and intrinsic loss powers—SLP and ILP—are used
to express the mass power dissipation and the intrinsic heat
dissipation, independent of the applied magnetic field and
frequency [9, 10]:

SLP = 𝑃
𝜌

, (2)

ILP = SLP
𝑓𝐻

2 , (3)

where 𝜌 is the mass density of the MNPs. The magnetic
properties of MNPs in tumor tissue and in cellular environ-
ments must be measured to evaluate the heating capability
of MNPs under therapeutic conditions. The SLP in cellular
and intratumor conditions has been estimated by a calori-
metric measurement [11–14]. The SLP has been shown to
decrease in tumor tissue and in the cellular environments as
a consequence of the inhibition of particle rotation due to
particle-particle and particle-cellular tissue interactions [13,
14]. Immobilization in tumors and cells inhibited Brownian
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Figure 1: Transmission electron microscopic (TEM) image of the
water-based magnetite nanoparticles.

relaxation. Moreover, a theoretical model for estimating the
temperature increase of intratumor MNPs has been devel-
oped [15–17].

Magnetic relaxation loss is one of the heatingmechanisms
ofMNPs,which is divided intoBrownian andNéel relaxation.
Brownian andNéel relaxation are associatedwith the rotation
of particles and magnetic moments, respectively. Brownian
and Néel relaxation times are obtained by the following
equations [8]:

𝜏B =
3𝜂𝑉H
𝑘B𝑇
, (4)

𝜏N =
√𝜋

2

𝜏
0

exp (𝐾𝑉M/𝑘B𝑇)
√𝐾𝑉M/𝑘B𝑇

, (5)

where 𝜂, 𝑉H, 𝑘B, 𝑇, 𝜏0, 𝐾, and 𝑉M are the viscosity of the
suspended fluid, the hydrodynamic volume of MNPs, the
Boltzmann constant 1.38 × 10−23 J/K, the temperature in
Kelvin, the attempt time of ∼10−9 s, the magnetocrystalline
anisotropy constant, and the volume of the primary particle,
respectively.

In this study, MNPs were dispersed in water, fixed with
an epoxy bond, and added to cells. DC and AC hysteresis
loops of each sample were measured. Magnetization reversal
was evaluated on the basis of the AC hysteresis loops. Heat
dissipation, as measured from the AC hysteresis loops, was
not affected by a change in the state of the surrounding
environment. The SLP and ILP were estimated from the area
of the AC hysteresis loops. Moreover, the SLP in a single cell
was calculated on the basis of the SLP of a cellular sample.

2. Materials and Methods

2.1. Materials. Water-based magnetite nanoparticles, Na-
nomag-D-spio, purchased fromMicromod Partikeltechnolo-
gie GmbH, Rostock, Germany, were used in this study. The
particle surface was functionalized by carboxylic acid group.
Figure 1 shows the transmission electron microscopy (TEM)

image of the nanoparticles. The shape and size were not so
uniform. The primary diameter was varied from 4 to 14 nm.
The average was 9.8 nm with standard deviation of 2.0 nm.
Their hydrodynamic diameter measured by dynamic light
scattering (DLS) was 40 ± 16 nm [18].

2.2. Preparation of Liquid and Fixed Samples. A liquid sample
consisting of MNPs dispersed in water was prepared. For the
preparation of the fixed sample, MNPs dispersed in water
were mixed with an epoxy bond.The concentration of MNPs
in both the liquid and fixed samples was 2.8mg-Fe/mL.

2.3. Preparation of Cellular Sample. HeLa cells (human cer-
vical carcinoma line) were cultured in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin (PS) at 37∘C.
HeLa cells were cultured in 100mm dishes at a density of 9 ×
10
5 cells/well. After 50 h of incubation, a MNP solution with

a concentration of 12 𝜇g-Fe/mL was added to cells in 10mL
of serum-free culture medium and the cells were allowed to
stand for 16 h. After the cells were washed with phosphate-
buffered saline (PBS), the cells were detached using 0.05%
trypsin EDTA and purified by centrifugation at 1,000 rpm for
5min. MNP-loaded cells were collected in a 2-mL tube as a
cellular sample.The final concentration ofMNPs was 2.8mg-
Fe/mL. The number of cells in the cellular sample was 7 ×
10
7 cells. The biocompatibility of magnetite nanoparticles to

HeLa cells was previously studied [19]. The viability of HeLa
cells was above 80% for 48 h after adding the nanoparticles
at the concentration of 72 𝜇g-Fe/mL, which was higher than
that used in this study. Figure 2 shows the images of detached
HeLa cells measured as a cellular sample. Agglomerated
MNPswere observed in the cytoplasm and on themembrane.
The outer line of a cell indicates the membrane. The part
inside the outer line of a cell was the cytoplasm because
the outer line of the nucleus was clearly confirmed. Thus,
MNPs observed in or around the outer line of a cell were
evaluated as the intracellular or extracellular MNPs on the
same plane, respectively. Although MNPs were internalized
in cytoplasm, MNPs partially absorbed on the membrane
were also confirmed. The diameters of MNP aggregations
were measured and the volumes of MNP aggregations were
calculated by the spherical approximation. The volume ratio
of intracellular MNPs compared to MNPs both in the cyto-
plasm and on the membrane was approximately 81%. It was
also confirmed that the particle localizations were changed
in the different focused plane. It has been reported that iron
oxide nanoparticles are degraded by lysosome [20]. However,
degradation of magnetite nanoparticles in the cellular sample
was evaluated by measuring DC and AC hysteresis loops in
this study. Magnetization of the particles was not affected,
which indicated that degradation of the nanoparticles during
a limited period of the experiment was negligible.

2.4. Measurement of DC and AC Hysteresis Loops. DC hys-
teresis loops were measured by vibrating sample magnetom-
etry (VSM) using a DC magnetic field of 4 and 8 kA/m as
minor loops and 0.8MA/m as major loops. AC hysteresis
loops were measured in the frequency range of 100−500 kHz
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Figure 2: Detached HeLa cells as a cellular sample. (a) Intracellular
and (b) extracellular MNPs were observed.

under an AC magnetic field of 4 and 8 kA/m as minor loops.
The exciting coil was a 70-turn water-cooled solenoid with a
16.3mm diameter [18]. All measurements were conducted at
room temperature.

3. Results and Discussion

3.1. DC Hysteresis Loops. Figure 3 shows the DC major hys-
teresis loops of liquid, fixed, and cellular samples. Figure 3(b)
shows the magnified images of Figure 3(a) at low magnetic
field, which indicates the magnetization process in all of
the samples. These samples exhibited superparamagnetism
because the coercivity of themajor loops in these samples was
substantially low (Figure 3(b)). Anisotropic energy is given as
the following equation:

𝐸 (𝜃) = 𝐾𝑉Msin
2
(𝜃) , (6)

where 𝜃 is the angle between the easy axis and magnetic
moment. The anisotropy energy is low in small 𝜃. The
particle rotation reduces anisotropy energy because the easy
axis follows the direction of a magnetic moment (see (6)).
The magnetization in the liquid sample was higher than
that in the fixed sample during the magnetization reversal

process (Figure 3(b)). The particles in the liquid sample are
rotatable as opposed to the particles in the fixed sample.With
respect to the liquid sample, the anisotropy energy barrier
is decreased because particle rotation aligns the easy axis to
the direction of the magnetic moment [21]. Therefore, the
magnetic moment in the liquid sample was more rotatable
than that in the fixed sample due to the lower anisotropy
energy. For the superparamagnetic regime, magnetization
reversal occurred due to the rotation of a magnetic moment
whereas the reversal of a magnetic moment was associated
with themagnetization reversal for the ferromagnetic regime.
Although the magnetization in the liquid sample was higher
than that in the fixed sample, the difference in themagnetiza-
tion between the liquid and fixed samples was not significant.
It is indicated that the effect of the particle rotation on the
reduction of anisotropy energy is small because the random
oscillation by the thermal energy is significantly influenced
on the magnetization reversal for the superparamagnetic
regime [22]. Thus, particle rotation slightly promoted the
magnetization reversal in the liquid sample in comparison
to that in the fixed sample. The magnetization in the cel-
lular sample was lower than that in the fixed sample. The
intracellular MNPs were encapsulated in endosomes and
agglomerated in cytoplasm [23].The extracellularMNPswere
absorbed to the membrane in agglomerated state. In contrast
to the cellular sample, MNPs were homogeneously dispersed
in the fixed sample.The concentration ofMNPs in the cellular
sample was partially higher than that in the fixed sample
because of the inhomogeneous agglomeration in the sample
[24]. The interparticle distance is small at the higher concen-
tration due to the inhomogeneous agglomeration. In the case
of the smaller interparticle distance, the magnetization was
decreased because the rotation of the magnetic moment was
inhibited by dipole-dipole interaction [25]. Figure 4 shows
the DC minor hysteresis loops of the liquid, fixed, and
cellular samples. The minor loops exhibited no coercivity
because of superparamagnetism. The magnetization of the
fixed sample was lower than that of the liquid sample. In
the liquid sample, the magnetic moments were reversed
by the rotation of both the magnetic moments themselves
and the particles. The reversal of the magnetic moment in
the fixed sample was slower than that in the liquid sample
because of the immobilized state in the fixed sample [13].The
magnetization of the cellular sample was lower than that of
the fixed sample. Magnetization of the cellular sample was
reduced as a consequence of dipole-dipole interaction due to
inhomogeneous aggregation of MNPs in the cytoplasm and
on the membrane [25].

3.2. AC Hysteresis Loops. Figure 5 shows AC hysteresis loops
of the liquid, fixed, and cellular samples. The magnetization
of the cellular sample was lower than that of the fixed sample,
which was lower than that of the liquid sample. The magne-
tization of the AC minor hysteresis loops also indicates the
magnetization reversal in the applied magnetic field range.
With respect to the difference of the magnetization among
all of the samples, the AC hysteresis loops showed the same
trend with the DC minor hysteresis loops (Figures 3 and 4).
The magnetization in the liquid sample was higher than that
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Figure 3: (a) DC major hysteresis loops of liquid, fixed, and cellular samples. The amplitude of the DC magnetic field was 0.8MA/m. (b)
Magnified images of (a) at low magnetic field.
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Figure 4: DC minor hysteresis loops of liquid, fixed, and cellular samples. The amplitude of the DC magnetic field was (a) 4 kA/m or (b)
8 kA/m.

in the fixed sample because of the anisotropy energy reduced
by the particle rotation. In the cellular sample, the rotation
of magnetic moments was inhibited due to dipole-dipole
interaction induced by the inhomogeneous aggregation in
the cellular environment. Unlike the DC minor hysteresis
loops, the AC minor hysteresis loops revealed hysteresis
areas in all of the samples because the rotation of the
magnetic moments was delayed compared to the applied
magnetic field.The results indicated that magnetic relaxation
occurred due to a delay in the rotation of the magnetic
moment in all of the samples. As indicated by the hysteresis
loops of the fixed sample in which the particles were not

rotatable, Néel relaxation occurred in all of the samples,
which exhibited areas. The coercivity of the liquid sample
was higher than that of the fixed sample. Thus, Brownian
relaxation occurred only in the liquid sample because the
particles in this sample were rotatable [26]. Moreover, the
coercivity of the cellular sample was the same as that of the
fixed sample. It was indicated that delay of the rotation in
magnetic moments in the cellular sample was similar to the
fixed sample. These results indicate that particle rotation was
inhibited by particle-cell interactions in the cellular environ-
ment. Only Néel relaxation occurred in the cellular sample
[11, 13, 14].
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Figure 5: AC minor hysteresis loops of liquid, fixed, and cellular samples. The amplitude of the ACmagnetic field was (a, c) 4 kA/m or (b, d)
8 kA/m. The frequency was 400 kHz. Magnified images of (a) and (b) are shown in (c) and (d), respectively.

3.3. Heat Dissipation Estimated from AC Hysteresis Loops.
The SLP was estimated from the area of the AC hysteresis
loops. The ILP was calculated from the measured SLP and
from (3). Figures 6 and 7, respectively, show the dependence
of the SLP and ILP on the frequency of an applied magnetic
field. By (5), the theoretical frequency of Néel relaxation
peak 𝑓

𝑁
is higher than 2.2MHz (𝐾 ≤ 41 kJ/m3) [8, 27, 28].

The measured frequency range in this study was lower than
𝑓
𝑁
. With increasing frequency, the ILP increased, the heat

dissipation derived from themagnetic relaxation loss, and the
rotation of themagneticmoments was gradually delayed.The
decrease of the ILP between the liquid and fixed samples is
associated with the inhibition of Brownian relaxation in the
fixed sample. By (4), the theoretical frequency of Brownian
relaxation peak 𝑓

𝐵
is 7.3 kHz (𝜂 = 𝜂water = 0.89mPa⋅s). The

theoretical 𝑓
𝐵
was lower than the measured frequency range,

100−500 kHz.However, higher coercivity in the liquid sample
than in the fixed sample shows occurrence of Brownian

relaxation due to delay of particle rotation in the measured
frequency range. The SLP of the intracellular MNPs has
been estimated by a calorimetric measurement [11]. It has
been reported that the SLP of intracellular MNPs was lower
than that of MNPs dispersed in water because the Brownian
relaxation was abrogated. With respect to the reduction of
heat dissipation by the inhibition of Brownian relaxation, this
study showed the same result with the conventional study.
However, in this study, the measurements of magnetization
reversal byDC andAChysteresis loops also revealed that heat
dissipation of MNPs in the cellular environment was lower
than that of fixed MNPs because of the lower magnetization
(Figures 4 and 5). The ILP of the cellular sample was
lower than that of the fixed sample, as indicated by the
lower magnetization of the cellular sample due to dipole-
dipole interaction. The SLP is proportional to 𝐻2 when
magnetization is linear with magnetic field (see (1) and (2)).
However, magnetization was not linear with magnetic field
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Figure 6: The dependence of SLP estimated from the areas of AC hysteresis loops on frequency. The amplitude of the magnetic field was (a)
4 kA/m or (b) 8 kA/m.
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Figure 7:The dependence of the ILP calculated from the measured SLP (Figure 6) and (3) on frequency.The amplitude of the magnetic field
was (a) 4 kA/m or (b) 8 kA/m.

in applied magnetic field range. The ILP at 8 kA/m was lower
than that at 4 kA/m. In the case of SLP being unproportional
to 𝐻2, the ILP is lower at the higher magnetic field because
the ILP is shown as the SLP normalized by𝐻2𝑓 (see (3)).

The SLP in a single cell was estimated (Figure 8) using the
following equation:

SLPsingle cell = SLPcellular
𝑚Fe
𝑁cell
, (7)

where SLPcellular, 𝑚Fe, and 𝑁cell are the SLP, the mass of Fe,
and the number of cells in the cellular sample, respectively.

The temperature increase at the center of a heated spherical
object is estimated from the following equation [15–17]:

Δ𝑇s =
𝐷𝑃

8𝑘s
, (8)

where 𝐷, 𝑃, and 𝑘s are the diameter of the sphere, the
heating rate per unit volume within the sphere, and the
thermal conductivity of the sphere, respectively. Applying the
spherical model in (8) to a single cell, (8) was obtained as

Δ𝑇single cell =
𝐷cell
8𝑘cell

SLPsingle cell

𝑉cell
, (9)
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where 𝐷cell, 𝑉cell, and 𝑘cell are the diameter and volume
of a single cell and the thermal conductivity of a cell
(0.64W/m∘C), respectively. In Figure 8, the SLP in a single
cell was 480 pW/cell at 8 kA/m and 500 kHz. In the case of
𝐷cell = 15 𝜇m, the temperature increase of a single cell was 12
× 10−6∘C.Therefore, at 8 kA/m and 500 kHz, the SLP ofMNPs
necessary to kill a single cell by hyperthermia treatment
(Δ𝑇 = 5∘C) was 14MW/g-Fe because the SLP of the cellular
samplewas 33.6W/g-Fe.This result is in good agreementwith
the conventional estimation of SLP necessary to kill a single
cell [29]. It was confirmed that hyperthermia focused on a
single cell was restricted due to the limitation in the amount
of MNPs internalized into a single cell [30, 31].

4. Conclusion

The heating mechanism and heat dissipation of MNPs in
the cellular environment were assessed via measurements of
DC and AC hysteresis loops. In the intracellular state, the
rotations of particles and magnetic moments were inhibited
due to particle-cell and dipole-dipole interactions, respec-
tively. Therefore, the heat dissipation of MNPs in the cellular
environment was lower than that of MNPs in the liquid
and fixed states, because Brownian relaxation was inhibited
and magnetization decreased in a cell. It was also revealed
that heat dissipation of MNPs in the cellular environment
was reduced by dipole-dipole interaction due to the partial
agglomeration of MNPs. Our results indicated that because
the concentration of MNPs in the cells was low, the hyper-
thermia treatment was not conducted solely by intracellular
hyperthermia. High intratumoral accumulation of MNPs in
both intra- and extracellular states is necessary to induce
hyperthermia.
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living cells through Néel relaxation of magnetic nanoparticles,”
European Biophysics Journal, vol. 37, no. 2, pp. 223–228, 2008.

[12] C. L. Dennis, A. J. Jackson, J. A. Borchers et al., “Nearly com-
plete regression of tumors via collective behavior of magnetic
nanoparticles in hyperthermia,”Nanotechnology, vol. 20, no. 39,
Article ID 395103, 2009.

[13] S. Dutz, M. Kettering, I. Hilger, R. Müller, and M. Zeisberger,
“Magnetic multicore nanoparticles for hyperthermia-influence
of particle immobilization in tumour tissue on magnetic prop-
erties,” Nanotechnology, vol. 22, no. 26, Article ID 265102, 2011.

[14] R. D. Corato, A. Espinosa, L. Lartigue et al., “Magnetic hy-
perthermia efficiency in the cellular environment fordifferent
nanoparticle designs,” Biomaterials, vol. 35, no. 24, pp. 6400–
6411, 2014.
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