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Abstract
Magnetic particle imaging has been developed by the optimization of the tracer materials, excitation systems, and
system functions for image reconstruction. Here, we prepared and studied magnetic nanoparticles with different
core diameters, coated by carboxymethyl-diethylaminoethyl dextran as a blood-pooling agent. For comparison,
measurements were also performed using Resovist R©, a widely used tracer agent. Transmission electron microscopy
analysis of the prepared samples of nanoparticles revealed monodisperse single-core, chainlike aggregation, and
multi-core structures. For optimizing the core size and structure of magnetic nanoparticles for use as imaging
tracers, we evaluated the magnetization response to an applied field and harmonic intensity by measuring direct
and alternating current hysteresis loops. To evaluate the dependence of the harmonic intensity on the core size
and particle structures, large-magnetization particles were assembled using magnetic separation. The harmonic
intensity depended not only on the core size but also on the particle structure. Diameters and distributions of
single- and multi-core particles are important parameters. Solid and liquid samples of particles were studied for
characterization of imaging of solid objects (such as tumors and organs) and liquids (such as blood).

I. Introduction

Magnetic particle imaging (MPI) is an imaging technique
for visualization of magnetic nanoparticles (MNPs) in
the human body [1]. The signal owing to the MNPs tracer
is similar to that generated at the air-tissue interface in
magnetic resonance imaging (MRI) [2]. A typical MPI
system reports the harmonic signal generated by MNPs.
Thus, compared with MRI, MPI does not suffer from the

problem of false detection. In particular, a protocol for
in vivo measurements has been recently developed for
MPI [2–5]. In addition, the possibility of multi-color MPI,
using different types of MNPs, was considered [6].

To enhance the MPI signal intensity, it is necessary to
understand how the structural properties of MNPs affect
the signal intensity. The dependence of the MPI signal
on the core diameter and anisotropy of MNPs was inves-
tigated [7, 8]. In those conventional studies, large-core
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particles, exhibiting ferromagnetism, generated a strong
MPI signal. The distribution of the particle core diameter
also affected the intensity of the MPI signal [9, 10]. The
MPI signal increased after magnetically separating large-
magnetization MNPs [10]. To detect specific organs and
cancer tissues, MNPs were functionalized using targeting
agents. The MPI signals of the functionalized MNPs were
measured and the targeting ability of the MNPs was con-
firmed by performing in vivo and in vitro experiments
[11, 12].

In the present study, we evaluated the harmonic in-
tensities of MNPs with different core diameter and par-
ticle structure, by measuring their magnetization re-
sponses to direct current (DC) and alternating current
(AC) magnetic fields. The measured MNPs were function-
alized using a blood-pooling agent [13]. Moreover, to as-
semble the particles with large magnetization, magnetic
separation was performed. To consider the capacity of
the prepared MNPs to serve as the MPI tracer, the results
were compared with those obtained using Resovist R©, a
widely used material for the studies of MPI.

II. Material and Methods

II.I. Materials and Sample Preparation
Experiments were performed using water-based
maghemite nanoparticles (CMEADM-004, CMEADM-
023, CMEADM-033, and CMEADM-033-02), and
Resovist R©. The nanoparticles of the CMEADM series
were supplied by Meito Sangyo Co. LTD., Kiyosu, Japan.
Resovist R© was distributed by FUJIFILM RI Pharma Co.,
Ltd., Tokyo, Japan. The nanoparticles of the CMEADM
series were coated by carboxymethyl-diethylaminoethyl
dextran, and their core and hydrodynamic diameters
are listed in Tab. 1. Carboxymethyl-diethylaminoethyl
dextran-coated iron oxide nanoparticles are negatively
charged and are used as a blood-pooling contrast agent
[13]. In addition, CMEADM-033-02 was prepared by
magnetically separating large-magnetization MNPs
from CMEADM-033. The measured samples were
divided into solid and liquid samples. In the solid sam-
ples, MNPs were fixed with agar, at the concentration
of 28 mg-Fe/mL. In the liquid samples, MNPs were
dispersed in water, at the concentration of 28 mg-Fe/mL.
The samples were encapsulated in 10 mm diameter
cylindrical tubes. The saturation magnetizations of the
measured MNPs were estimated by fitting the measured
DC major hysteresis loops to the magnetization curve
calculated using the Langevin function in the field
intensity above 560 kA/m.

II.II. Measurements
DC hysteresis loops were measured using a vibrating
sample magnetometer (VSM) at room temperature. The

Table 1: Core diameter dC, hydrodynamic diameter dH, and
saturation magnetization MS, for the measured MNPs.

Measured MNP d C [nm] d H [nm] M S [Am2/kg-Fe]
CMEADM-004 4 38 98
CMEADM-023 8 83 113
CMEADM-033 5–6 54 104

CMEADM-033-02 6 64 119
Resovist R© 5 75 96

intensities of the DC excitation fields were 0–800 kA/m
and 0–8 kA/m, for the major and minor hysteresis loops,
respectively. AC hysteresis loops and harmonic signals
were measured using a detection circuit that consisted
of pick-up and cancel coils located in an excitation coil
[14]. The frequencies and the maximal intensities of the
AC excitation fields were 1–100 kHz and 8 kA/m, respec-
tively.

III. Results and Discussion

III.I. Particle Structure

Fig. 1(a)–(e) show the transmission electron microscopy
(TEM) images for CMEADM-004, CMEADM-023,
CMEADM-033, CMEADM-033-02, and Resovist R©, re-
spectively. The measured MNPs were divided into three
categories based on their structure: monodispersed
single-core particles, aggregated chain particles, and
aggregated multi-core particles (Fig. 1). Tab. 2 shows the
structures for the different categories of the measured
MNPs, for the TEM data in Fig. 1. The clustered
single-domain particle is the multi-core particle, and
it prevents other particles from sedimentation by
large aggregation [15]. The aggregated diameter of
the multi-core particle is effectively equal to the core
diameter of the multi-core particle, such as the core
diameter of the single-core particle [16]. It was shown
that both single- and multi-core particles consist of
Resovist R© [16, 17].

Table 2: The structures formed by the measured MNPs. The +
and - signs indicate whether the structure is or is not detected
by TEM in Fig. 1.

Measured MNP Singlecore Chain Multicore
CMEADM-004 + - +
CMEADM-023 - + +
CMEADM-033 + + +

CMEADM-033-02 + + +
Resovist R© + - +
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Figure 1: TEM images of the measured MNPs. (a)–(e) The images of CMEADM-004, CMEADM-023, CMEADM-033, CMEADM-
033-02, and Resovist R©. The long arrows, short arrows, and arrow heads show the single-core, chain, and multi-core structures,
respectively. The scale bar is 50 nm.

III.II. DC Magnetization Properties

Fig. 2(a) and Fig. 2(b) show the DC major hysteresis loops
for the solid and liquid samples, respectively. The in-
sets in Fig. 2 show the magnified images of the major
hysteresis loops, for low field intensities. Fig. 3(a) and
Fig. 3(b) show the DC minor hysteresis loops for the solid
and liquid samples, respectively. The insets in Fig. 3
show the magnified images of the corresponding hys-
teresis loops, around the origin. For the solid samples,
CMEADM-004 and CMEADM-023, and Resovist R© exhib-
ited marginal coercivity, indicating superparamagnetic
behavior. In contrast, CMEADM-033 and CMEADM-033-
02 exhibited coercivity, indicating ferromagnetic behav-
ior. The coercivity of CMEADM-033 was lesser than that
of CMEADM-033-02 because the core particles in the
case of CMEADM-033 were smaller than those in the
case of CMEADM-033-02. Large core diameters induced
high anisotropic energy, affecting the coercivity. For the
liquid samples, all MNPs exhibited marginal coercivity
because ferromagnetic nanoparticles also exhibited su-
perparamagnetic behavior, owing to the rotation of the
easy axis [18]. The rotation of the easy axis reduced the
anisotropic energy.

For CMEADM-004, CMEADM-023, and CMEADM-

033, the magnetizations increased with increasing the
core diameter, for both the solid and liquid samples
(Fig. 2 and Fig. 3). The magnetization of CMEADM-
033-02 was higher than that of CMEADM-023, despite
the larger core diameter of CMEADM-023 (Fig. 2(a) and
Fig. 3(a)). As mentioned above, in the case of CMEADM-
033-02, the core particles with small magnetization (re-
flecting relatively small core diameters and deteriorated
crystalline structure) were removed using magnetic sep-
aration. Thus, not only the core diameter but also the
structure of the magnetic crystal (obtained during syn-
thesis) is important for enhancing the magnetization
of particles. For field intensities corresponding to mi-
nor hysteresis loops, the magnetization of Resovist R©

was higher than that of CMEADM-023, for the solid sam-
ples (Fig. 3(a)). However, for field intensities in Fig. 2(a),
the magnetization of Resovist R© was lower than that of
CMEADM-023, along with the saturation magnetization
(Tab. 1). Moreover, the magnetization of Resovist R© was
higher than that of CMEADM-033 for field intensities
up to 150 kA/m for the solid sample, and for field in-
tensities up to 50 kA/m for the liquid sample (Fig. 2(a)
and Fig. 2(b)). However, in addition to the saturation
magnetization, the magnetization of Resovist R© for field
intensities above ∼150 kA/m for the solid sample and
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Figure 2: The DC major hysteresis loops of the measured MNPs for (a) the solid and (b) the liquid samples. The applied field
intensity was in the 0–800 kA/m range. The insets show the magnified images of the major hysteresis loops at low- intensity
fields.

Figure 3: The DC minor hysteresis loops of the measured MNPs for (a) the solid and (b) the liquid samples. The applied field
intensity was in the 0–8 kA/m range. The insets show the magnified images of hysteresis loops around the origin.

above ∼50 kA/m for the liquid sample was lower than
that of CMEADM-033. Tab. 2 shows that multi-core par-
ticles were obtained not only for Resovist R© but also for
all other measured MNPs. Except for the chain struc-
ture, the particle magnetizations were determined by the
ratios of single-core and multi-core particles, and the
distribution of core and effective core diameters, respec-
tively. The saturation magnetization depended on the
core diameter, and the effective core diameter affected
the magnetization process, in particular for low field in-
tensities.

However, magnetization of particles depends not
only on the mean core diameter, but is also affected by
the distributions of core diameter and crystalline struc-
tures. The saturation magnetization of CMEADM-033-02
was the highest across all measured MNPs, despite the
fact that the mean core diameter of CMEADM-033-02
was smaller than that of CMEADM-023, because large-
magnetization core particles, derived from the crystalline
structure, were purified using magnetic separation. On
the other hand, for low field intensities, the magnetiza-

tion of Resovist R©was higher than those of CMEADM-023
and CMEADM-033, whereas the saturation magnetiza-
tion of Resovist R© was lower than those of CMEADM-023
and CMEADM-033. This indicates that the distribution
ratio of multi-core particles in Resovist R©was higher than
those in CMEADM-023 and CMEADM-033. Moreover,
the magnetization of CMEADM-033-02 was larger than
that of Resovist R©, regardless of the field intensity. This
indicates that, in addition to the large core diameter of
CMEADM-033-02 (compared with Resovist R©), the dis-
tribution ratio of multi-core particles to single-core par-
ticles for these MNPs is relatively high, compared with
other scenarios, owing to the purification using magnetic
separation. The magnetization for low field intensities
was particularly affected by the distribution ratio of multi-
core particles and their effective core diameters. This is
in agreement with previous results, according to which,
for multi-core particles, the magnetization of the effec-
tive core particle is determined by a low field intensity,
while the magnetization of the core nanocrystal is deter-
mined by the saturation magnetization and the volume
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of the core particle [19].
For the liquid samples, the magnetizations of

CMEADM-023, CMEADM-033, and CMEADM-033-02
were increased compared with those for the solid sam-
ples, whereas the magnetizations of CMEADM-004 and
Resovist R© for the liquid samples slightly increased com-
pared with those for the solid samples. TEM observations
revealed that the CMEADM-023, CMEADM-033, and
CMEADM-033-02 samples contained core particles with
the chain structure (Fig. 1). In contrast, CMEADM-004
and Resovist R© did not exhibit this chain structure. The
chain structure yielded large dipole interactions among
adjacent particles owing to the uniaxial magnetization
alignment. The experimental measurements and nu-
merical simulations revealed the positive and negative
effects of the dipole interactions among the particles in
the chain structure on the magnetization; these effects
depended on the applied field’s intensity and particle pa-
rameters, such as the core diameter and anisotropy [20–
22]. At low field intensity, the chain structure decreases
the magnetization in the solid samples because dipole
interactions effectively increase the particle anisotropy
[21]. On the other hand, in the liquid samples, the ef-
fective easy axis formed by the chain structure rotates
with aligning the magnetization direction to the direc-
tion of the applied field. The magnetizations of each
core particle consisted in the chain structure are fixed
by the dipole interactions. When the easy axis formed
by the chain structure is rotatable, the magnetizations
aligned by the dipole interactions rotate as the effectively
single magnetization as with the effective core of the
multi-core structure. The rotation of the easy axis in-
creases the magnetization owing to a reduction in the
anisotropic energy [23]. The magnetization of particles
with high anisotropic energy increases more strongly for
the liquid samples compared with the magnetization in
the solid samples, because the magnetization of highly
anisotropic particles is strongly determined by the easy
axis. In Fig. 3, the magnetization of CMEADM-033-02
in the liquid sample was significantly higher than that
in the solid sample. In the liquid sample, the magne-
tization of ferromagnetic nanoparticles can be rotated
by applying an external field because the easy axis is ro-
tated owing to the magnetic torque induced by the rota-
tion of the magnetization [24]. The particles distributed
in CMEADM-033-02 exhibit a somewhat ferromagnetic
behavior, manifested as the largest coercivity across all
measured MNPs.

III.III. AC Magnetization Properties

Fig. 4(a) and Fig. 4(b) show the AC minor hysteresis loops
for the maximal field intensity of 8 kA/m, at the field fre-
quency of 10 kHz, for the solid and liquid samples, respec-
tively. For these AC minor hysteresis loops, the relative
order of maximal magnetizations across the measured

MNPs was similar to that obtained for the DC minor hys-
teresis loops in Fig. 3. For both the solid and liquid sam-
ples, the maximal magnetization of CMEADM-033-02
was the highest across all of the measured MNPs, owing
to the high distribution ratio of multi-core particles, in
addition to purified core particles in terms of the core
diameter and magnetic crystalline structure, as obtained
by magnetic separation. The maximal magnetizations
of CMEADM-004, CMEADM-023, and CMEADM-033 de-
pended on their core diameters. The maximal magnetiza-
tion of Resovist R©was higher than those of CMEADM-023
and CMEADM-033 for the solid samples. For the liquid
samples, the maximal magnetization of Resovist R© was
higher than that of CMEADM-033 and lower than that
of CMEADM-023. The large magnetization derived from
the large core diameter in the case of CMEADM-023 was
inhibited by a strong dipole interaction derived from the
chain structure in the solid samples.

The insets in Fig. 4 show the magnified images of the
samples’ AC minor hysteresis loops around their coer-
civity regions. For the AC hysteresis loop of a sample,
the coercivity was obtained from the phase delay of the
sample’s magnetization compared to an applied exter-
nal magnetic field. Fig. 5 shows the dependence of the
phase delay on the field frequency for the solid and liq-
uid samples. In Fig. 4, the MNPs with large phase delays
exhibit high coercivities. The phase delay is associated
with the magnetic relaxation time [25]. When the cycle
of the applied field is longer than the relaxation time,
the resulting phase delay is small because the rotation of
the magnetization follows the change in the field. Mag-
netic relaxation consists of the Néel and Brownian re-
laxations, associated with the magnetization and easy
axis responses to the applied field, respectively. The Néel
relaxation time τN and the Brownian relaxation time τB

are given by

τN =τ0e
K VM
kBT , (1)

τB =
3ηVH

kBT
, (2)

where τ0 is the attempt time of ∼ 10−9 s (associated with
gyromagnetic procession), K is the magnetic anisotropic
constant, VM is the volume of the core particle, kB is the
Boltzmann constant (1.38 ·10−23 J/K), T is the tempera-
ture in Kelvins, η is the viscosity, and VH is the volume of
the hydrodynamic particle [26, 27].

The Néel relaxation time increases with increasing
core diameter (Eq. (1)). For the solid samples, the phase
delay of CMEADM-023 was slightly larger than that of
CMEADM-004, because the core diameter of CMEADM-
023 is larger than that of CMEADM-004. The slight phase
delay difference between CMEADM-004 and CMEADM-
023 was caused by a much longer cycle of the applied
field than the Néel relaxation time of both CMEADM-004
and CMEADM-023, for the measured field frequencies.
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Figure 4: The AC minor hysteresis loops of the measured MNPs for the (a) the solid and (b) the liquid samples. The maximal
applied field intensity was 8 kA/m. The field frequency was 10 kHz. The insets show the magnified images around the coercivities.

Figure 5: The dependence of the phase delay of the magne-
tization of the measured MNPs on the field frequency, for the
solid and liquid samples. The maximal applied field intensity
was 8 kA/m.

The phase delay of CMEADM-033 was larger than that of
CMEADM-023, whereas the core diameter of CMEADM-
033 was smaller than that of CMEADM-023. Considering
the diameters and distributions of single- and multi-core
particles, the total core diameter was larger for CMEADM-
033 compared with CMEADM-023. Therefore, the Néel
relaxation time was affected by the diameters and dis-
tributions of both the single- and multi-core particles.
The phase delays for CMEADM-033-02 and Resovist R©

were larger than that for CMEADM-033. This also in-
dicates that the total core diameters for CMEADM-033-
02 and Resovist R© were larger than that for CMEADM-
033. In particular, considering the larger core diameter
of CMEADM-033 than that of Resovist R©, this agrees with
the large magnetization of Resovist R© at low field intensi-
ties, compared with the magnetization of CMEADM-033
in Fig. 2 and Fig. 3. The phase delay for CMEADM-033-02
was similar to that for Resovist R©. This indicates that the
total core diameter for CMEADM-033-02 was similar to
that for Resovist R©.

For field frequencies above 5 kHz, the phase delays of
all the measured MNPs for the liquid samples were larger
than those for the solid samples, owing to the Brownian
relaxation. For the field frequency of 1 kHz, the differ-
ence in the phase delays between the solid and liquid
samples was marginal. When the cycle of the applied
field is longer than the Brownian relaxation time, the
phase delay for the liquid sample is similar to or smaller
than that for the solid sample [18, 28]. The values of the
Brownian relaxation times calculated from Eq. (2) and
the hydrodynamic diameters in Tab. 1 were 19µs, 190µs,
54µs, 89µs, and 140µs, for CMEADM-004, CMEADM-
023, CMEADM-033, CMEADM-033-02, and Resovist R©,
respectively. Previously, the effect of Brownian relaxation
was observed with respect to the measured MNPs of the
Brownian relaxation time of 48µs [18]. Thus, the increase
in the magnetization for the liquid samples compared
with that for the solid samples was owing to the rotation
of the easy axis, because in the liquid samples, Brownian
relaxation occurred in addition to the Néel relaxation [23].
In the case of the measured MNPs, the Néel relaxation
time was shorter than Brownian relaxation time. Thus,
the easy axis was rotated with the delay from the rotation
of the magnetization.

III.IV. Harmonics Measurements

Fig. 6 shows the intensities of the odd-numbered har-
monics, for the solid and liquid samples. Fig. 7 shows the
dependence of the intensity of the third harmonic nor-
malized by the intensity of the fundamental harmonic,
M3/M1, on the field frequency, for the solid and liquid
samples. This normalized quantity reveals that the linear-
ity of the magnetization process in the measured MNPs
independent of the saturation magnetization. With re-
spect to the solid samples, the intensities of both the
fundamental and higher-order harmonics were higher
for CMEADM-023 compared with CMEADM-004, be-
cause the core diameter of CMEADM-023 was larger
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than that of CMEADM-004. However, for CMEADM-
023 M3/M1 was similar to that for CMEADM-004. The
non-linear behavior of magnetization for CMEADM-023
was similar to that for CMEADM-004, despite the larger
core diameter of CMEADM-023. The high anisotropy
of the chain structure inhibited the steep increase in
the magnetization at low field intensities. The har-
monic intensities for CMEADM-033 were slightly higher
than those for CMEADM-023, whereas the fundamen-
tal intensity for CMEADM-033 was lower than that for
CMEADM-023. Moreover, for all harmonics down to the
ninth harmonic, the harmonic intensities for CMEADM-
033-02 were lower than those for CMEADM-033, even
though the harmonic intensities for CMEADM-033-02
were higher than those for CMEADM-033 for up to sev-
enth harmonic. In addition, M3/M1 for CMEADM-033
was higher than that for CMEADM-023 and CMEADM-
033-02. These results indicate that the non-linear be-
havior of magnetization for CMEADM-033 was higher
than that for CMEADM-023 and CMEADM-033-02. It
is indicated that the ratio of the multi-core particles in
CMEADM-023 was lower than that in CMEADM-033.
The ratio of the multi-core particles particularly affects
the magnetization at the low field intensity. When the
magnetization steeply increased, the process was quasi-
linear. Thus, the magnetization of multi-core particles in
CMEADM-033-02 exhibited quasi-linearity because the
applied field intensity was not sufficiently high to ensure
a sufficient reduction of the derivative of the magneti-
zation of multi-core particles with respect to the field
intensity. The derivative of the magnetization with re-
spect to the field intensity was measured for evaluating
the nonlinear behavior of the magnetization [8].

Figure 6: Harmonic intensities for odd-numbered harmonics,
for the measured MNPs, for the solid and liquid samples. The
maximal applied field intensity was 8 kA/m. The field frequency
was 10 kHz.

For the liquid samples, the harmonic intensities of
CMEADM-023, CMEADM-033, and CMEADM-033-02
were significantly higher than those for the solid sam-
ples (Fig. 6 and Fig. 7). The magnetization of the liquid

Figure 7: Intensity of the third harmonic, normalized by the
intensity of the fundamental harmonic vs. the field frequency,
for the measured MNPs, for the solid and liquid samples. The
maximal applied field intensity was 8 kA/m.

samples increased because the rotation of the easy axis
decreased the anisotropic energy. The chain structure
of these MNPs exhibited high anisotropy. Owing to the
rotation of the easy axis, the magnetization of these high-
anisotropy particles steeply increased at low field inten-
sities. This agrees with the magnetization response to
the applied field, shown in Fig. 3. In addition, for the liq-
uid samples, the M3/M1 of CMEADM-033-02 was higher
than that of CMEADM-033, whereas for the solid sam-
ples the M3/M1 of CMEADM-033-02 was lower than that
of CMEADM-033. This indicates that the large effective
core diameter of the multi-core particles assembled by
the magnetic separation also caused high anisotropy en-
ergy for CMEADM-033-02.

For Resovist R©, the harmonic intensities down to the
fifth harmonic were the highest across all measured
MNPs in the solid samples, despite the low saturation
magnetization associated with the small core diame-
ter (Fig. 6 and Tab. 1). The high harmonic intensity of
Resovist R© is also manifested by the high M3/M1, shown
in Fig. 7. The large effective core diameter of multi-core
particles in Resovist R© affected the non-linear response
of magnetization associated with high M3/M1 [10]. Both
the harmonic intensities and M3/M1 of Resovist R© for
the liquid sample were higher than those for the solid
sample (Fig. 6 and Fig. 7). The anisotropic energy de-
rived from the easy axis of core particles and dipole in-
teraction of multi-core particles inhibited the magneti-
zation, similar to what occurred for the chain structure.
However, for Resovist R©, the change between both the
harmonic intensities and M3/M1 for the solid sample,
and those for the liquid sample was smaller than the
corresponding changes for CMEADM-023, CMEADM-
033, and CMEADM-033-02, which is also shown in Fig. 8.
Tab. 2 shows that the chain structure was not detected
in Resovist R©, and it was consisted in CMEADM-023,
CMEADM-033, and CMEADM-033-02. Thus, rotation
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of the easy axis for the liquid samples induced a steep
increase in the magnetization at low field intensities. In
particular, the harmonic intensity significantly increased
owing to the chain structure of core particles in the liquid
samples.

Figure 8: Intensity of the third harmonic, for the measured
MNPs, for the solid and liquid samples. The intensity and the
frequency of the applied field were 8 kA/m and 10 kHz, respec-
tively. This graph shows the highlighted data in terms of the
third harmonic in Fig. 6.

Fig. 8 shows M3 for the measured MNPs for the solid
and liquid samples in Fig. 6. For CMEADM-033-02, M3

was ∼ 1.2 and ∼ 1.9 fold higher than those for Resovist R©

for the solid and liquid samples, respectively (Fig. 8).
When the easy axis was rotatable, the M3 value for
CMEADM-033-02 was significantly higher than that for
Resovist R©. In addition, the M3 values for CMEADM-033-
02 were 1.7 and 2.0 fold higher than those for CEMADM-
033, for the solid and liquid samples, respectively (Fig. 8).
This trend was the same as the relationship between
CMEADM-033-02 and Resovist R©. For CMEADM-033-
02, large particles with chain and multi-core structures
assembled using magnetic separation exhibited a high
anisotropic energy, owing to the dipole interactions in
the solid samples. In contrast, the inhibition by the
anisotropic energy was reduced and the magnetization
steeply increased in the liquid samples. It was deter-
mined that the MPI signal increases with increasing the
ratio of multi-core particles to single-core particles [17].
However, the particularly significant difference between
the solid and liquid samples in the case of CMEADM-033-
02 was attributed to large dipole interactions owing to
the chain structure. Therefore, the chain structure ampli-
fies the difference between the magnetization properties
in the liquid vs. the solid samples, with respect to har-
monics.

IV. Conclusion

We prepared and studied blood-pooling magnetic
nanoparticles of different core diameters for MPI. The

dynamics of magnetization at high field intensities (such
that the saturation magnetization) were determined by
the core diameter of single-core structures. On the other
hand, the characteristics of magnetization at low field
intensities (around the drive field intensity for MPI) were
influenced by the effective core diameter of multi-core
structures. Moreover, for the measured MNPs, TEM re-
vealed the presence of the chain structure, in addition to
the single- and multi- core structures. The chain struc-
ture exhibited strong anisotropy owing to dipole interac-
tions among uniaxially aligned particles. Thus, the chain
structure inhibits the harmonic intensity owing to the
fixation of magnetization to the easy axis when the easy
axis is not rotatable (e.g., for solid states such as tumors
and organs). However, in a liquid (such as blood), the
harmonic intensity is significantly higher because the
magnetization is enhanced owing to the rotation of the
easy axis formed by the chain structure.
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