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ABSTRACT

For in vivo applications of magnetic nanoparticles (MNPs), environment viscosity is one of the most important
parameters that determines their AC magnetization. In this study, we investigate the effect of viscosity on the AC
magnetization of MNPs under different AC excitation field conditions. We show that the AC M — H curve and
harmonic magnetization spectrum strongly depend on the viscosity for a small excitation field intensity and low
excitation frequency, while they are insensitive to the viscosity for a large excitation field intensity and high
excitation frequency. We then show that the difference in the AC magnetization between these cases can be
qualitatively explained by taking the field dependent Brownian fz(H,.) and Néel fx(H,.) frequencies into ac-
count. The frequencies are obtained from numerical simulations based on the Fokker-Planck equations. Finally,
we show that an excitation field with a relatively large intensity and a frequency f that satisfies

fe(Hao) <f < fn(Hayo) is suitable for the magnetic fluid hyperthermia (MFH) application.

1. Introduction

Magnetic nanoparticles (MNPs) have been widely studied because
of their potential use in biomedical applications such as magnetic fluid
hyperthermia (MFH) and magnetic particle imaging (MPI) [1-3]. These
applications make use of the dynamic magnetization of MNPs under an
AC excitation field. It has been shown that the dynamic magnetization
is affected by MNP parameters such as the magnetic moment m, ani-
sotropy energy E, particle size distribution, and the frequency and in-
tensity of the AC excitation field [4-7]. Studies have been performed to
characterize the dynamic magnetization of both suspended and im-
mobilized MNPs [4-7].

For in vivo applications of MNPs, the viscous environment is a cri-
tical factor that determines the AC magnetization. Therefore, the effect
of the viscosity on the AC magnetization has been studied for biome-
dical applications such as MFH and MPI [8-13]. Ota et al. measured the
AC magnetizations (hysteresis loops) of MNP suspensions with different
viscosities to understand the effect of Brownian rotation, which is re-
lated to the viscosity [8]. They concluded that the Brownian rotation
affected the intrinsic loss power (ILP), even though Néel relaxation was
faster than Brownian relaxation. Shasha et al. investigated the effect of
both nanoparticle size and viscosity on third harmonic magnetization,
which is used in MPI as a detection signal [9].

In this study, we investigated the effect of viscosity on the AC

* Corresponding author.
E-mail address: t_yoshi@ees.kyushu-u.ac.jp (T. Yoshida).

https://doi.org/10.1016/j.jmmm.2018.09.127

magnetization of MNPs. To this end, we prepared three MNP samples
with different viscosities. We measured the AC magnetization and
harmonic magnetization spectra from each sample under different AC
excitation field conditions. To understand the differences in the AC
magnetization among the three samples, we performed a numerical
simulation based on the Fokker-Planck equation. From these results, we
discussed how the viscosity and the excitation field condition affected
the magnetization mechanism. Furthermore, we determined the ap-
propriate excitation field condition for MFH.

2. Materials and methods
2.1. Core and hydrodynamic sizes of MNPs

Commercial Resovist® MNPs (FUJIFILM RI Pharma, Japan) is a
hydrophilic colloidal solution of Fe30,/y-Fe>O3; nanoparticles coated
with carboxydextran, with primary core diameters of 5-10nm.
Resovist® consists of elementary particles with a small magnetic mo-
ment and multi-core particles with a large magnetic moment [14,15].
Since an MNP sample with a large magnetic moment and narrow size
distribution is suitable for biomedical applications such as MFH and
MPI, a magnetically fractionated Resovist® sample was prepared. The
magnetic fractionation method is described elsewhere [16,17].

The core size distribution of the fractionated Resovist® sample,
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Fig. 1. Effective core size distribution of the MNP sample. The distribution was
estimated from the static M — H curve.

which was estimated from the static M — H curve [18-20], is shown in
Fig. 1(a). The typical core size of the fractionated Resovist® sample was
27.5 nm. We also found that the fraction of MNPs with a small core size
was small, indicating that the fractionated Resovist® sample mainly
consisted of MNPs with a large core size (i.e., a large magnetic mo-
ment). Note that the portion of MNPs with a large core size in the
original Resovist® sample was only about 30% in terms of the volume-
weighted number distribution [4]. The z-averaged hydrodynamic dia-
meter and polydispersity index (PDI) of the sample, which were mea-
sured with a dynamic light scattering setup (Zetasizer Nano ZS, Malvern
Instruments), were 60.5 nm and 0.18, respectively.

2.2. Sample preparation

To investigate the effect of the viscosity of the MNP sample solution
on the AC magnetization properties, we prepared three samples (S1-S3)
with different viscosities by diluting the water-based fractionated
Resovist® suspension with different volumes of glycerol, as shown in
Table 1. The iron concentration and volume of each sample was ad-
justed to be 1 ug-Fe/uL and 150 pl, respectively. The calculated visc-
osity values [21] of the three samples at a room temperature T = 297 K
were 11 = 0.957 mPaes, 9.43 mPass, and 411 mPa.s for sample S1, S2,
and S3, respectively, as listed in Table 1.

2.3. AC magnetization measurements

An AC excitation field with frequency f, expressed as
H (t) = H,.cos(27ft), was applied using a solenoid coil to measure the
dynamic magnetization of the three samples. The magnetic signal from
the MNPs was detected using an inductive pickup coil. The derivative of
M(t), i.e., dM (t)/dt was proportional to the voltage across the pickup
coil, while the dynamic magnetization M (¢) of the sample was obtained
by integrating the voltage across the pickup coil. In doing so, the con-
version coefficient was calculated using the reciprocity principle [22].
Harmonic magnetization signals were calculated from the Fourier
transform of M (t). Details of the measurement system were previously
published [23].

Table 1
Three samples with different volumes of water-based MNP suspension and
glycerol. The viscosity of each sample was calculated from Ref. [21].

Volume of water-based MNPs
(0]

Volume of glycerol

(D)

Viscosity (mPa-s)

S1 150 0 0.957
s2 70 80 9.43
S3 10 140 411
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2.4. Numerical simulations

To derive the field dependent Brownian and Néel relaxation times,
we performed numerical simulations based on the Fokker-Planck
equations. In this study, we derived the field dependent relaxation
times for typical core and hydrodynamic sizes of MNP.

For the Brownian magnetization mechanism, the dynamic magne-
tization behavior is given by the following equation [24]

%))
)| (€))

Here, 0 is the angle of the magnetic moment m of the MNP with
respect to the applied field H(t), W (6, t) is the probability density of the
orientation of the magnetic moment, £(t) = u,mH (t)/kzT is the ex-
ternal field energy normalized by the thermal energy, and kg is the
Boltzmann constant. 1z = 7dy/2kg T is the Brownian relaxation time
with zero field, where 7 is the viscosity and dy; is the hydrodynamic size
of the MNP. As shown in Eq. (1), Fokker-Planck equation represents the
dynamic behavior of probability density.

For the Néel magnetization mechanism, we assumed uniaxial ani-
sotropy with the easy axis direction parallel to the external field for
simplicity, though the angle of the easy axis of the MNP with respect to
the external field should be taken into account in general to simulate
the Néel magnetization [25]. In this case, the dynamic magnetization
behavior is given by the following equation [24]

o

Here, vy = /o = 10™° is the characteristic Néel relaxation time,
o = nKd}/6kg T is the anisotropy energy barrier normalized by kT, K is
the anisotropy constant, and d_ is the core size of the MNP.

By solving the Fokker-Planck equations for both the Brownian and
Néel mechanisms given in Egs. (1) and (2), respectively, the funda-
mental components of the real and imaginary parts of the magnetiza-
tion can be numerically calculated. For the calculations of Egs. (1) and
(2), we used the matrix continued fraction technique [26]. In the nu-
merical calculations, we assumed that all MNPs had the same core size
and hydrodynamic size for simplicity. We set the core and hydro-
dynamic sizes to d. = 27.5nm and dy = 60.5 nm, respectively. In this
case, the magnetic moment of the MNP was -calculated as

3
= Msmde _ 354 % 1078Am? for M, = 325.5kA/m, which was ob-
tained from the static M — H curve.
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3. Results
3.1. ACM — H curve

Fig. 2 shows the measured AC M — H curves of samples S1-S3 for
each AC excitation field condition. As shown in Fig. 2(a), the ACM — H
curves were different when the excitation field was yoH,. = 3.5mT and
f = 3kHz. This result indicates that in this case the AC M — H curves
strongly depended on the viscosity. Since the viscosity affects the
Brownian mechanism, the results shown in Fig. 2(a) mean that the
Brownian mechanism affects the AC magnetization under this AC field
condition.

When the excitation frequency was increased to f=20kHz at
UoH,. = 3.5mT, the maximal magnetization of S1 became smaller
compared with the case of f = 3 kHz, as shown in Fig. 2(b). Under these
conditions, the differences in the AC M — H curves among the three
samples became smaller compared with the case of f = 3 kHz.

Under a large excitation field of poH,. = 20mT, the AC M — H
curves were almost the same for all three samples, as shown in Fig. 2(c)
(f = 3kHz) and 2(d) (f = 20 kHz). These results indicate that the AC
M — H curves were insensitive to the viscosity. Namely, the effect of the
Brownian mechanism on the AC M — H curves reduced when the
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Fig. 2. M — H curves of three samples under different AC excitation fields. (a) poH,. = 3.5mT and f = 3kHz, (b) poH,. = 3.5mT and f = 20 kHz, (c) goHae = 20 mT

and f = 3kHz, and (d) goHa. = 20 mT and f = 20 kHz.

amplitude of the excitation field increased.

Fig. 3 shows the dependence of the hysteresis loop area A on the
viscosity for each AC excitation field condition. The vertical axis re-
presents the hysteresis loop area normalized by the area of S1. As
shown by the open rectangles, the area was strongly affected by the
viscosity when poH,. = 3.5mT and f = 3kHz. The areas of S2 and S3
were 55% and 43%, respectively, of the area of S1. However, the area
was almost insensitive to the viscosity for the excitation field
UoH,. = 20mT and f = 20kHz, as shown by the closed rectangles in
Fig. 3. The areas of S2 and S3 were 97% and 98%, respectively, of the
area of S1.

3.2. dM/dt - H curve

Fig. 4 shows the dM/dt — H curves of samples S1-S3 for each AC
excitation field condition. By convention, only half of the full period,
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Fig. 3. Dependence of hysteresis loop area on the viscosity for different ex-
citation field conditions. The vertical axis represents the hysteresis loop area
normalized by the area of S1.

i.e., forward scan with respect to H, is shown. Note that, the height and
width of the dM/dt — H correspond to the sensitivity and spatial re-
solution, respectively, in x-space MPI. The heights of dM/dt — H curves
for uoH,. = 3.5mT were small compared to those for ppH,. = 20 mT.
This means that the magnetization does not saturate under the AC ex-
citation field amplitude of 3.5mT. From Fig. 4(c) and (d), it is also
found that the width of the dM/dt — H curve for 20 kHz became slightly
broader compare to that for 3kHz. This will be caused by the finite
relaxation time of MNP.

As in the case of AC M — H curves, dM/dt — H curves were affected
by the viscosity as shown in Fig. 4(a). On the other hand, when the
amplitude and frequency are large, dM/dt — H curve is almost in-
sensitive to the viscosity.

3.3. Harmonic magnetization

Fig. 5 shows the harmonic magnetization spectra for excitation field
conditions of (uoH,, ) = (3.5mT, 3kHz) and (20 mT, 20 kHz). Note
that, the harmonic magnetizations are used to reconstruct an MPI image
in frequency-space MPI. The harmonic magnetization spectra of the
three samples were different for the case of poH,. = 3.5mT and
f = 3kHz, indicating that the viscosity affected the harmonic spectra.
However, the differences in the harmonic magnetization spectra be-
tween the three samples were negligible for the case of yoH,. = 20 mT
and f = 20 kHz.

Fig. 6 shows the dependence of the third harmonic magnetization
M3 on the viscosity for each AC excitation field condition. Note that the
vertical axis represents the third harmonic magnetization normalized
by the value for S1. As shown by the open rectangles, the value of M5
was strongly affected by the viscosity for the case of pgH,. = 3.5mT
and f = 3kHz. The values of M3 for S2 and S3 increased to 124% and
125%, respectively, of the value of S1. However, the value of M3 was
insensitive to the viscosity for the case of poH,. =20mT and
f=20kHz. The values of M5 for S2 and S3 were 104% and 105%,
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Fig. 4. dM/dt — H curves of three samples under different AC excitation fields. (a) poHa. = 3.5mT and f = 3kHz, (b) poH,. = 3.5mT and f= 20kHz, (c)

UoHae = 20 mT and f = 3kHz, and (d) pgoH,e = 20mT and f = 20 kHz.
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Fig. 5. Harmonic magnetization spectra. Open and filled symbols represent the
harmonic magnetization spectra for excitation fields of (uoH,c, /) = (3.5mT,
3kHz) and (20 mT, 20 kHz), respectively.

respectively, of the value for S1.

3.4. Field dependent relaxation times

Fig. 7(a) shows the fundamental components of the real M, and
imaginary M, parts of the magnetization via the Brownian magnetiza-
tion mechanism when the MNP sample is suspended in pure water, i.e.,
n = 0.957mPass. M, was maximum at a frequency f»- Here, we define
the field dependent Brownian relaxation time as r5(Hac) = 1/27nf, and
the field dependent Brownian frequency as fg(Hac) = fp. As shown in
Fig. 7(a), fe(Hac) shifted to the high frequency side when H,. became
large.

The field dependent Brownian frequency of S1 was
fe(Hae) = 2.6kHz and 8.3kHz for poH, . =3.5mT and 20mT,
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Fig. 6. Dependence of the third harmonic magnetization on the viscosity for
different excitation field conditions. The vertical axis represents the third har-
monic magnetization normalized by the value for S1.

respectively. Since the field dependent relaxation time is simply pro-
portional to the viscosity of the suspension, f values for S2 and S3 were
calculated using the viscosities listed in Table 1. We obtained
f8(3.5mT/up) = 0.26 kHz and f3(20 mT/up) = 0.84kHz for S2 and
f8(3.5mT/pp) = 0.0061 kHz and fz(20 mT/py) = 0.019 kHz for S3.

Fig. 7(b) shows the fundamental components of the real Mi and
imaginary M, parts of the magnetization via the Néel magnetization
mechanism. In the calculation, we set K = 6 kJ/m®, which is typical of
Resovist® particles [20,27,28]. As in the case of the Brownian magne-
tization mechanism, M, was maximum at a certain frequency. In the
same manner as the Brownian magnetization mechanism, we defined
the field dependent Néel frequency fn(Ha.c). The field dependent Néel
frequency of all samples was calculated as fy(H) = 0.29kHz and
650 kHz for yoH,. = 3.5mT and 20 mT, respectively. The fy(H) values
were the same for all three samples.

By changing the amplitude of the excitation field H,., dependencies
of Brownian fp(H,.) and Néel fy(H,.) frequencies on H,. can be
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Fig. 8. Calculated field dependent Brownian fz(H,.) and Néel fy(Hao) fre-
quencies. Results of f are shown for all three samples.

calculated as shown in Fig. 8.

4. Discussion

The parameters characterizing the AC magnetization properties of
the three samples are summarized in Table 2. The obtained parameters
were different among the three samples when poH,. = 3.5mT and
f = 3kHz. In this case, therefore, the parameters were affected by the
viscosity. However, parameter differences among the three samples
were small when the amplitude and frequency of the excitation field
became large. In this case, therefore, the parameters were insensitive to

Table 2

the viscosity. We note that insensitiveness of the hysteresis loop area to
the viscosity will be useful for the MFH application because the hys-
teresis loss (or specific absorption rate (SAR) value) is not affected by
the environment viscosity. Similarly, insensitiveness of the dM/dt — H
curve and harmonic spectra to the viscosity is useful for the MPI ap-
plication because the MPI signal is not affected by the environment
viscosity if the MNP environment such as aggregation can be ignored.

To understand the dynamic magnetization mechanism for different
viscosities and field conditions, we discuss the field dependent
Brownian and Néel frequencies shown in Fig. 8.

First, we considered the case of yyH,. = 3.5mT. It was found that
fs(S1)> fy, which indicates that the Brownian magnetization domi-
nated for S1. For S2, f3(S2) and fyy were comparable, indicating that
both the Brownian and Néel magnetizations were responsible for S2.
For S3, fp(S3) < fn, therefore the Néel magnetization mechanism
dominated for S3. Therefore, the AC M — H curve and harmonic mag-
netization strongly depend on the viscosity for the excitation field
UuoH,. = 3.5mT and f = 3kHz, as shown in Figs. 2(a) and 4.

We note that f > fz and f > fy when the excitation field
UoH,. = 3.5mT and f = 20 kHz. In this case, the magnetic moment of
the MNP can barely respond to the excitation field. As a result, the AC
M — H curve of S1 sample becomes much smaller than the case of
f = 3kHz, as shown in Fig. 2(b).

Next, we considered the case of yoH,. = 20 mT. As shown in Fig. 7,
fn>fp for all three samples. This result indicates that the Néel mag-
netization dominated for all samples. As a result, the AC M — H curve
and harmonic magnetization do not depend on the viscosity for the
excitation field yoH,. = 20 mT, as shown in Figs. 2(c), (d), 4 and 5.

Finally, we discuss the appropriate excitation field condition for
MFH. We note that the SAR value in MFH is related to M1” as

Summary of ac magnetization properties. The values of area of hysteresis loop A, coercive field H., remanence M,, and the intensity of the third harmonic mag-
netization M3 under different excitation conditions (a) poH,. = 3.5mT and (b) uoHae = 20 mT are shown.

(a) A (J/kg-Fe) toH, (mT) M, (Am?/kg-Fe) M; (Am?/kg-Fe)
HoH,e = 3.5 mT
3 kHz 20 kHz 3 kHz 20 kHz 3 kHz 20 kHz 3 kHz 20 kHz

S1 0.274 0.156 1.84 1.77 27.2 15.9 2.24 1.55
S2 0.152 0.115 1.33 1.49 16.6 12.0 2.78 1.54
S3 0.117 0.114 1.13 1.48 13.4 12.1 2.79 1.56
(b) A (J/kg-Fe) UoH,. (mT) M, (Am?/kg-Fe) M; (Am?/kg-Fe)
HoHye = 20mT

3 kHz 20 kHz 3 kHz 20 kHz 3 kHz 20 kHz 3 kHz 20 kHz
S1 1.28 2.06 4.32 6.78 49.1 59.7 20.9 19.0
S2 1.40 2.00 4.50 6.69 53.0 60.0 21.2 19.8
S3 1.38 2.01 451 6.66 53.4 60.2 21.6 19.9
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SAR = Ae«f = muyHg, /M, . We also note that to realize a stable SAR value
without being affected by the viscosity, magnetization via the Néel
mechanism is suitable. Therefore, we discuss M, shown in Fig. 6(b),
which was caused by the Néel mechanism. M, gradually increased with
increasing f in the range f < f;,, reached a peak value at f = f,, and then
sharply decreased with increasing f in the range f > f;, for the case of
tioHae = 20 mT. This frequency dependence of M, means that a rela-
tively large SAR value can be expected even if the excitation frequency f
is somewhat lower than f;,. For example, M, at f = 20 kHz is 67% of the
maximum value of M, at f» = 650kHz, even though f is lower than 1/
30 of f,.. This indicates that SAR value is approximately proportional to f
in the range f < fp = j;I (H,.). Therefore, an excitation field with a re-
latively  large  amplitude and frequency that  satisfies
fy (Hoo) < f < fiy (Hye) is suitable for MFH.

Note that large hysteresis cannot be obtained for the case
f<<fy(Hy) < fy(Hy). This is because the magnetization occurs
without a phase lag due to the particle rotation via the Brownian me-
chanism. However, for f; (H,.) < f, a large SAR value can be expected
since the easy axes of the MNPs are aligned in the direction of the AC
excitation field [12,29].

We also note that the values of H,. and f should be increased larger
than 20 mT and 20 kHz on condition of f; (Hy.) < f < fy (H,e) for MFH
application. In this case, SAR increases in proportional to Hgf.

5. Conclusions

In this study, we investigated the effects of the surrounding viscosity
and the excitation field condition on the AC magnetization of MNPs. By
measuring the AC magnetization and harmonic magnetization spectra
from three samples with different viscosities under different excitation
field conditions, we showed that the AC M — H curve and harmonic
magnetization spectrum strongly depend on the viscosity for a small
excitation field amplitude and low excitation frequency, while they are
insensitive to the viscosity for a large excitation field amplitude and
high excitation frequency. The differing behaviors can be qualitatively
explained when we take the field dependent Brownian and Néel fre-
quencies into account. We note that insensitiveness of the AC magne-
tization to the viscosity will be useful for MFH and MPI applications
because their performances are not affected by the environment visc-
osity. Finally, we determined the appropriate excitation field condition
for MFH from the frequency dependence of the imaginary part of the
magnetization via the Néel mechanism.
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