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ARTICLE INFO ABSTRACT

In some biomedical applications of magnetic nanoparticles (MNPs), the particles are physically immobilized. In
this study, we explore the effect of the alignment of the magnetic easy axes on the dynamic magnetization of
immobilized MNPs under an AC excitation field. We prepared three immobilized MNP samples: (1) a sample in
which easy axes are randomly oriented, (2) a parallel-aligned sample in which easy axes are parallel to the AC
field, and (3) an orthogonally aligned sample in which easy axes are perpendicular to the AC field. First, we show
that the parallel-aligned sample has the largest hysteresis in the magnetization curve and the largest harmonic
magnetization spectra, followed by the randomly oriented and orthogonally aligned samples. For example, 1.6-
fold increase was observed in the area of the hysteresis loop of the parallel-aligned sample compared to that of
the randomly oriented sample. To quantitatively discuss the experimental results, we perform a numerical
simulation based on a Fokker-Planck equation, in which probability distributions for the directions of the easy
axes are taken into account in simulating the prepared MNP samples. We obtained quantitative agreement
between experiment and simulation. These results indicate that the dynamic magnetization of immobilized
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MNPs is significantly affected by the alignment of the easy axes.

1. Introduction

Magnetic nanoparticles (MNPs) have been widely studied due to
their potential use in biomedical applications such as hyperthermia and
magnetic particle imaging (MPI) [1-3]. These applications make use of
dynamic magnetization of MNPs under an AC excitation field. It has
been shown that the dynamic magnetization is affected by MNP
parameters such as magnetic moment m, anisotropy energy E, and
particle distribution [4—7], as well as the frequency and intensity of the
AC excitation field. Extensive studies have been performed to char-
acterize the dynamic magnetization of both suspended and immobi-
lized MNPs [4-7].

One of the key MNP parameters affecting the dynamic magnetiza-
tion is the orientation of the magnetic easy axes with respect to the AC
field. Recently, Mamiya et al. performed a numerical simulation to
characterize the dynamic magnetization of suspended MNPs [8], a case
where the Néel relaxation time is much faster than the Brownian
relaxation time. Usually, the effect of the Brownian relaxation is
neglected in this case; however, in this simulation, both the
Brownian and Néel relaxation processes were taken into account. It

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

http://dx.doi.org/10.1016/j.jmmm.2016.10.040

was shown that the alignment of the MNP easy axes along the direction
of the AC field occurs via a Brownian rotational mechanism, and the
dynamic magnetization is affected by the orientation of the easy axes.
In Ref. [9], Shah et al. compared the AC M—H curve of the suspension
sample with that of a frozen sample in which easy axes are randomly
oriented. They also found that the alignment of the easy axes in the
suspension sample is likely due to the Brownian rotation. A numerical
study was also performed to investigate the degree to which the easy
axes are aligned depending on the intensity of the AC field [10].
When MNPs are internalized in cells, they are physically immobi-
lized, and their dynamic magnetization is dominated only by the Néel
rotational mechanism, as reported in refs. [11,12]. We wish to
investigate the effect of the direction of the easy axis on the dynamic
magnetization. To study this experimentally, it is necessary to obtain
immobilized MNPs with aligned easy axes. One method of doing so is
to apply a DC field during the immobilization process [9,13]. For
example, in Ref. [13], a DC magnetic field was applied during the
binding reaction between MNPs and targets in order to align the easy
axis of bound (immobilized) MNPs in magnetic immunoassays. It was
shown that aligning the easy axes improves the detection sensitivity.

Received 23 June 2016; Received in revised form 21 September 2016; Accepted 8 October 2016

Available online 10 October 2016
0304-8853/ © 2016 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/03048853
http://www.elsevier.com/locate/jmmm
http://dx.doi.org/10.1016/j.jmmm.2016.10.040
http://dx.doi.org/10.1016/j.jmmm.2016.10.040
http://dx.doi.org/10.1016/j.jmmm.2016.10.040
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmmm.2016.10.040&domain=pdf

T. Yoshida et al.

This method is applied in the present work.

In this study, we investigate the effect of easy axis alignment on the
dynamic magnetization of immobilized MNPs. To this end, we prepare
three immobilized MNP samples with different axis alignments by
applying a DC field during the immobilization process. We measure the
AC magnetization and harmonic magnetization spectra from each
sample. We then perform a numerical simulation by taking into
account the degree of alignment of the easy axes. By comparing the
experimental results with the simulation, we quantitatively character-
ize the effect of easy axis alignment on dynamic magnetization of
immobilized MNPs.

2. Experiment
2.1. Materials and methods

Commercial Resovist® MNPs (FUJIFILM RI Pharma) were used as
samples in the experiment. Resovist® is a hydrophilic colloidal solution
of Fe304/y-Fe,O3 nanoparticles coated with carboxydextran, with
primary core diameters between 5 and 10 nm. It consists of clusters
of elementary particles. The iron concentration of the original
Resovist® magnetic fluid is 27.875 mg (Fe)/mL.

First, 3.6 uL of the Resovist® magnetic fluid was diluted in 146.7 uL.
of liquid epoxy resin. Then, the sample was left for 12 h to immobilize
via solidification. During this immobilization process, a DC magnetic
field, Hpc, was applied. While the sample is in a liquid state, the MNPs
rotate such that their easy axes align with the direction of the DC field.
Axis orientation is maintained as the sample solidifies.

We prepared three samples having different axis orientations. The
first was immobilized in the absence of Hpc to create a randomly
oriented sample. Parallel- and orthogonally aligned samples were
fabricated by applying a field of u,H,-.=16 mT. This field strength is
sufficient for the case of Resovist® MNPs, as will be shown in Section
3.2.

We use these three samples to investigate the effect of easy axis
orientation on the dynamic magnetization of immobilized MNPs. The
relative directions between an AC excitation field and the easy axes of
each sample are shown schematically in Fig. 1.

An AC excitation field with frequency f, expressed as
H (t)=Hac cos(2xft), was applied using a solenoid to measure the
dynamic magnetizations for the three samples. The magnetic signal
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from the MNPs was detected using an inductive pickup coil. The
dynamic magnetization M (¢) of the sample was obtained by integrating
the voltage Vi, (r) across the pickup coil. In doing so, the conversion
coefficient was calculated using the reciprocity principle [14].
Harmonic magnetization signals were calculated from the Fourier
transform of M (¢). Details of the measurement system are published
elsewhere [15].

2.2. Experimental results

In Fig. 2(a), experimental results are shown for the dynamic
magnetization for an AC excitation field with u Hyc=20 mT and
f=20kHz. The M — H curves differ between the three samples.
Table 1 summarizes three values that characterize the dynamic
magnetization: coercive force H,, remanence M;, and hysteresis loop
area A.

As shown in Fig. 2(a) and Table 1, the parallel-aligned sample has
the largest values for H,, M,, and A, followed by the randomly oriented
and orthogonally aligned samples. The area of the hysteresis loop for
the parallel-aligned sample increases 1.6-fold compared to that of the
randomly oriented sample. In contrast, the area for the orthogonally
aligned sample decreases 1.5-fold compared to that of the randomly
oriented sample.

For reference, the representative values for an MNP sample
suspended in water are also shown in Table 1. The dynamic magnetiza-
tion of the parallel-aligned immobilized sample exhibits properties that
are roughly similar to those in the suspension case.

In Fig. 2(b), the experimental results for the strength of the
harmonic magnetization, (M), are shown. As expected from the
M — H curves, the parallel-aligned sample exhibits the richest harmo-
nics spectrum, followed by the randomly oriented and orthogonally
aligned samples. These experimental results indicate that the dynamic
magnetization of an immobilized sample is significantly affected by the
alignment of the easy axes.

We note that the increased area of the hysteresis loop for the
parallel-aligned sample is preferable for improving the heating effi-
ciency in magnetic hyperthermia. We also note that the difference in
the strengths of the harmonic spectra between parallel-aligned and
orthogonally aligned samples indicates that the MPI sensitivity varies
with the scanning direction of the field free point (FFP) when aligned
immobilized MNPs are used [3,16].

AC excitation field H(t) is applied after the immobilization process.
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Fig. 1. Schematics of the easy axis directions in the three samples. A randomly oriented sample (a) was immobilized in the absence of a DC magnetic field Hpc. Parallel-aligned (b) and
orthogonally aligned (c) samples were fabricated under a 16 mT DC magnetic field during the immobilization process. After the immobilization, an AC excitation field H (r) was applied

parallel (b) or perpendicular (c) to the easy axes.
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Fig. 2. Dynamic magnetization of randomly oriented, parallel-aligned, and orthogonally
aligned samples, when an AC excitation field with amplitude uoHac=20 mT and
frequency f=20 kHz was applied. (a) M — H curves. (b) Strength of harmonic magne-
tization spectra.

Table 1
Experimental results for parameters characterizing the dynamic magnetization.

Randomly Parallel- Orthogonally Suspension
oriented aligned aligned
Hysteresis area 0.176 0.285 0.114 0.390
Al(MsHpc)
Remanence M,/M;  0.094 0.188 0.058 0.245
Coercive force 0.138 0.180 0.058 0.191
H/Hac
Third harmonic 4.78 8.6 3.10 10.1

M3/(Am?/kg Fe)

3. Numerical simulation
3.1. Methods

In order to quantitatively discuss the experimental results, we
performed a numerical simulation in which the behavior of MNPs via
the Néel mechanism was described by the Fokker—Planck equation
[17]:

0W 1
Nor

J . 1 (6E 1 10E )4 1 o
—qsinf| — | ——-————— |Wt+— | p+——
“sin6 00 kpT\ 060 sinf a d¢p a0 sinf d¢

L la_E_l_ ‘1 a_E W+

kgT sin@ d¢ 6]

a 00
Here 7y is the Néel relaxation time, and 6 and ¢ are polar and

L W
sin6 o
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azimuthal angles, respectively. W (6, ¢, t) is the probability density of
the orientation of the magnetic moment m, @ is a dimensionless
damping factor, and kg7 is the thermal energy. The characteristic
Néel relaxation time 7yg is set to mwo=w/6=10"" s. Here, ¢ = KV./kgT,
where K is the anisotropy constant and V, is the core volume of the
MNP. In this numerical simulation, @ was assumed to be sufficiently
large to neglect the contribution from the precession term in Eq. (1),
i.e., numerical calculations were performed for the high damping limit
[18].
To solve the Fokker—Planck equation, we expand W in terms of
spherical harmonics
o m=n

W@O. ¢. =Y D anu)P" (cosO)e™

n=0 m=—n

2

where P are the associated Legendre functions and a,, () are the
time-dependent complex coefficients of each spherical harmonic. When
the easy axis of the MNP is defined to be in the z direction and an AC
excitation field H (1)=Hac cos(2zft) is applied in the xz-plane with an
angle f relative to the z-axis, as shown in Fig. 3(a), the potential energy
of the MNP is given by

(3)

The first term of Eq. (3) represent the potential energy due to an
external field H, while the second term represents the magnetic
anisotropy energy. It must be noted that the relaxation time of
immobilized MNPs is determined by the value of E [17]. Since the
value of E becomes smaller for larger H values, the relaxation time
becomes faster with the increase in H. This phenomenon corresponds
to the so-called field-dependent Néel relaxation time. We note that the
present simulation properly includes this phenomenon.

By using recurrence relations and the orthogonal properties of the
associated Legendre functions, we obtain the following equation for

E=—pomH (sin 8 sin 0 cos ¢+cos  cos 0)+KV, sin’> @

“n,m:
n+2 m+1
TNOdn,rn (t)= Z Z CPJIaPﬁq (t)
p=n-2 g=m-1 (4)

where ¢, , are the coefficients. We then define f" () as follows:

m (Vl—| m |)' Im\ —

t)= P, mpW sin Odpdo

0= (n+|m|)'fgof sin 0y )

Using the orthogonal property of the associated Legendre poly-
nomials, we obtain the following relation between f" () and g, (1):

n+1

f (@)

An,m (l)—

(6)

The substitution of Eq. (6) into Eq. (4) yields an infinite set of
differential-difference equations for f" (1):

n+2 m+1
wo@ntDfr= Y Y Cp+c, [l
p=n-2 g=m—1 (7)

As our goal is to calculate the magnetization in the stationary state,
we expand f" () as a Fourier series:

n, Re (t)_ Z

Frm ((1)) ezkwr

k=—o00 (8)
=Y B (@)et

" k=—c0 (9)

Here f,";, and f"| = are the real and imaginary parts of /", respectively.

By substituting Egs. (8) and (9) into Eq. (7), we obtain the recurrence
relations for the complex coefficients F{'z' and F}'y". Using the matrix
continued fraction technique [19], we can calculate £} and F 3.

The kth harmonic of the complex magnetization in the z direction,

. 2 .
My, is calculated as My /M=2F, from ffRe = /o i fo " W cos Osinfdeao,
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Fig. 3. (a) Coordinates for the probability density for the orientation of the magnetic moment, W (9, ¢). (b) Coordinates for the distribution function for the directions of the easy axis,

Wea (B, ¢).

which is found using Eq. (5). Here, M; is the saturation magnetization.
The kth harmonic of the complex magnetization in the x direction,
Mg, is calculated as My w/m=4r)} from fl o =% /0” /02”Wsinf}cosr/) sin 0depdo .
From M; , and M ., we can calculate the kth harmonic of the complex
magnetization in the direction of the AC excitation field as
M/},k:M[sz Cos /}+M/i.)(k Sin/}.

3.2. Distribution function for the directions of the easy axes

We obtain the expression for the distribution function for the
directions of the easy axes, Wga (B, @), as shown below.

When the easy axes of the MNPs are randomly oriented, as
illustrated in Fig. 1(a), the distribution function Wga (B, ¢) is given by

Wea (B, ¢)=1/2x (10

Here, ¢’ is azimuthal angle in the x'y’z’-coordinate system as shown in
Fig. 3(b). The DC field Hpc is applied during the immobilization
process, as described in Section 2.1. When the sample is in the liquid
state, the MNPs rotate such that their easy axes align along the DC
field. The degree to which the easy axes are aligned depends on the
value of &=u,mHy /kgT, i.e., the strength of Hpc and the magnetic
moment m of the particle. In this case, the distribution function can be
given by a Maxwell-Boltzmann distribution [17].

Therefore, for a parallel-aligned sample, the distribution function is
given by

exp(¢ cos f)+exp(—¢& cos f)
ff [exp(& cos f)+exp (=& cos B)]sin pdpdg’ 68))

Here $ is integrated from 0 to 0. 5=, and ¢’ from O to 2x. Note that the
second term on the right is added in Eq. (11) as we define the $ region
from O to 0. 5x.

For an orthogonally aligned sample, the distribution function is
given by

Wea (B, ¢')=

exp (& sinf sing’)
exp (& sin f sin ¢")sin pdpde’

Wea (B, ¢))=
I/ (12)
To understand the degree to which the easy axes are aligned, we
introduce a parameter ( cos ), which represents the average angle of
the easy axes relative to the 7' axis, i.e., the direction of the AC
excitation field, as shown in Fig. 3(b).

(cosp)=3 . Wea (B, @')cos sin i APAG (13)

We note that { cos #) becomes 0.5 when the easy axes are randomly
oriented. When ( cos #)=1, the easy axes are completely parallel to the z’
axis. When ( cos #)=0, the easy axes are completely perpendicular to the

1 I T T 1 | T I Ll I T T T T T
Parallel
0.8 | .
é 0.6 Random
8
vV 04} s
02 Orthogonal
0 L T | TR R B | I R T 1
0 510" 110" 15107
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Fig. 4. Dependence of the average angle of the easy axes relative to the direction of the
AC excitation field, ( cos #), on the magnetic moment m, when poHpc=16 mT was applied
to parallel-aligned and orthogonally aligned samples during the immobilization process.
Curves are calculated using Egs. (10)-(12).

7’ axis.

Fig. 4 shows the calculated results for the dependence of { cos ) on
the value of the magnetic moment m when a static magnetic field of
HoHp=16 mT is applied parallel or perpendicular to the 7’ axis during
the immobilization process. Here, the values of m were chosen to match
those of the Resovist® sample, as shown in Fig. 5.

As can be seen, ( cos f) approaches 1 or O for large values of m. This
result indicates that, for MNPs with m > 2 x 10~!8 Am?, the DC field of
HoHp=16 mT is sufficient to fabricate almost completely parallel-
aligned and orthogonally aligned Resovist® samples.

Using Wga (B, ¢'), the kth harmonic of the complex magnetization of
MNPs with magnetic moment m, designated by M, (m), was calculated
as follows:

M N
M(m)= 37 > Wea (B, DM, (B)sin B APAGY

j=1i=1

(14)

where =z (i—0. 5)/2N and ¢'j=2xz (j—0. 5)/M.
In the numerical simulation, we set N =90, M =360, and
AB = Adp'=n/180.

3.3. Distribution of the magnetic moment
To simulate the dynamic magnetization, information on the dis-

tribution of the magnetic moment m in the sample is also needed. In
Fig. 5, the distribution of the magnetic moment, which was estimated
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from the static M—H curve of a suspended sample, is shown [20,21].
Using the distribution of m, the kth harmonic of the complex
magnetization of MNPs, (M, ), was calculated as

(My)= Z

Here n; is the number of particles with magnetic moments within
Am; of the value m; found in one mass unit of MNPs, and p is the MNP
density.

n

imi
" M (m;) Am;

p (15)

3.4. Simulation results

In Fig. 2, results of the numerical simulation for the dynamic
magnetization are shown. In the simulation, the values of the satura-
tion magnetization and the anisotropy constant were set to M,=360 kA/
m and K=5 kJ/m?, respectively [21,22]. The lines in Fig. 2(a) represent
simulation results for the M — H curves, which was calculated by using
inverse Fourier transform of (M;) given in Eq. (15). As shown,
reasonable agreement was obtained between simulation and experi-
ment.

The open symbols in Fig. 2(b) shows the simulation results for the
strength of the harmonic magnetization, i.e., absolute value of (M) in
Eq.(5), Again, there is reasonable agreement between simulation and
experiments. Therefore, we are able to show both experimentally and
numerically that the dynamic magnetization of immobilized MNPs is
significantly affected by the alignment of the easy axes.

We note that the deviations between simulation and experiment
shown in Fig. 2 are caused by an estimation error in the Néel relaxation
time for MNPs with large values of the magnetic moment,
m>6 x 10718 Am?, as discussed in Refs. [22,23].

We also note that Resovist® includes MNPs with small m values,
i.e., m < 1078 Am? as shown in Fig. 5. For these MNPs, a DC field of
16 mT is not high enough to align the easy axes, as can be seen from
Fig. 4. However, this type of MNP tends to exhibit only a linear
magnetization response without phase lag, and as such will not affect
the harmonic magnetization spectra or hysteresis.

4. Discussion

As shown in Fig. 2(a), the area of the hysteresis loop of the parallel-
aligned sample becomes larger than that of the randomly oriented
sample. As the m values of the MNPs are distributed in the sample, as
shown in Fig. 5, it is not clear what subset of the MNPs contributes
most to the enhancement of the hysteresis loop area. In order to
investigate this, we performed a numerical simulation of M — H curves
for two typical values of m. Fig. 6 shows the results for MNPs with
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m=2x 1078 Am? and m=4 x 107® Am®>. Using the equation
m=M,zd>/6, the core diameters of MNPs with m=2 x 10~¥ Am? and
m=4 x 1078 Am? are calculated as 22.0 nm and 27.7 nm, respectively.
The characteristic times 7, for the overbarrier Néel rotation process
(without an external field) can be estimated as 7;=2. 8 x 10~7 and
1.6 x 10™*s, respectively, using the well-known equation
T||=%\/§TN0 exp (o).

As shown in Fig. 6(a), the areas of the hysteresis loops for MNPs
with m=2 x 10718 Am? are small because 7=2.8 x 10”7 s is much
shorter than the timescale for changes in the AC excitation field, i.e.,
5<1/Q2af)=8. 0 x 10~° s. In this case, magnetization occurs without a
significant phase lag.

However, the areas of the hysteresis loops for MNPs with
m=4 x 1078 Am?, shown in Fig. 6(b), are comparatively large because
7=1. 6 x 10~*s is longer than the timescale for changes in the AC
excitation field. In this case, magnetization occurs with a large phase
lag with respect to the AC excitation field.

As shown in Fig. 6(b), the remanence of the parallel-aligned sample
with m=4 x 10~'8 Am? is much larger than that of the randomly
oriented sample. This is because the magnetization of the parallel-
aligned sample is dominated by the magnetization reversal of the
magnetic moment, as the easy axes are almost parallel to the AC
excitation field. On the other hand, the remanence of the orthogonally
aligned sample is much smaller than that of randomly oriented sample,
since the magnetization of the orthogonally aligned sample is domi-
nated by the instantaneous transverse (intra-potential-well) response
of the magnetization [17,24].

@

I randorln I
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05 | orthogonal ]
= ol |
=
-0.5 .
m=2%10"% Am’
-1 ] | |
-20 -10 0 10 20
,uoH (mT)
®)
random
parallel
0.5 orthogonal a
Sy i
=
0.5+ —
m=4x10"% Am’
-l | ]
-20 -10 0 10 20
p,H (mT)

Fig. 6. Numerical simulation results for the dynamic magnetization of randomly
oriented, parallel-aligned, and orthogonally aligned MNPs, calculated with Eq. (14).
Simulations were performed for MNPs with (a) m=2x 10" Am®> and (b)
m=4 x 10718 Am?, when an AC excitation field with amplitude uoHsc=20 mT and
frequency =20 kHz was applied.
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Fig. 7. Numerical simulation results for the dependence of the hysteresis loop area A,
remanence M, and coercive force H, on the magnetic moment and anisotropy energy.

As discussed above, the hysteresis in the M — H curve strongly
depends on the size of the MNPs as well as on the direction of the easy
axis. Therefore, we considered the behavior of A, M,, and H. with
changing values of the magnetic moment and anisotropy energy. The
simulation results are shown in Fig. 7. As shown, the increase in the
area of the hysteresis loop of the parallel-aligned sample is caused by
the MNPs with a large magnetic moment and a large anisotropy energy
barrier.

5. Conclusions

We studied the effect of the alignment of the easy axes on the
dynamic magnetization of immobilized MNPs. The axis alignment was
controlled by applying a DC field during the immobilization process.
First, we showed that the parallel-aligned sample has the largest
hysteresis in the M — H curve and the largest harmonic magnetization
spectra, followed by the randomly oriented and orthogonally aligned
samples. The experimental results were quantitatively explained using
a numerical simulation based on a Fokker-Planck equation, in which
both the distributions of the magnetic moment and the direction of the
easy axes were taken into account. These experimental and numerical
results show that the dynamic magnetization of immobilized MNPs is
significantly affected by the alignment of the easy axes. These quanti-
tative findings will be important for the application of immobilized
MNPs to magnetic hyperthermia and MPIL.
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