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Relaxation responses of magnetic nanoparticles immobilized by
hydrocolloid polymer (agar)

S. B. Trisnanto', G. Shi', R. Takeda'!, T. Yamada', S. Ota?, and Y. Takemura'
''Yokohama National University, Yokohama 240-8501, Japan
2 Shizuoka University, Shizuoka 422-8529, Japan

Upon current research-trend in magnetic theranostics (e.g., magnetic hyperthermia, magnetic particle imaging), the
interparticle dipolar-magnetism in an interacting magnetic-nanoparticle system principally highlights a significant
difference of magnetic properties observed. For a fluidic environment, to confirm how this magnetic interaction changes,
is practically easy through controlling the particle concentration, in which such a dense ferrofluid may be associable
with a close mean-interparticle-distance of the suspended particles. However, for a solid-phase medium in which
magnetic nanoparticles are supposed to be physically immobilized, it is more difficult as particle packing-density may
vary upon sample volume. To this concern, such adjusting the shell-thickness of silica-coated magnetic nanoparticles?
may become an option to study the corresponding magnetic properties from a simple powder-sample, but we preferably
offered the use of hydrocolloid polymer (i.e., agar) to solidify the initial liquid-sample while attempting to maintain its
volume. Agar is a polysaccharide complex which can form a thermo-reversible gel due to the molecular interaction of
3D helix structural framework holding the water molecules within the respective interstices. Therefore, this work was
aimed to identify the relaxation behavior of the agar-solidified ferrofluids owing to the density of agar.

Experimentally, we solidified the sodium olefin sulfonate-coated magnetite-nanoparticle suspensions (i.e., M300
ferrofluid purchased from Sigma-Hi Chemical) having the particle concentration adjusted to 27 mg-Fe ml’!, by varying
the mass of agar powder for 0.1 ml sample-volume. The measurements of complex magnetic susceptibility, then, were
performed via a phase-sensitive detection (i.e., lock-in amplifier) for 100 Hz to 100 kHz at 50 Oe field-amplitude. As
illustrated in Fig. 1(a), adding agar to the ferrofluid sample may restrain the random Brownian motions of the
suspended particles, after gelation process finishes. Fig. 1(b) further confirms that a sufficiently high agar concentration
leads to a perfect particle immobilization, in which the Brownian relaxation responses diminish. We indicated a spectral
shift of relaxation response suggesting the existence of the oscillatory-field induced particle rotation for an increasing
agar concentration. We believe that the underlying mechanism was not the morphological change of hydrodynamic
volume, but it might be related to the viscosity change of the micro-space on which the particles occupied.

Acknowledgments: This study was partially supported by KAKENHI No. 15H05764 and 17H03275.
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1) Q. A. Pankhurst: J. Phys. D: Appl. Phys., 36, pp. R198 (2003).
2) T.Yoshida, etal.: J. Magn. Mag. Mater., 427, 162, (2017).
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Distribution of Magnetic Nanoparticles Anisotropy Energy Estimated from
AC Susceptibility and Magnetic Relaxation

Ahmed L. Elrefail?, Teruyoshi Sasayama?, Takashi Yoshida!, and Keiji Enpuku?
!Department of Electrical and Electronic Engineering, Kyushu University, Fukuoka 819-0395, Japan
2Department of Electrical Power and Machines, Cairo University, Giza 12613, Egypt

Magnetic nanoparticles (MNPs) have been extensively studied for applications in biomedicine such as magnetic
immunoassay, magnetic particle imaging and hyperthermia. For these applications, one of the key parameters of the
MNPs is its anisotropy energy E. This is due to the strong dependence of the Néel relaxation time of MNPs on the value
of E. Hence, the anisotropy energy E of MNPs should be appropriately selected in order to be suitable for the intended
application. Therefore, estimation of the E distribution in MNP samples is significantly important to develop MNPs that
are suited for specific applications. Distribution of E can be estimated by analyzing experimental measurement results
of the magnetic properties for MNP samples, i.e., the AC susceptibility (ACS) and the magnetic relaxation (MRX) of
immobilized MNP sample [1].

In this work, the distribution of anisotropy energy E was estimated from the frequency dependence of the ACS for
immobilized MNP sample that was measured from 10 Hz to 1 MHz. The distribution of anisotropy energy E was
estimated by analyzing experimental result using a method published previously [2]. Next, the AC susceptibility
measurement in much lower frequency range was substituted by the MRX measurement. For relaxation measurement,
immobilized MNP sample was first magnetized with an excitation field of 40 mT. After the excitation field was turned
off, magnetic relaxation of MNP sample was measured from 2 to 10 s. This time range corresponds to the frequency
range from 10 to 0.5 Hz in the AC susceptibility measurement. The relaxation curve was analyzed using a newly
developed analytical method to estimate the E distribution of the MNPs in the range of large E values. The distribution
of E estimated from the ACS and MRX was expressed by E vs. n(E)E? curve, where n(E) represents the number of
MNPs with E value.

Figure 1 represents the estimated E vs. n(E)E? curve obtained in this manner for commercial MNP sample of
(SHP25, Ocean Nanotech). The estimated E vs. n(E)E? curve from ACS is shown by circle markers, which we were
able to estimate in the region of 3.7x10%° J < E < 6.7x10"% J. The obtained E vs. n(E)E? curve from MRX is shown by
triangle markers, which we can estimate the distribution of E in the region 9.5x10%° J < E < 1.3x10"%° J. The proposed
method can be useful to estimate core size distribution of MNP samples.

References
1) F Ludwigetal., J. Magn. Magn. Mater., 360, pp. 169-173, 2014
2) Enpuku etal., J. Appl. Phys. 119 184902 (2016).
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Fig. 1: Estimated E vs. n(E)E? curve. Circle markers were obtained from the ACS measurement, while triangle markers were obtained
from the MRX measurement.
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Evaluation of harmonic intensity of magnetic nanoparticles for magnetic particle imaging affected by
particle size and structure
Yu Ichikawa?, Satoshi Ota?, Ryoji Takeda!, Tsutomu Yamada?, Ichiro Kato®, Satoshi Nohara?,
Takashi Yoshida?, Keiji Enpuku?, Yasushi Takemura®
(*Yokohama National Univ., 2Shizuoka Univ., *Meito Sangyo Co. Ltd., *Kyushu Univ.)
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1) B.Gleich, J.Weizenecker: Nature, 435, 1214 (2005).

2) T. Yoshida, N. B. Othman, K. Enpuku: J. Appl. Phys., 114, 173908
(2013).

3) N. Nitta, K. Tsuchiya, A. Sonoda, S. Ota, N. Ushio, M. Takahashi,
K.Murata, S.Nohara: Jpn. J. Radiol., 30, 832 (2012).

4) KR8, Pr|s =, 1%, MFZe]: 55 39 Al A AAUFR
FATRRIE 2, 08pE-5, 44 /=, 2015 4 9 H.

5) S. Ota, R. Takeda, T. Yamada, I. Kato, S. Nohara, Y. Takemura: Int. J. Fig. 1 TEM image of magnetic
Magn. Part. Imag., 3, 1703003 (2017). nanoparticles (CMEADMO033-02).
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Magnetic particle imaging of long circulating blood pool magnetic nanoparticles.
Yuki Matsugi*, Takuru Nakamura®, Satoshi ota?, Ryoji Takeda®, Yasushi Takemura®, Ichiro Kato®,
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1) B.Gleich, J.Weizenecker: Nature, 435, 1214 (2005).

2) S.Ota, R. Takeda, T. Yamada, I. Kato, S. Nohara, Y. Takemura, Int. J. Magn. Part. Imag., 3(1), 1703003 (2017).
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Effects of magnetic fields on anticancer drug potency and
drug uptake to multidrug-resistant cancer cells
Y. Endo, D. Matsui, S. Yamada, M. Kakikawa.
(Kanazawa University)
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Preparation and heat evaluation of gold-plated LSMC perovskite sphere samples for magnetic hyperthermia
M. Kobayashi, K. Fujita, Y. Akai, T. Nakagawa, S. Seino, T. A. Yamamoto
(Osaka University Graduate School of Engineering)
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Evaluation of liquid-dispersion and AC magnetization property of magnetic PIC aggregate
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1) K. Nakai, M. Nishiuchi, M. Inoue, K. Ishihara, Y. Sanada, K. Sakurai, and S. Yusa: Langmuir 2013, 29 9651-9661.
2) S. Ota, T. Yamada, Y. Takemura: J. Appl. Phys., 117, 17D713 (2015).
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Alternative magnetic fields might affect germination of wheat
T. Nose, S. Oue, T. Hatta, *A. Hayashi, **Y. Hirata
(Okayama University of Science., * Forestec Co. Ltd., **Hokkai-Gakuen Univ.)
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2)  A.Hayashi etal., The 39" Annual Conference on MAGNETICS in Japan | http://www.magneti cs.j p/kouenkai/2015/
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Fabrication and magnetic property estimation of
the 50-mm gap magnetic circuit type magnetic field generator for magnetic hyperthermia
R.Hasegawa, N.Sato, T.Nakagawa, S.Seino, T.A.Yamamoto
(Osaka University Graduate School of Engineering)
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TH, MADRBIRIED— D> Th DR NA =P — I TEENER SN TS, BRANA = —37
FAEITE O 2 BRZ DS A BERICHREA L, RS0 B RIS 2 N 2 2 & TRABEZINET 5. FEYEL
ZRRA L CORABEZ T 2RISR T 2 Z E N AEETH Y, IEFTRAL~D RN D 72 MR TR 7 1R A
Thd. HEERE L TEBRROFSOMME AL 7K, BYERIKR ERBEENTEBY, b D% 35 EE
DGR KT 5. 22T, BEERNEERANDO EOMNEIZH > THREREEE TEAIEL72D
2, KNDIRWGETE— (£5 %) M OmmRE DS 2R AETE LIEEDROLNLTWVD., ZRET
CHexlx, 7= T4 a7 CTHRAIEIE 2R U 2B A B O f M 2 B SRATIC L R L CE 2 .
ABIF SR CITREHG RS 50 mm, BB EFEAY 90 mm X 90 mm D& & (ERL U, SEERIC i 2 BRE) & & R
AT 9 T & CHERIEIEE ARG T AR AL E D A 3 & R T
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ZERR T AR 30 Oe-rms DRSS HAESHE, E v 77 vy 7 a4 (WEfE: 1 ai, #iz: 1.5mm) (2 X > ThS
SRS DZEM A 2 E LT (Fig. 2). 72, EMGMNTY 7 & (ANSYS Maxwell 3D 12) % MW TFEAL TW

% Wb 50 B 0D 22 [ 53 AT A REA L 72
3ERMRLEEE

E LB ST, 7 = 7 A P OMKHERICERNT DR B 30 M OBEN T 14 FE L o7z, £z,
7 =74 bOFRRZERE (BAR) OB EIL A VOBEFEHE TH LT OMGRENRE LS b Ly,
FEH & AT TRESG AT O A —E L7 (Fig.2). = LT, EH LR EITRHBEED 5 %UNDY
—MEREOZ Lo T

Ferrite Coil

270

...........

Evaluation area

20mm 97 103 (%)

270 ’ Fig. 2 Distribution of normalized magnetic field strength.

Fig. 1 Magnetic field generator. (Left: Experimental value, Right: Analytical value)
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1) M.Takahashi, T.Nakagawa, S.Seino, T.A.Yamamoto, “Design of magnetic circuit for radiofrequency hyperthermia”, J. Magn.
Soc. Jpn. 38 (2014) 102-106.



20pA -6 FALE]  AARBASERTAIREE AR (2017)
A S — T YA XA VDR - B OB

FAMURY WHEESF Y KL 2 MmsRES, IHmEsh e 3 Prkges=]t
(B ENZ RS L FRIARSE 2 &R 9)
The effect of magnetic and electric fields produced by a human body size applicator for hyperthermia
T. Aoto!, T. Yamada?, S. Ota?, Y. lkehata®, S. Yamada?®, Y. Takemura®
(Yokohama National University?, Shizuoka University?, Kanazawa University?®)
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magnetic stimulation, % 58 35 4 & BV <>, TTF(Tumor
treating field, JEBIAEEL)D L W o7, REL NIRRT

Fig. 1. Human body size applicator.
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Fig. 2. SLP and ILP of Resovist®
(dotted vertical line indicates142 kHz).
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% 1) M. Sekino, and S. Ueno: "Comparison of current
T RG2S 8 KA/IM D AZTRBALBEIE OfE R Iz S x| distributions in electroconvulsive therapy and transcranial
i o . magnetic stimulation.”, J. Appl. Phys., 91(10), 8730-8732,
Resovist® 7 3¢ 2\ & |2 B L T SLP(Specific loss power) & 2002.

Foei i . N 2) Y. Palti: "Management of recurrent or progressive
ILP(Intrinsic loss power)®> 2 SOfERTR L7 b O 45 Fig. 2 glioblastoma multiforme with low-intensity,
ThbH, 2Nk, AMEY A Xaf VvoREEEEETH medium-frequency alternating electric fields.", Eur. Oncol.
. . Dis., 88-89, 2007.
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