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Heat generation ability in AC magnetic field of bead-milled nanosize Y 3 Fe 5 O 12 and preparation of microsphere for embolization therapy
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Y 3 Fe 5 O 12 microspheres having high heat generation ability in AC magnetic field for embolization therapy were prepared by a spray dryer using a bead-milled nano-size powder. After sifting using 20 µm and 32 µm sieves, the yield was 13.5 % for the 20-32 µm microspheres. The heat generation ability (W•g -1 ) of the microsphere sample was expressed as 3.5x10 -4 •f•H 2 , where f and H are frequency (kHz) and magnetic field (kA•m -1 ), respectively. This value was almost the same with that for the bead-milled powder, because the main temperature enhancement was due to the Néel relaxation of the superparamagnetic material.

Introduction

For a new treatment of cancerous tissues, thermal coagulation therapy using powdered magnetic materials in an AC magnetic field has been expected. A drug delivery system using nano-sized magnetic particles encapsulated in a liposome with an antibody (< 100nm) is possible as a cancer therapy. For this therapy, Fe 3 O 4 (magnetite) nanoparticles have been studied as the candidate material. One of the reasons for utilization of the nano-sized Fe 3 O 4 particles is ease preparation using a conventional chemical coprecipitation method in solution [1,2]. However, the preparation of nanosized ferrite particles is very difficult using the chemical method except for the magnetite [3]. For the preparation of the nanosized powder, physical milling method can effectively achieve a high heat generation ability. We studied the heat generation ability in an AC magnetic field of nano-sized MgFe 2 O 4 and Fe 3 O 4 powders prepared using a bead-milling method [4,5]. We also reported that the bead-milled Y 3 Fe 5 O 12 ferrite had the highest heat generation ability in the nanosized superparamagnetic materials [6,7]. For the superparamagnetic materials, the Néel relaxation and the Brownian relaxation become calorigenic causes in solution. As the thermal coagulation therapy using another type of magnetic particle, an embolization method of blood vessels using a magnetic microsphere is a conceivable and convincing method. We have tested the preparation of microspheres using the spray-drying method of bead-milled magnetic materials [8,9]. In this study, we prepared the Y 3 Fe 5 O 12 microspheres with a 20-32 µm diameter range the spray-drying method of bead-milled nano-sized particles and investigated their heat generation ability in the AC magnetic field.

Experimental

The nano-sized ferrite powder was prepared using a bead-milling mehod (DMS65, Ashizawa Finetech, Ltd.). The apparatus consisted of a zirconia vessel and beads. A commercial Y 3 Fe 5 O 12 (99.9%, Kojyundo Chemical Lab.) powder and ethanol were used as the milling sample and the solvent, respectively. The bead size and milling time were 0.1 mmφ for 4 h after milling using the 0.3 mmφ beads for 2 h. After the bead milling, the solvent was evaporated at 100 o C. Figure 1 shows the spray-drier apparatus used for the preparation of the microspheres. The slurry for the spray-drier (ADL311S, Yamato Co.) was obtained as a mixture of the bead-milled Y 3 Fe 5 O 12 (4.0g) and purified water (11.3 ml). The slurry was thoroughly mixed by ultrasonication for 3 min and then sprayed as small droplets by a spray-drier with a 0.711-mm diameter orifice nozzle atomizer, and a 52-cm high chamber with a 13-cm inside diameter. The droplets were isotropically dried in the chamber to form the ferrite microspheres. The temperature and flow rate of the heated dry air were 200 o C and 0.4 m 2 /min, respectively. The air pressure for atomization was 0.03 MPa. The slurry feed rate was 4.0 ml/min. The spray-dried powder was washed using purified water on a 32-µm sieve to screen out the larger particles. The sifted slurry containing the particles under 32-µm and purified water was then thoroughly washed on a 20-µm sieve to remove any smaller particles. The powder on the 20-µm sieve, which contained 20-32 µm particles, was then dried at 100 o C. The crystallite size of the Y 3 Fe 5 O 12 was estimated by the FWHM (full-width at half maximum) of the X-ray diffraction peaks (XRD, Model Rint 2000, Rigaku Co., using Cu-Kα radiation). The specific surface area was measured by the one-point BET method (Flowsorb II 2300, Shimadzu Co.) and then the particle diameter was calculated by assuming a spherical particle size. Figure 2 shows the apparatus for measuring the heat generation ability of the ferrite powder in the AC magnetic field. The heat generation ability (W•g -1 ) of the Y 3 Fe 5 O 12 powder (2.0 g) with 10 ml water in a glass case (Pyrex: 20 mmφ, 45 mm) was quantitatively measured. The coil consisted of eight loops of copper pipe (6 mmφ) wound around a polypropylene (PP) bobbin (48 mmφ×40 mm). The copper pipe was cooled by flowing water to maintain its temperature and impedance. The coil was connected to a power supply (T162-5712B, Thamway Co., Ltd.) through an impedance tuner. The temperature of the sample was measured using a radiation thermometer (TP-L0225EN, Chino Co.). Air was bubbled into the glass case for stirring the water. We tested that the temperature of the water was not increased by the air bubbling. The heat generation ability was calculated using the temperature enhance ratio (dT/dt = K•s -1 ) for the initial 5 min of the ΔT measurement using the following equation:

Heat generation ability (W•g -1 ) = C•(dT/dt)/M (1) 
where M and C are the sample weight (g), and the estimated total heat capacity (J•K -1 ) of 10 ml of water and the glass case, respectively. The temperature measurement was started after maintaining the sample at room temperature in ambient air for several hours.

Results and Discussion

Figure 3 shows the XRD results for three powder samples of the commercial Y 3 Fe 5 O 12 powder sample, the bead-milled sample, and the spray-dried sample using the bead-milled powder. Sharp peaks were obtained for the commercial powder due to the large crystallite size. The XRD peaks of the bead-milled powder were very broad, because the crystallite diameter had been significantly reduced by this physical milling method. The estimated crystallite and particle diameters using the Scherrer equation from the XRD peak at 2θ=55.5° (642) and the BET method were 16 nm and 26 nm, respectively. The particle size was greater than the crystalline size due to the aggregation of the small crystals to show larger value of the particle size from the BET method. The broad XRD peaks for the spray-dried microsphere sample were almost same with that of bead-milled powder. No contamination from the zirconia vessel and beads by the bead milling and the spray drying was detected by XRD. Figure 4 shows SEM photos of the spray-dried particles (a) before and (b) after the sifting using 20-µm and 32-µm sieves. The microspheres having a variety of particle sizes were obtained using the spray drying (Fig. 4(a)). The nano-particles were aggregated to form these microsphere particles by this drying process in the air. The collected weight in the powder collection container was 1.70 g from the initial 4.0 g Y 3 Fe 5 O 12 powder in the slurry. The weight loss in the collection container was due to the powder remaining on the wall and bottom of the chamber. The microspheres of the 20-32 µm sifted particles (Fig. 4(b)) were completely sifted by our method. The collected weight of the 20-32 µm particles was 0.54 g, whose yield was 13.5 wt% versus the starting 4.0 g powder. A commercial powder sample (non-milled sample) having large particle size did not show any temperature enhancement in an AC magnetic field. However, the high heat generation ability in the AC magnetic field was obtained by a decrease in the average crystallite size for the bead-milled Y 3 Fe 5 O 12 ferrites. The highest heat ability in the AC magnetic field was obtained for the fine Y 3 Fe 5 O 12 powder milled for 4 h using 0.1 mmφ beads [6,7]. This milled sample was utilized for the preparation of the microsphere sample. Figure 5 shows the relationship between the square of the AC magnetic field (H 2 ) at 370 kHz and the heat generation ability of the two types of samples. The heat generation ability was proportional to the square of the magnetic field for both materials. The heat generation ability of the microsphere sample was very close with that for the bead-milled sample. Low temperature treatment at 200 o C using the spray-drier for the preparation of the microspheres did not influence to the heat generation ability. Figure 6 plots the relationship between the frequency of the AC magnetic field (200-370 kHz) at 1.77 kA•m -1 ) and the heat generation ability of the two types of samples. The heat generation ability for both samples was also proportional to the frequency of the AC magnetic field. The energy losses (heat generation ability) of the superparamagnetic nanoparticles due to the Néel relaxation and Brownian relaxation are proportional to the square of the magnetic field (H 2 ) and its frequency (f). The equation is expressed as:

Heat generation ability (W•g -1 ) = k•f•H 2 (2)
where k, f, and H are a constant value, frequency (kHz), and magnetic field (kA•m -1 ), respectively [10][11][12]. The estimated k value in Eq. ( 2) using the results of Figs. 5 and 6 was 3.5x10 -4 for the total loss of this sample having the best heat generation ability. For the Néel relaxation and the Brownian relaxation, the energy loss is due to the magnetic moment rotation within the crystal and particle rotation in the dispersed solvent, respectively. The result of the beadmilled sample in water is the total energy loss value of the Néel relaxation and Brownian relaxation. The heat generation for the Brownian relaxation of the particle rotation could be ignored for the large microsphere sample. The heat generation ability of the microsphere sample was slightly lower than that for the bead-milled sample. This difference (several %) would be due to the Brownian relaxation. These results suggested that the main reason for the high heat generation property of the milled samples was an increase in the Néel relaxation.

Conclusions

We obtained Y 3 Fe 5 O 12 microspheres with a 20-32 µm diameter range using a spray dryer from the bead-milled nanosized particles. The Y 3 Fe 5 O 12 microspheres having a high heat generation ability were applicable for the thermal coagulation therapy using the embolization method. 
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 12 Fig. 1: The spray dryer apparatus for preparation of Y 3 Fe 5 O 12 microspheres.Fig.2:The apparatus for measuring the heat generation ability.
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 3 Fig. 3: XRD results for the commercial sample, fine Y 3 Fe 5 O 12 powder prepared by bead milling (using 0.1 mmφ beads for 4 h), and microspheres having 20-32 µm particle size.
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 4 Fig. 4: SEM photos of the spray dried particles (a) before and (b) after sifting using the sifting method.
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 15 Fig. 5: Relationship between the square of the magnetic field (370 kHz, 1.5-2.0 kA•m -1 ) and heat generation ability for (a) the bead-milled Y 3 Fe 5 O 12 powder samples (using 0.1 mmφ beads for 4 h) and (b) the microsphere sample.
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 6 Fig. 6: Relationship between the frequency of the AC magnetic field (200-370 kHz, 1.77 kA•m -1 ) and heat generation ability for (a) the bead-milled Y 3 Fe 5 O 12 powder samples (using 0.1 mmφ beads for 4 h) and (b) the microsphere sample.