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ABSTRACT 
 

Bio-Nanomagnetic Particles for Application to Regional 
Hyperthermia 

 

Dong-Hyun Kim 

 

Department of Medical Science 

The Graduate School, Yonsei University  

 

(Directed by Professor Yong-Keun Lee, PhD) 
 

Hyperthermia is expected to be a very useful treatment of cancer with few side 

effects. Magnetic hyperthermia is a largely experimental modality of hyperthermia 

that has the potential to address the targeting and tissue heat distribution shortcomings 

of other hyperthermia modalities. The technique consists of localizing magnetic 

particles or seeds within tumor tissue and then applying an external alternating 

magnetic field to cause them to heat by hysteresis loss, Néel relaxation or induced 

eddy currents. This heat then conducts into the surrounding cancerous tissue. In broad 

terms, the procedure involves dispersing magnetic particles throughout the target 

tissue, and then applying an AC magnetic field of sufficient strength and frequency to 

cause the magnetic particles to heat. This heat conducts into the immediately 

surrounding diseased tissue whereby, if the temperature can be maintained above the 

therapeutic threshold of 42˚C for 30 min or more, the cancer may be destroyed. The 

magnetic particles should be easily heated up the hyperthermic temperature (42 ~ 

45 ) interacting with the alternating magnetic field outside th℃ e body, especially 

under low frequency because minimizes the hazard to the surrounding normal tissues. 

The purpose of the present study is synthesis of effective hyperthermic thermoseed in 

order to apply to the cancer treatment.  

Hexagonal and spinel magnetic nanoparticles were synthesized by various methods. 

And then, the heating ability was evaluated from the characterization of synthesized 

magnetic nanoparticles. In vitro tests, the cytotoxicity test would be conducted to 

develop the biocompatible hyperthermic thermoseeds. Necrosis of carcinoma cells 



 ix 

was investigated using magnetic nanoparticles under alternating magnetic field. In 

conclusion, the hyperthermic effect was evaluated using the selected magnetic 

nanoparticles through the in vivo test. 

Magnetic particles of hexagonal and spinel type were prepared with a size range of 

70 to 100 nm by controlled sol-gel method. And the spherical magnetite particles of 

10 nm also were synthesized by spray-coprecipitation method. From the XRD results, 

the two stage of heat treatment needed to make a pure ferrite crystal in sol-gel method. 

As increasing Sr2+ substitution in the BaFe12O19, the axis of c0 decreased from 23.215 

Å to 23.050 Å. When Ni2+ substituted in CoFe2O4, the axis of a0 decreased from 8.381 

Å to 8.370 Å. And when the molar concentration of Fe2+ was 0.5 M in spray-

coprecipitation, pure magnetite crystal was well synthesized. From the VSM results, 

Sr2+ and Ni2+ substitution caused the increment of the coercivity (Hc). This showed 

that Hc could be controlled by Strontium or Nickel content, and Ms was nearly 

constant in Ba1-xSrxFe12O19 but increased in Co1-xNixFe2O4. The superparamagnetic 

properties were observed in magnetite nanoparticles. The Hc of synthesized magnetite 

nanoparticles approached to zero in room temperature. From the heat generation of 

magnetic particles, the amount of heat generation increased with increasing the 

frequency of magnetic field. When a CoFe2O4 nanoparticles was placed into distilled 

water, the greatest temperature change, ∆T=29.3 , was observed. The temperature ℃

change of CoFe2O4 nanoparticles saturated in the hyperthermic temperature 45 ~ 50℃ 

under AC magnetic field with 7 MHz. In the cytotoxicity data using L929 cells, the 

cytotoxicity of BaFe12O19 nanoparticles represented the severe cytotoxic effect, it 

would be difficult to use for hyperthermic thermoseed. However, CoFe2O4, 

Co0.9Ni0.1Fe2O4 and SrFe12O19 nanoparticles showed the cell viability of above 85% in 

MTT assay, respectively. The necrosis of carcinoma cells were examined after 

exposure to an alternating magnetic field. More than half of the malignant carcinoma 

cells were dead after exposure to an AC magnetic field with 7 MHz for 1 h when 

CoFe2O4 nanoparticles were emerged in cell suspension, while normal cells were 

survived more than 60%. Therefore, CoFe2O4 ferrites could be expected having a 

selective necrosis effect on the carcinoma cells. CoFe2O4 nanoparticles were 

employed to in vivo test. The tumor regression rate of average volume was 

approximately 90% in experimental group of hyperthermic treatment. From these 

results, we convinced that CoFe2O4 could be expected for the useful hyperthermic 

thermoseed in cancer-treatment because it exhibited the best necrosis of tumor cell in 

vitro and in vivo.  

Key words: biomedical magnetic nanoparticles, magnetic hyperthermia, ferrite, 

cancer treatment 
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Bio-Nanomagnetic Particles for Application to Regional 
Hyperthermia 

 

Dong-Hyun Kim 

 

Department of Medical Science 

The Graduate School, Yonsei University  

 

(Directed by Professor Yong-Keun Lee, PhD) 
 

 

I. INTRODUCTION 

 

1. Hyperthermia in cancer treatment 

 

A. History of hyperthermia 

 

Heating of certain organs or tissue up to temperature between 41℃ and 46℃ 

preferentially for cancer therapy is called hyperthermia. The history of 

hyperthermia dates back to about 3,000 years BC, when Egyptian pundits tried to 

burn out superficial tumors. Hippocrates, Greek physician, also introduced the 

affirmative effects of heating in various diseases. In the 19th and 20th centuries, 

fever therapy has been used as a method to increase temperatures, while other 

investigators started to apply radiofrequency techniques.1 Nowadays, those 

attempts would not classify as hyperthermia anymore since the process of tissues 

destruction at temperatures above 47℃ is now called “thermoablation”. It is 

characterized by acute necrosis, coagulations or carbonization of the tissue.  

Conventional therapies commonly employed in cancer treatment, including 

surgery, radiotherapy, and chemotherapy, are not very effective in the treatment of 

certain cancers such as glioblastoma, for which a novel and effective method of 
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treatment is desired. Hyperthermia is seen as a promising therapy for such cancers.2 

Actually, hyperthermia has been used to augment other of forms of cancer 

treatment for about 100 years. In 1893, WB Coley used infections with bacteria 

and/or injections of bacterial extracts to treat patients with cancer; it is unknown 

whether the beneficial results he obtained were due to the fever induced or to the 

patients' production of factors such as tumor necrosis factor (TNF).3 Increased 

interest in the used of hyperthermia for the treatment of cancer developed in the 

1960s, and various devices to produce either systemic hyperthermia or 

hyperthermia in selected parts of the body were developed.4,5 Heat can be applied to 

a very small area or to an organ. The types of hyperthermia are described in the 

following Table 1.  

As shown in Table 1, there is a wide spectrum of hyperthermia applications. 

Mechanical heating with ultrasound is that the heating of tissues by ultrasound may 

be carried out with external transducers, appropriately coupled to the surface of the 

body. Ultrasound is significantly more penetrating in fat than in muscle tissue. For 

example, the penetration depths of the ultrasound of 1 MHz frequency are 4.4 cm in 

muscle and 31.3 cm in fat. The ultrasound of short wavelength in tissue, shorter 

than a few millimeters, makes it possible to focus ultrasound energy in small area at 

large depths. Because of the large impedance mismatch between soft tissue and air 

and between soft tissue and bone, these interfaces cause almost complete reflection 

of the ultrasound energy. The anatomic locations where ultrasound can be applied 

are thus limited.6 Electrical heating capacities radiofrequency techniques: A 

technique often used in diathermy at the industrial, scientific, and medical 

frequencies of 13.56 and 27.12 MHz is the application of a pair of capacitor plates 

excited by the radiofrequency generator. The tissue is heated by means of 

displacement currents produced by the electric field in the tissue between the plates. 

Theoretically, the technique has a potential for deep heating in a homogeneous 

medium. Inductive radiofrequency techniques: When an oscillating magnetic field 

is applied to a biological medium, eddy currents are generated that produce heating 

in the tissue. 
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Table 1. Types of hyperthermia7 

Type of 

Hyperthermia 

Treatment 

Area 
Method of Application 

Local 

Hyperthermia 

Treatment 

area includes 

a tumor or 

other small 

area.  

 

* Heat is applied from the outside with high-

frequency aimed at the tumor. 

 

* Inside the body a small area may be heated with 

thin heated with probes, hollow tubes filled with 

warm water, or implanted microwave antennae and 

radiofrequency electrodes. 

 

Regional 

Hyperthermia 

Tumor region 

is treated. 

 

* Magnets and ultrasound that produce high energy 

are placed over the region to be heated 

 

* Some of the patient’s blood is removed, heated, and 

then pumped into the region to be heated. The 

process is called perfusion.  

 

Whole body 

Hyperthermia 

 

The whole  

body is 

treated when 

cancer has 

spread. 

 

* Warm water blankets 

 

* Hot wax 

 

* Inductive coils, thermal room or chambers 
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The most conventional type of applicator is the so-called pancake coil often used 

in diathermy at 13.56 or 27.12 MHz. This applicator is suitable only for heating 

rather superficial tissue volumes. Radiative electromagnetic techniques: Techniques 

based on radiative electromagnetic apertures have been used mostly at the 

microwave frequencies of 2,450 MHz, 915 MHz, and 434 MHz and at the 

radiofrequencies of 13 and 27 MHz as well as other radiofrequencies. Radiative 

apertures working at lower frequencies have, however, also been used for regional 

deep heating. A technique with a multiple phased applicator in a circular 

configuration (annular phased array) has also been described.8 Because externally 

applied energy may not be adequate to reach certain anatomical areas, a variety of 

invasive techniques have also been used to deliver that these include perfusion of 

the extremities with extracorporeally heated blood (to be discussed in more detail 

below); the irrigation of the urinary bladder with heated saline; and other 

intracavitary methods, e.g., the perfusion of heated fluid into the peritoneal cavity.  

Interstitial techniques are accomplished by placing the heating element directly 

into the tumor. Thus, a therapeutic temperature can usually be achieved without 

appreciable heating of normal tissues, regardless of the treatment geometry. 

Temperature fluctuations caused by nonuniform blood perfusion or other 

inhomogenecities can be reduced by placing several heating probes in the tumor 

and adjusting the rate of heat production of each of them to the appropriate level. 

With this technique one can also generate complex temperature distributions if so 

desired. In some cases it may be beneficial to heat the center of a lesion, which may 

be all malignant tissue, to a high temperature in order to deliver a tumor-killing 

hyperthermia treatment. Several different devices can be used to deliver heat by this 

invasive interstitial techniques.9 Some clinicians are also using total body heating 

combined with chemotherapy for the treatment of cancer. A number of methods 

have been used to accomplish this. These include placing the patient in a radiant 

heating chamber, which is heated with copper electrical wires that are wrapped 

around the metal liner of the chamber.10 A simpler technique is to place the patient 

in a large tub of hot water. The patient can also be placed in a special suit 

containing hot water, or, instead of water, a bath of melted paraffin can be used.11 A 

various kinds of electric blankets have also been used. A more invasive and radial 
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technique to raise whole body temperature is the use of heated blood delivered via a 

high-flow arteriovenous shunt. A high temperature can be reached in a few minutes 

using the device.12 Whole body hyperthermia is a complex, labor-intensive 

technique. The patient may have to be anesthetized and incubated, and careful 

monitoring is necessary. Thus multiple sessions of hyperthermia may be difficult to 

accomplish. 

The method most related to hyperthermia with magnetic particles is the on using 

ferromagnetic seed implants. Instead of E-field in the radiofrequency range, one 

can generate magnetic (H-) field dominant systems which inductively couple the 

energy to lossy medium (i.e. medium of a certain conductivity, in which power 

absorption occurs in an electromagnetic field) and thus also yield to power 

absorption in the target volume. Over thirty years, such AC magnetic field systems 

were built in a frequency range between 20 kHz and 27 MHz. Whereas fields of 

lower frequencies (<1 MHz) require a local power absorber, high frequency 

systems heat the lossy medium directly by eddy current induction. For 

ferromagnetic implants oriented parallel to the AC magnetic field, implant heating 

is achieved by ohmic losses from circumferential eddy currents induced on the 

implant surface. Power absorption per unit length depends on the material 

properties of the so-called seed. In the beginning period of this technology, 

ferromagnetic thermoseeds were mainly used for thermoablation. Advanced highly 

permeable ferromagnetic thermoseeds were manufactured with alloys yielding a 

Curie point in the range somewhat higher than the desired target temperature, e.g. 

50℃, in order to get sufficient heating between the gaps of an implant array. The 

Curie point is the temperature, at which the magnetic permeability of the material 

and thus the power absorption rapidly drops. Therefore, the seeds are not heated 

further although the AC magnetic field is still present. Power absorption capability 

will be restored as soon as each seed has cooled down below the Curie point (regain 

of lost permeability).13 

The advantages of ferromagnetic seeds in comparison to other interstitial 

techniques are, that they do not require any externalized connections (e.g. to an 

amplifier) and they can be manufactured of fragments of different Curie points in 

order to achieve asymmetric temperature profiles and self-regulation by the 
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adjustable Curie points, i.e overheating is avoided. Because of the latter advantage, 

it is believed that temperature measurement may become unnecessary with this 

technology if adequate 3D treatment planning is applied. Current AC magnetic 

field applicators are preferentially induction coils of variable design. In order to 

even treat a relatively small tumor, a large number of seeds are required.13 In 

addition; hyperthermia may have beneficial therapeutic effects on cancer because 

of actions on systems of which we have no precise knowledge.  

 

B. Basic principles of hyperthermia 

 

Cancer cells generally perish at around 43℃ because their oxygen supply via the 

blood vessels is not sufficient, whereas normal cells are not damaged at even higher 

temperatures. In addition, tumors are more easily heated than the surrounding 

normal tissues, since the blood vessels and nervous systems are poorly developed in 

the tumor.14 Therefore, hyperthermia is expected to be a very useful treatment of 

cancer with few side effects.  

Heat above 41℃ also pushes cancer cells toward acidosis (decreased cellular 

pH) which decreases the cells’ viability and transplantability. Tumors have a 

tortuous growth of vessels feeding them blood, and these vessels are unable to 

dilate and dissipate heat as normal vessels do. So tumors take longer to heat, but 

then concentrate the heat within themselves. Tumor blood flow is increased by 

hyperthermia despite the fact that tumor-formed vessels do not expand in response 

to heat. Normal vessels are incorporated into the growing tumor mass and are able 

to dilate in response to heat, and to channel more blood into the tumor. Tumor 

masses tend to have hypoxic (oxygen deprived) cells within the inner part of the 

tumor. These cells are resistant to radiation, but they are very sensitive to heat. This 

is why hyperthermia is an ideal cancer treatment.15 Hyperthermia is also effective 

in companion to radiation: radiation kills the oxygenated outer cells, while 

hyperthermia acts on the inner low-oxygen cells, oxygenating them and so making 

them more susceptible to radiation damage. It is also thought that hyperthermia’s 

induced accumulation of proteins inhibits the malignant cells from repairing the 

damage sustained. It can be hypothesized that hypoxic cells in the center of a tumor 
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are relatively radioresistant but thermosensitive, whereas well-vascularized 

peripheral portions of the tumor are more sensitive to irradiation. This supports the 

use of combined radiation and heat; hyperthermia is especially effective against 

centrally located hypoxic cells, and irradiation eliminates the tumor cells in the 

periphery of the tumor, where heat would be less effective.16  

The scientific basis for the use of hyperthermia as an adjunct for the treatment of 

cancer rests on four main observations. First, there is evidence that some tumor 

cells may be more sensitive to the effects of increased temperature compared with 

their normal cellular counterparts. Second, the combination of chemotherapeutic 

agents and hyperthermia produces additive and synergetic killing effects on tumor 

cells. These effects appear more dramatic at low pH. Third, hyperthermia produces 

changes in the blood flow and oxygen levels in tumors that may have beneficial 

clinical effects, especially in combination with other agents. Fourth, the immune 

responses of the patient toward his or her tumors may be augmented by 

hyperthermia. These would include effects on macrophages, natural killer (NK) 

cells, and T-cell cytotoxic effector functions.17  

In normal tissues, blood vessels open up (dilate) when heat is applied, dissipating 

the heat and cooling down the cell environment. Unlike healthy cells, a tumor is a 

tightly packed group of cells, and circulation is restricted and sluggish. When heat 

is applied to the tumor, vital nutrients and oxygen are cut off from the tumor cells. 

This results in a collapse of the tumor's vascular system and destruction of the 

cancer cells. Heating placement is controlled using fine sensors and directional 

applicators. Using microwave and computers with these devices, cancerous tumors 

are heated. This breaks down the tumor without harming the surrounding tissues 

and lasting side effects.18 

 

C. Limitation of hyperthermia 

 

As above description, hyperthermia therapy is based on the fact that tumor cells 

are more sensitive to temperature than normal tissue cells.19,20 However, the 

difficulty of achieving the necessary selective heating remains an important 

technical problem to be solved.21,22 Implantable needles have been developed for 
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use as heating mediators in hyperthermia therapy. However, the procedure is very 

painful for the patient because many needles must be implanted to achieve 

homogeneous heating of tumor tissue.23,24 Each of them has its limitations and 

many of them can be used either externally or interstitially. The most important 

systems use radiofrequency (RF, 10-100 MHz), microwave (> 300 MHz), and 

ultrasound applications, or infra-red (superficial and whole body hyperthermia) for 

non-invasive heating. Depending on the geometry, positions and number of 

applicators, the power absorption is achieved in superficial or deeper tissues. In the 

latter case, it is called regional hyperthermia. RF-systems of limited power 

absorption control operate on the basis of capacitive and inductive coupling 

between electrodes. Advanced systems use several pairs of antennas in a radiative 

position, which allow for two-dimensional control of the power distribution. 

However, all these systems generate preferentially electric fields, which are 

polarized in a chosen direction, but neither phase relationships nor field strength 

can be controlled.25 E-field is generated by 4 pairs of antennae and polarized along 

the longitudinal cranio-caudal axis. Each pair of antennae has a separate channel 

whose phase and amplitude can be controlled. The E-field can be moved in the 

transverse plane. All these systems also contain some way of temperature 

monitoring which is currently only achieved by invasive thermometry using 

thermistors, fiberoptic sensors or thermocouples which are introduced through 

catheters implanted either intraoperatively or transcutaneously under CT-

monitoring.  

RF-hyperthermia as well as microwave and ultrasound systems however have 

limitations not only with boundary effects, but also in regions of large perfusion. 

Perfusion induced thermal convection interferes with an optimized specific 

absorption rate (SAR) pattern and thus decreases the temperature in the target 

volume. As a consequence, large perfused regions are underdosed, and worse, 

certain diseases such as tumors of the liver, kidney, and the lung are impossible to 

treat with hyperthermia. Boundary effects are the reason why brain tumors can only 

be heated by highly invasive interstitial hyperthermia and not with regional 

hyperthermia systems. In current regional systems, temperatures above 43℃ which 

is the minimum temperature of cellular toxicity are rarely achieved in deep seated 



 ９ 

tumors. If fine particles can be used as heating mediators instead of needles or other 

heating sources, this difficulty may be overcome. For this reason, we developed 

submicron sized magnetic particles for heating tumor cells.26 Because magnetic 

particles for hyperthermia are ferromagnetic, heat is generated within the particles 

under an alternating magnetic field.27  

 

2. Magnetic hyperthermia 

 

A. Basic concepts of magnetic hyperthermia 

 

The techniques of radiofrequency capacitance hyperthermia, phased arrays of 

microwave antennae, whole body hyperthermia are tissue non-specific tumor 

targeting ability. This limits the attainable tumor temperatures due to the risk of 

collateral organ damage. In the cases of whole body hyperthermia, the uniformly 

elevated body temperatures obtained result in an unacceptably high risk of death 

due to organ failure. The techniques of radiofrequency probes, microwave probes, 

interstitial laser photocoagulation and direct tumor injection of hot water, on the 

other hand, seem limited by their very specific deposition of heat and the need for 

accurate tumor localization and physical access to the tumor. As a result, tumors 

larger than 5 cm require probe repositioning due to the limited diffusion of heat 

through tissue and, in the case of radiofrequency probes and microwave probes, the 

characteristics of the electromagnetic field patterns. Furthermore, widespread 

miliary disease is difficult to treat, and tumor recurrence and the development of 

new disease are further problems with such localized techniques. 

Magnetic hyperthermia is a largely experimental modality of hyperthermia that 

has the potential to address the targeting and heat distribution in tissue 

shortcomings of other hyperthermia modalities. The technique consists of 

localizing magnetic particles or seeds within tumor tissue and then applying an 

external alternating magnetic field to cause them to heat by hysteresis loss, Néel 

relaxation or induced eddy currents. This heat then conducts into the surrounding 

cancerous tissue. Each cycle of a hysteresis loop of any magnetic material involves 

an energy loss proportional to the area of the loop. Hence if magnetic nanoparticles 
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having the required coercivity are remotely positioned at a given site in the body, 

perhaps the site of a malignancy, then the application of an alternating magnetic 

field can be used to selectively warm a given area. This concept of magnetic 

hyperthermia was first described by Gilchrist et al.28 in 1957. Their idea was to treat 

lymphatic metastases of large bowel cancer with heat by allowing microscopic 

ferromagnetic particles to embolize in lymph nodes draining the primary cancer site 

and then applying an external alternating magnetic field to cause hysteretic heating 

of the particles. In this study, magnetite particles of diameter 0.02 ~ 0.1 µm were 

injected into the subserosa of the intestinal wall of dogs under the expectation that 

the particles would accumulate in regional lymph nodes. The regional lymph nodes 

were then dissected out and exposed to an alternating magnetic field of strength 200 

~ 240 Oe. It was found that a concentration of 5 mg of magnetite per gram of 

lymph node tissue yielded a temperature increase of 14℃ in 3 min. Two years later, 

the same group conducted an in vivo study using rabbits in which inguinal lymph 

nodes were successfully targeted with heat.29 Total necrosis of the nodes was 

reported after 3 min of heating at 470 Oe. One further study by this group in 1965 

showed that 30 min of heating at 50℃ was necessary to kill all cells within a 

mesenteric lymph node of a dog in vivo.30 This early work, based on lymphatic 

uptake of microscopic ferromagnetic particles, clearly proved that it was possible to 

selectively embolize and heat the tissue in vivo using magnetic hyperthermia. Since 

the 1960s, magnetic hyperthermia has developed along four general pathways, all 

having in common the deposition of ferromagnetic material within or adjacent to 

tumor tissue. This first step is then followed by exposure to an externally applied 

alternating magnetic field to cause heating of the ferromagnetic material and, hence, 

surrounding tumor tissue. The first broad subclass of magnetic hyperthermia is 

arterial embolization hyperthermia, in which the arterial supply of a tumor is used 

as a pathway to carry ferromagnetic particles into the tumor tissue followed by 

exposure to an alternating magnetic field. The second subclass is direct injection 

hyperthermia, in which the tumor is directly injected with ferromagnetic particles 

before exposure to an alternating magnetic field. Another subclass is that of 

intracellular hyperthermia, in which the ferromagnetic particles are modified to 

facilitate their cellular uptake by the tumor. The heat then generated on exposure to 
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an alternating magnetic field originates from within the tumor cell, as compared to 

arterial embolization hyperthermia and direct injection where the heat originates 

intravascularly and extracellularly, respectively.  

In broad terms, the procedure involves dispersing magnetic particles throughout 

the target tissue, and then applying an AC magnetic field of sufficient strength and 

frequency to cause the particles to heat. This heat conducts into the immediately 

surrounding diseased tissue whereby, if the temperature can be maintained above 

the therapeutic threshold of 42˚C for 30 min or more, the cancer is destroyed. 

Whereas the majority of hyperthermia devices are restricted in their utility because 

of unacceptable coincidental heating of healthy tissue, magnetic particle 

hyperthermia is appealing because it offers a way to ensure only the intended target 

tissue is heated.  

 

B. Consideration of magnetic nanoparticles 

 

It is important therefore to understand the underlying physical mechanisms by 

which heat is generated in small magnetic particles by alternating magnetic fields. 

The heating of magnetic particles with low electrical conductivity in an external 

alternating magnetic field is mainly due to either loss processes during the 

reorientation of the magnetization31,32 or frictional losses if the particle can rotate in 

an environment of sufficiently low viscosity.33 Inductive heating of magnetic 

particles (i.e., via eddy currents) may be neglected. The hysteresis losses due to 

magnetization reorientation in ferro- or ferrimagnetic particles depend on the type 

of remagnetization process (wall displacement or several types of rotational 

processes) which is determined besides by the intrinsic magnetic properties like 

magnetocrystalline anisotropy and exchange coupling constant—in complicated 

ways by particle size, shape and microstructure.34,35 Because of equation B = µ0(H 

+M), at the same field  

dB=4πdM                            (1),  

 

and W=∫M HdM
0

ergs/cm3                                 (2), 
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where M is in emu/cm3. The work done in magnetization is simply the area 

between the M, H curve and the M axis, shown shaded in Figure 1(a). 

It is convenient to mention here the energy loss due to hysteresis, although 

hysteresis has nothing to do with the measurement of anisotropy from 

magnetization curves. In fact, complete reversibility (no hysteresis) is usually 

assumed in such measurements. But if hysteresis is present, then removal of the 

magnetizing circuit. The energy stored in the magnetic particle at its remanence 

point Mr is the area shaded in (c). When a magnetic particle is made to go through 

one complete cycle, the total work done on the specimen is the hysteresis loss Wh, 

which is equal to 1/4π times the area enclosed by the B, H loop, shown in Figure 1. 

This work appears as heat in the magnetic particles.  
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Figure 1. Work done in magnetization ((a)à (b)à (c)à (d)).36 
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It is known that magnetic properties of powders may vary significantly in 

dependence on grain size and particle microstructure. For sufficiently small single 

domain particles, thermal fluctuations lead to an activation of remagnetization 

processes since the energy barrier for reorientation of the magnetic moment of the 

particle decreases with decreasing particle volume. In dependence on temperature 

and measurement frequency, thermal fluctuation aftereffects may be observed.37,38 

An external alternating magnetic field supplies energy and assists magnetic 

moments in overcoming the energy barrier. This energy is dissipated when the 

particle moment relaxes to its equilibrium orientation. The losses caused by this so 

called Néel relaxation39 lead to temperature rise of the particle ensemble and may 

be used for hyperthermia. 

Besides the losses caused by magnetization rotation inside the particles, another 

loss type may arise in the case of magnetic fluids which is related to the rotational 

Brownian motion of the magnetic particles.40 In this case, the energy barrier for 

reorientation of a particle is determined by rotational friction within the suspension 

fluid of viscosity. In addition, at high frequency (e.g., GHz range) depending on the 

anisotropy field losses related to the ferrimagnetic resonance may occur. Neglecting 

the last loss type since in the relevant frequency range inductive heating of 

biological tissue is caused, all other losses are of interest for local magnetic 

hyperthermia. Microscopically, the energetical barriers involved in the 

remagnetization process also determine the magnetic losses which cause, in 

dependence on the thermal conductivity and heat capacity of the surrounding 

medium, a temperature rise of the magnetic material. The specific loss power of the 

magnetic material should be as high as possible in order to reduce the dose being 

applied to the patient to a minimum level. 

The therapeutic in vivo application of magnetic nanoparticles for hyperthermia 

calls for the magnetic particles to be biocompatible and non-toxic. The important 

factors, which determine the biocompatibility and toxicity of magnetic 

nanoparticles, are the magnetically responsive components such as magnetite, iron, 

nickel, cobalt, and the size of particles. Iron oxide particles seem to be generally 

well tolerated and magnetite-based MRI contrast agent have already been approved 

for human use (Endorem® or Feridex I.V®, Advanced Magnetics, Cambridge, 
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Massachusetts, USA) 

The concept of magnetic hyperthermia was first introduced over 40 years ago. 

Although the technique has a sound theoretical basis, for many years progress was 

slow and greatly limited by the available technologies of the day. Technological 

advances over the past decade have resulted in more extensive studies and in the 

development of more intricate techniques. Therefore, the coming decade promises 

to be a fascinating one as the results of work in these areas emerges to determine 

whether or not magnetic hyperthermia fulfill its promised potential.  

 

3. Biomedical magnetic nanoparticles 

 

A. Kinds of magnetic materials 

 

Magnetic nanoparticles offer some attractive possibilities in biomedicine. First, 

we need to be aware of some of the fundamental concepts of magnetism, which will 

be recalled briefly here. Further details can be found in one of the many excellent 

textbooks on magnetism.41,42 The value of magnetic susceptible falls into a 

particular range for each type of material and this is shown in Table 2 with some 

examples. 

If a magnetic material is placed in a magnetic field of strength H, the individual 

atomic moments in the material contribute to its overall response, the magnetic 

induction: 

 

B = µ0(H +M)                          (3) 

 

where µ0 is the permeability of free space, and the magnetization  

 

M = m/V                              (4) 

 

is the magnetic moment per unit volume, where m is the magnetic moment on a 

volume V of the material.  
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Table 2. Summary of different types of magnetic behavior43 

Type of 

Magnetism 
Susceptibility Array of magnetic moment Example 

Diamagnetism 
Small  

Negative 

 

Atoms have 

no magnetic 

moment 

 

 

Au, Cu, 

Ag, He, 

Ne, Si, 

Ge, S.... 

Para- 

 

Small 

Positive 

 

Atoms have 

randomly 

oriented 

magnetic 

moments 
 

Pt, Rh, 

Pd, 

Mn… 

Ferro- 

Large 

Positive 

applied field,  

microstructure  

Atoms have  

parallel 

aligned 

magnetic 

moments 

 

Fe, Ni, 

Co, Gd, 

Tb, Dy 

Antiferro- 
Small 

Positive 

Atoms have 

mixed 

parallel and 

anti-parallel 

aligned  

magnetic 

moments 

 

Cr, Mn, 

Nd, Sm, 

Eu.. 

Ferri- 

Large 

Positive. 

applied field,  

microstructure  

Atoms have 

anti-parallel 

aligned 

magnetic 

moments 

 

Ba 

ferrite 
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All materials are magnetic to some extent, with their response depending on their 

atomic structure and temperature. They may be conveniently classified in terms of 

their volumetric magnetic susceptibility, χ, where  

 

M = χH                             (5) 

 

describes the magnetization induced in a material by H. In SI units χ is 

dimensionless and both M and H are expressed in Am−1. Most materials display 

little magnetism, and even then only in the presence of an applied field; these are 

classified either as paramagnets, for which χ falls in the range 10−6 ~ 10−1, or 

diamagnets, with χ in the range −10−6 to −10−3. However, some materials exhibit 

ordered magnetic states and are magnetic even without a field applied; these are 

classified as ferromagnets, ferrimagnets and antiferromagnets, where the prefix 

refers to the nature of the coupling interaction between the electrons within the 

material.42 This coupling can give rise to large spontaneous magnetizations; in 

ferromagnets M is typically 104 times larger than would appear otherwise. 

Ferrimagnetic substances exhibit a substantial spontaneous magnetization at room 

temperature, just like ferromagnetics. Again like ferromagnetics, they consist of 

self-saturated domains, and they exhibit the phenomena of magnetic saturation and 

hysteresis. The most important ferromagnetic substances are certain double oxides 

of iron and other metal, called ferrites. The magnetic ferrites fall mainly into two 

groups with different crystal structures : (1) Cubic, These have the general formula 

MOFe2O3, where M is a divalent metal ion, like Mn, Ni, Fe, Co, Mg, etc. Cobalt 

ferrite (CoOFe2O3) is magnetically hard, but all the other cubic ferrites are 

magnetically soft. As magnetic materials these ferrite are both very old and very 

new, inasmuch as magnetite Fe3O4, which might be called iron ferrite, (2) 

Hexagonal, The most important in this group is barium ferrite (BaO6Fe2O3), which 

is magnetically hard. Ferrites are manufactured by the unusual techniques of 

ceramics. To make nickel ferrite, for example, NiO and Fe2O3, in powder form, are 

thoroughly, mixed, pressed to the desired shape, and sintered at temperatures in 

excess of 1200℃.44 
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B. Magnetization curves and hysteresis loops 

 

The susceptibility in ordered materials depends not just on temperature, but also 

on H, which gives rise to the characteristic sigmoidal shape of the M–H curve, with 

M approaching a saturation value at large values of H. Furthermore, in 

ferromagnetic and ferrimagnetic materials one often sees hysteresis, which is 

irreversibility in the magnetization process that is related to the pinning of magnetic 

domain walls at impurities or grain boundaries within the material, as well as to 

intrinsic effects such as the magnetic anisotropy of the crystalline lattice. This gives 

rise to open M–H curves, called hysteresis loops. Figure 2 shows magnetization 

curves both in terms of B (full line from the origin in first quadrant) and M (dashed 

line). Although M is constant after saturation is achieved, B continues to increase 

with H, because H forms part of B. Equation (3) shows that the slope dB/dH is 

unity beyond the point Bs, called the saturation induction; however, the slope of 

this line hardly ever appears to be unity, because the B and H scales are usually 

quite different. Continued increase of H beyond saturation will cause µ to approach 

1 as H approaches infinity. The curve of B vs. H the demagnetized state to 

saturation is called the initial, virgin, or normal induction curve. If H is reduced to 

zero after saturation has been reached in the positive direction, the induction in a 

ring specimen will decrease from Bs to Br, called the retentivity or residual 

induction. If the applied field is then reversed, by reversing the current in the 

magnetizing winding, the induction will decrease to zero when the negative applied 

field equals the coercivity Hc. This is the reverse field necessary to “corce” the 

materials back to zero induction; it is usually written as a positive quantity the 

negative sign being understood. If the reversed field is further increased, saturation 

in the reverse direction will be reached at –Bs. If the field is then reduced to zero 

and applied in the original direction, the induction will follow the curve –Bs, -Br, 

+Bs. The loop traced out is known as the major hysteresis loop, when both tips 

represent saturation. It is symmetrical about the origin as a point of inversion, i.e., if 

the right-hand half of the loop is rotated 180° about the H axis, it will be the mirror 

image of the left-hand half. The loop quadrants are numbered 1 to 4 as shown in the 

drawings, since this is the order in which they are usually traversed.  
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Figure 2. Magnetization curves and hysteresis loops. 44 (The height of the M curve 

is exaggerated relative to that of the B curve.) 
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The shape of these loops are determined in part by particle size: in large particles 

(of the order micron size or more) there is a multi-domain ground state which leads 

to a narrow hysteresis loop since it takes relatively little field energy to make the 

domain walls move; while in smaller particles there is a single domain ground state 

which leads to a broad hysteresis loop.  

At even smaller sizes (of the order of tens of nanometres) one can see 

superparamagnetism, where the magnetic moment of the particle as a whole is free 

to fluctuate in response to thermal energy, while the individual atomic moments 

maintain their ordered state relative to each other. This leads to the anhysteretic, but 

still sigmoidal. The underlying physics of superparamagnetism is founded on an 

activation law for the relaxation time τ of the net magnetization of the particle.45,46 

 

τ = τ0 exp(
Tk

E

B

∆
)                        (6) 

 

where ΔE is the energy barrier to moment reversal, and kBT is the thermal energy. 

For non-interacting particles the pre-exponential factor τ0 is of the order 10−10–10−12 

s and only weakly dependent on temperature.46 The energy barrier has several 

origins, including both intrinsic and extrinsic effects such as the magnetocrystalline 

and shape anisotropies, respectively; but in the simplest of cases it has a uniaxial 

form and is given by ΔE = KV, where K is the anisotropy energy density and V is 

the particle volume. This direct proportionality between ΔE and V is the reason 

that superparamagnetism—the thermally activated flipping of the net moment 

direction—is important for small particles, since for them ΔE is comparable to kBT 

at, say, room temperature. However, it is important to recognize that observations 

of superparamagnetism are implicitly dependent not just on temperature. If τ ≪ 

τm the flipping is fast relative to the experimental time window and the particles 

appear to be paramagnetic; while if τ ≫ τm the flipping is slow and quasi-static 

properties are observed—the so-called ‘blocked’ state of the system. A ‘blocking 

temperature’ TB is defined as the mid-point between these two states, where τ = τm.  

The selectivity is one of the advantageous features of biomedical applications of 

magnetic nanoparticles. Returning to the hysteresis which gives rise to the open M–
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H curves seen for ferromagnets and antiferromagnets, it is clear that energy is 

needed to overcome the barrier to domain wall motion imposed by the intrinsic 

anisotropy and microstructural impurities and grain boundaries in the material. This 

energy is delivered by the applied field, and can be characterized by the area 

enclosed by the hysteresis loop. This leads to the concept that if one applies a time-

varying magnetic field to a ferromagnetic or ferrimagnetic material, one can 

establish a situation in which there is a constant flow of energy into that material, 

which will perforce be transferred into thermal energy. This is the physical basis of 

hyperthermia treatments. The properties of hyperthermic thermoseeds also are 

discussed in more detail in section 2-B.  

 

C. Applications of magnetic nanoparticles in biomedicine 

 

Magnetic nanoparticles offer some attractive possibilities in biomedicine. First, 

they have controllable sizes ranging from a few nanometers up to tens of nanometers, 

which places them at dimensions that are smaller than or comparable to those of a cell 

(10 ~ 100 µm), a virus (20 ~ 450 nm), a protein (5 ~ 50 nm) or a gene (2 nm wide and 

10 ~ 100 nm long). This means that they can ‘get close’ to a biological entity of 

interest. Indeed, they can be coated with biological molecules to make them interact 

with or bind to a biological entity, thereby providing a controllable means of 

‘tagging’ or addressing it. Second, the nanoparticles are magnetic, which means that 

they obey Coulomb’s law, and can be manipulated by an external magnetic field 

gradient. This ‘action at a distance’, combined with the intrinsic penetrability of 

magnetic fields into human tissue, opens up many applications involving the transport 

and/or immobilization of magnetic nanoparticles, or of magnetically tagged biological 

entities. In this way they can be made to deliver a package, such as an anticancer drug, 

or a cohort of radionuclide atoms, to a targeted region of the body, such as a tumor. 

Third, the magnetic nanoparticles can be made to resonantly respond to a time-

varying magnetic field, with advantageous results related to the transfer of energy 

from the exciting field to the nanoparticle. For example, the particle can be made to 

heat up, which leads to their use as hyperthermia agents, delivering toxic amounts of 

thermal energy to targeted bodies such as tumors; or as chemotherapy and 
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radiotherapy enhancement agents, where a moderate degree of tissue warming results 

in more effective malignant cell destruction. These, and many other potential 

applications, are made available in biomedicine as a result of the special physical 

properties of magnetic nanoparticles. So, we can consider four particular applications: 

magnetic separation, drug delivery, hyperthermia treatments and magnetic resonance 

imaging (MRI) contrast enhancement.47  

Magnetic materials have been used with grain sizes down to the nanoscale for 

longer than any other type of material. This is because of a fundamental change in 

the magnetic structure of ferro- and ferrimagnetic materials when grain sizes are 

reduced. In these circumstances, the normal macroscopic domain structure 

transforms into a single domain state at a critical size which typically lies below 

100 nm. Once this transformation occurs the mechanism of magnetization reversal 

can only be via the rotation of the magnetization vector from one magnetic easy 

axis to another via a magnetically hard direction. As a consequence of this rotation 

mechanism, magnetic nanoparticles exist having coercivities which are highly 

controllable and lie between soft materials and normal permanent magnet materials. 

This ability to control coercivity in such particles has led to a number of significant 

technological advances, particularly in the field of information storage. The high 

value of information storage technology has meant that since the 1950s an 

enormous research and development effort has gone into techniques for the 

preparation of magnetic particles and thin films having well defined properties. 

Hence, certainly since the 1960s, a wide range of techniques to produce both 

metallic and oxide magnetic nanoparticles with sizes ranging from 4 ~ 100 nm has 

been developed. The availability of this wide range of materials led to speculation 

from the 1960s onwards that they may have applications in biology and medicine. 

The fact that a magnetic field gradient can be used to either remotely position or 

selectively filter biological materials leads to a number of obvious applications. 

These applications fall broadly into two categories: those involving the use in-vivo 

and those involving the use of magnetic particles in-vitro. Obviously for safety 

reasons the development of in-vitro applications are more accessible. However, and 

somewhat ironically, the one application currently used on a significant scale 

involves the use of magnetic particles to produce a distortion in the magnetic field 
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at a given site under examination via magnetic resonance imaging (MRI). The 

presence of the particles at a given site can alter the contrast of certain types of cells 

by several orders of magnitude, making visible objects that were hitherto difficult 

to image. With the increasing sophistication of pharmaceuticals, the dramatic 

development of cell manipulation and even DNA sequencing, the possibility of 

using magnetic nanoparticles to improve the effectiveness of such technologies is 

obviously appealing. Hence there are proposals for drug delivery systems, 

particularly for anti-inflammatory agents and also for the use of magnetic 

separation technologies for rapid DNA sequencing.48,49  

A further and somewhat surprising application of magnetic nanoparticles lies in 

the production of controlled heating effects. Each cycle of a hysteresis loop of any 

magnetic material involves an energy loss proportional to the area of the loop. 

Hence if magnetic nanoparticles having the required coercivity are remotely 

positioned at a given site in the body, perhaps the site of a malignancy, then the 

application of an alternating magnetic field can be used to selectively warm a given 

area. It has been proposed that this simple physical effect could be used both to 

destroy cells directly and to induce a modest increase in temperature so as to 

increase the efficacy of either chemotherapy or radiotherapy.48,49 

 

4. The objectives in this study 

 

The purposes of the present study are synthesis of effective hyperthermic 

thermoseed in order to apply to the cancer treatment. Magnetic hyperthermia is a 

largely experimental modality of hyperthermia that has the potential to address the 

targeting and tissue heat distribution shortcomings of other hyperthermia modalities. 

The magnetic particles should be easily heated up the hyperthermic temperature (42 

~ 45℃) interacting with the alternating magnetic field outside the body, especially 

under low frequency because minimize the hazard to the surrounding normal 

tissues. The challenge lies in being able to generate enough heat in the target using 

AC magnetic field conditions. For this purpose, not only high heat generation but 

also non-toxic and biocompatibility of magnetic particles were required in magnetic 

hyperthermia.  
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ⅡⅡⅡⅡ. MATERIALS AND METHODS 

 

1. Preparation of magnetic particles 

 

A. Preparation of hexagonal magnetic particles 

 

(a) Materials 

 

All the chemicals from sigma (USA) were reagent grade and were used without 

further purification. Barium nitrate (Ba(NO3)2), strontium acetate (Sr(CH3CO2)2), 

iron nitrate nonahydrate (Fe(NO3)3∙9H2O), glycerol (99+%), ethylene glycol 

(HOCH2CH2OH), diethanolamine (HO(H2CH2)2NH), methyl alcohol and ethyl 

alcohol were used to synthesize BaFe12O19 and SrFe12O19.  

 

(b) Sol-gel method for hexagonal magnetic nanoparticles 

 

We synthesized the magnetic particles (Ba1-xSrxFe12O19, X=0.0 ~ 1.0) by sol-gel 

method. The sol-gel technique has been adapted to the preparation of pure 

BaFe12O19 or SrFe12O19. Sol-gel method has the advantage of producing ultrafine 

powders of high purity and homogeneity. Moreover, compared to the traditional 

ceramic route, the BaFe12O19 or SrFe12O19 synthetic temperature is decreased 

considerably.50 A block diagram outlining of the preparation process of BaFe12O19 

magnetic nanoparticles is shown in Figure 3. Appropriate portions of Ba(NO3)2, 

(CH3CO2)2Sr, and Fe(NO3)2·9H2O were dissolved in ethylene glycol, methyl 

alcohol and distilled water in the stoichiometric ratio, namely (Ba, Sr)/Fe = 1/10. 

Ethylene glycol was added to the mixture and stirred for 2 h at 80℃. The mixture 

aged for 24 h at 80℃. And then, 0.1 ml of diethanolamine (DEA) was injected into 

the sol. The prepared-sol dried at 150℃ for 72 h and then fired at 950℃ for 6h in 

air. 
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Figure 3. Block diagram outlining the preparation process for Ba1-xSrxFe12O19. 

 

Barium nitrate, Strontium acetate Iron nitrate nonahydrate 

Stirring in methanol (15ml) & glycerol (5ml) for 2 hour 

Added ethylene glycol (3ml) 

Stirring for 2 h at 80℃ 

Added DI water (10 ml) and stirring 6 h at 80℃ 

Added DI water (7ml) and stirring 6 h at 80℃ 

Stirring 12 h at 80℃ and added DEA (0.1ml) 

Heat treatment in air (950℃, 6h) 

Ba1-xSrxFe12O19 powder 
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A block diagram outlining of the preparation process of SrFe12O19 magnetic 

nanoparticles is also shown in Figure 4. Strontium acetate (Sr(CH3CO2)2) and iron 

nitrate nonahydrate (Fe(NO3)3·9H2O) of 0.1 M were dissolved in 15 ml of methyl 

alcohol for 1 h. The molar ratio of Sr/Fe was mixed at a ratio of 1/10. 2 ml of 

ethylene glycol was added to the mixture and stirred for 1 h at 60℃. Further 3 ml 

of methanol was injected into the mixture and aged for 6 h at 20℃. The prepared-

sol dried at 150℃ for 72 h. The obtained powder was calcinated with 2 stages. First 

stage was for 3 h at 400℃ in the temperature rising rate of 5℃. Second stage was 

for 6 h at 800℃ in the temperature rising rate of 5℃. 
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Figure 4. Block diagram outlining the preparation process for SrFe12O19. 

 

   

Strontium acetate 

 

Iron nitrate nonahydrate 

Methanol (15 ml) 

Stirring and heating (60℃, 2 h) 

Ethylene glycol (2 ml) 

Stirring and heating (60℃, 1 h) 

Methanol (3 ml) 

Stirring and heating (20℃, 6 h) 

1st Calcination (400℃, 3 h) 

2nd Calcination (950℃, 6 h) 

SrFe12O19 powder 

Dried at 150℃, 72 h 
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Appropriate portions of Ba(NO3)2, (CH3CO2)2Sr, and Fe(NO3)2·9H2O were 

dissolved in ethylene glycol, methyl alcohol and distilled water in the 

stoichiometric ratio, namely (Ba, Sr)/Fe = 1/10. The solution was refluxed at 80℃ 

for 12 h. Figure 5 shows the experimental set-up for spray pyrolysis. The spray 

pyrolysis equipment used in this study consisted mainly of an ultrasonic nebulizer 

(H556, LG Electronics, Korea), a furnace, a glass fiber filter (GF/F, Whatman, 

England) and a rotary pump.51  

 



 ２９ 

 

 

 

 

 

 

 

 

 

Flow meterFlow meterFlow meterFlow meter

To ExhaustTo ExhaustTo ExhaustTo Exhaust

Ultrasonic Ultrasonic Ultrasonic Ultrasonic 
NebulizerNebulizerNebulizerNebulizer

NNNN
2222

Carrier Carrier Carrier Carrier 
GasGasGasGas

1111stststst

Heating Heating Heating Heating 
ZoneZoneZoneZone

2222ndndndnd

Heating Heating Heating Heating 
ZoneZoneZoneZone

Heated Heated Heated Heated 
ChamberChamberChamberChamber

Water Water Water Water 
CondenserCondenserCondenserCondenser

PumpPumpPumpPump

300300300300℃℃℃℃ 400400400400----1000100010001000℃℃℃℃

Sol Sol Sol Sol (SrFe(SrFe(SrFe(SrFe
12121212
OOOO19191919

))))

FiltrationFiltrationFiltrationFiltration

((((MicrosphereMicrosphereMicrosphereMicrosphere))))

Flow meterFlow meterFlow meterFlow meter

To ExhaustTo ExhaustTo ExhaustTo Exhaust

Ultrasonic Ultrasonic Ultrasonic Ultrasonic 
NebulizerNebulizerNebulizerNebulizer

NNNN
2222

Carrier Carrier Carrier Carrier 
GasGasGasGas

1111stststst

Heating Heating Heating Heating 
ZoneZoneZoneZone

2222ndndndnd

Heating Heating Heating Heating 
ZoneZoneZoneZone

Heated Heated Heated Heated 
ChamberChamberChamberChamber

Water Water Water Water 
CondenserCondenserCondenserCondenser

PumpPumpPumpPump

300300300300℃℃℃℃ 400400400400----1000100010001000℃℃℃℃

Sol Sol Sol Sol (SrFe(SrFe(SrFe(SrFe
12121212
OOOO19191919

))))

FiltrationFiltrationFiltrationFiltration

((((MicrosphereMicrosphereMicrosphereMicrosphere))))

 

Figure 5. Experimental set-up for spray pyrolysis. 
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The aerosol droplets were produced by ultrasonic frequency (1.67 MHz) and 

were nebulized at flow rates of 1–5 l/min. The droplets were then passed through 

first heating zone (300 ℃) of a low temperature where the solvent was evaporated. 

The resulting dried particles were subsequently passed through a second heating 

zone (400 ~ 1000℃) where the particles decomposed.52 The powders were finally 

recovered by a glass fiber filter of 0.7 µm of pore size and were dried at 100℃ for 

24 h. And then the obtained particles were calcined at various conditions.  

 

B. Preparation of spinel magnetic particles 

 

(a) Materials 

 

All the chemicals from sigma (USA) were reagent grade and were used without 

further purification. Cobalt acetate tetrahydrate (Co(CH3CO2)24H2O), nickel acetate 

tetrahydrate (Ni(CH3CO2)24H2O), and iron nitrate nonahydrate (Fe(NO3)39H2O) 

were selected as precursors of Co1-xNixFe2O4 magnetic nanoparticles (x=0 and 0.1). 

Acetic acid, methyl alcohol and DI water were used for solvent.  

 

(b) Sol-gel method for spinel magnetic nanoparticles 

 

CoFe2O4 and Co0.9Ni0.1Fe2O4 also were synthesized by sol-gel method. Cobalt 

acetate tetrahydrate (Co(CH3CO2)24H2O), nickel acetate tetrahydrate 

(Ni(CH3CO2)24H2O), and iron nitrate nonahydrate (Fe(NO3)39H2O) were selected 

as precursors of Co1-xNixFe2O4 ferrite (x=0 and 0.1). They were dissolved in acetic 

acid, methanol, and water for 1h. This solution was refluxed at room temperature 

for 24 h and dried at 100℃ for 24 h and then fired at 800℃ for 6 h in air. The sol-

gel processing for Co1-xNixFe2O4 was showed in Figure 6. 
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Figure 6. The processing of sol-gel for Co1-xNixFe2O4. 
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Stirring at 80 ℃ Drying at 100℃, 24 h 
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B. Coprecipitation method for Fe3O4 nanoparticles  

  

Magnetite nanoparticles were prepared under various reaction conditions by 

coprecipitation of Fe2+ and Fe3+ in the presence of NaOH. Concentrations of 

precursor solution and coprecipitation method are two factors that control the 

properties of magnetite in this process. A 40 ml of mixed solution of Fe2+ and Fe3+ 

ions in a molar ratio (1:2) was prepared from FeCl3•6H2O (Sigma, USA) and 

FeCl2•4H2O (Sigma, USA) in 0.5 M HCl solution. To show the effect of Fe2+ molar 

concentration, samples were prepared by the addition of an aqueous mixture of 

FeCl2•4H2O (0.05 ~ 1 M) and FeCl3•6H2O (0.1 ~ 2 M) to 200 ml of 1M NaOH 

solution. When an aqueous mixture of FeCl2•4H2O and FeCl3•6H2O added to 1M 

NaOH solution, 5 ml syringe (21 G, MEDI-HUT INT'L (Mfg). CO. LTD, Korea) 

and spray-guns (Gunpiece, FUSO SEIKI Co., LTD, Japan) were employed in 

coprecipitation system. Spray-coprecipitation method was shown in Figure 7. The 

spray-coprecipitation system consists of four parts; spray-gun, homogenizer (~ 

3500 rpm), reactor and N2 carrier gas. In the N2 pressure of 25 psi, the aqueous 

mixture of Fe2+, 3+ was sprayed into NaOH solution and simultaneously the stirring 

rate was increased to 3000 rpm using the high speed homogenizer. After the 

reaction, the beaker containing the suspension was placed on a permanent magnet. 

Black powders could be seen to quickly settle on the bottom of the beaker. The 

supernatant was discarded and fresh water and ethyl alcohol was added to the 

beaker. This procedure was repeated several times until most of the ions in the 

suspension were removed. Dry powders were obtained by drying at 50℃ in 

vacuum. 
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Figure 7. Schematic representative of spray process for the synthesis of magnetite 

nanoparticles. 
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2. Characterization of synthesized magnetic nanoparticles 

 

A. Crystalline structure 

 

The structures of the synthesized magnetic particles were investigated using X-

ray diffractometer (XRD; X’pert PW1830, Philips, Japan) with Ni-filtered Cu-kα 

ray (λ=1.5406 nm). Diffraction data were collected between 20° and 80° at a scan 

rate of 4°/min. The crystalline structures were identified according to JCPDS 

software (PCPDFWIN1.30, JCPDS-ICDD).  

 

B. Magnetic properties 

 

The magnetic moment of synthesized magnetic particles in an external magnetic 

field was measured by vibrating sample magnetometer (VSM7300, Lakeshore, 

USA). A VSM consists of controller (7300, Lakeshore, USA; error rate; ± 1%), 

power supply (668, Lakeshore, USA, max; ±135A/±65V) and electromagnet (HF-

9H, Walker Scientific Inc, USA) in Figure 8. The saturation magnetization (Ms) 

and the coercive force (Hc) of each sample was measured and the hysteresis loops 

were obtained at room temperature by this system. 
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Figure 8. The image of VSM (Vibrating Sample Magnetometer) System. 
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C. Morphological analysis 

 

The average size and morphology of the particles were estimated using a 

scanning electron microscope (SEM; S2700, Hitachi, Japan), a transmission 

electron microscope (TEM; JEM4010, JEOL, Japan) and Scherrer’s formula. 

Samples in SEM measurement were a type of dried particles. For the TEM 

measurement, the aqueous dispersion of the particles was drop-cast onto a carbon 

coated copper grid and grid was air dried at room temperature before loading into 

the microscope. The size of particles was calculated from XRD data using 

Scherrer’s formula. 

 

BB
t

θ
λ

cos

9.0=                             (7) 

(t= particle size, λ= wave length, B=FWHM of the peak, θB=degrees of the peak) 

 

 It is used to estimate the particles size of small crystals from the measured width 

of their diffraction curves.  

 

3. Measuring the heat generation of magnetic nanoparticles 

 

A. Heating system 

 

The heating system consists of five main subsystems; a variable frequency and 

amplitude sine wave function generator (15MHz/20Vp-p, G5100, U.S.A.), a power 

amplifier (DC 10MHz/142Vp-p, HAS4101, U.S.A.), an induction coil (length: 30m, 

turns: 43, diameter: 172 mm, height: 320 mm), and an oscilloscope (Goldstar, 

Korea), temperature controller (1.4 ~ 1000K, Lake shore, U.S.A.) (Figure 9). The 

coil consisted of loops of copper pipe and was cooled by water to keep its 

temperature constant.  
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Figure 9. Photograph of alternating magnetic field apparatus (a) overview of 

heating system (b) coil. 
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B. Measuring the heat generation 

 

Using a bandwidth function generator system, the temperature changes under an 

alternating magnetic field of various frequencies were observed. The SLP (specific 

loss power) of the magnetic particles in an alternating magnetic field was calculated 

calorimetrically using equation (8) by registering the temperature increase in the DI 

water containing the ferrite particles after applying the AC magnetic field.53 

Measurements were performed at 0.1 ~ 15 MHz in field. 

 

t

T
CSLP

∆
∆=                             (8) 

(C=sample specific heat capacity, ∆T: temperature difference, ∆t=time) 

 

The temperature of the water was monitored using a thermocouple, and this was 

followed by placing the prepared magnetic particles into a PCR micro tube filled 

with distilled water (the particles were completely immersed) and the samples were 

subjected to various frequencies (0.1 ~ 15 MHz). The near-adiabatic chamber 

consisted of densely packed Styrofoam walls and bottom. The thermocouple was 

positioned in the DI water and the center of coil was without contact to the 

magnetic particles. An alternating magnetic field was applied to the samples using 

this coil, and the magnetic field was applied for a given amount of time and then 

turned off. The SLP (specific loss power) values of the samples were determined 

from the time-dependent temperature measurement. All samples were dispersed in 

DI water or PBS (Phosphate buffered solution) with the same concentration and 

treated with sonication for 10 min before the measurement. 
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4. In vitro test 

 

A. Cell culture 

 

(a) L929 cells  

 

The mouse fibroblast cell line L929 was purchased from Korea Cell Line Bank 

(KCLB). The images of L929 cells were shown in Figure 10(a)54. The cells were 

cultured in RPMI Medium 1640 (Gibco, Grand Island, NY, USA) supplemented 

with 10% Fetal bovine serum (FBS; Gibco Grand Island , NY, USA) and 1% 

Penicilin-Streptomycin (PS; Gibco, Grand Island, NY, USA) in 75 cm2 tissue 

culture polystylene flasks (BD Falcon, Bedford, MA, USA) under a humidified 5% 

CO2 air atmosphere at 37℃.  

 

 

(b) KB cells  

 

 The human epidermoid carcinoma KB cell line (Figure 10(b)54), obtained from 

the Korea Cell Line Bank., was maintained in Dulbecco’s Modified Eagle’s 

Medium (DMEM), containing 10% (v/v) heat inactivated fetal bovine serum (FBS), 

20 mM HEPES, penicillin, 100 mg/ml streptomycin, 5 mM l-glutamine and 1% 

(v/v) sodium pyruvate (Rockville, MD, USA). KB cells were incubated in 75 cm2 

tissue culture polystylene flasks (BD Falcon, Bedford, MA, USA) under a 

humidified 5% CO2 air atmosphere at 37℃.  
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Figure 10. The images of (a) L929 and (b) KB cells from Korea Cell Line Bank  

(KCLB).54 

 



 ４１ 

B. Cytotoxicity test of various magnetic nanoparticles 

 

(a) Agar overlay diffusion test 

 

The cultured L929 fibroblast cell was used for agar diffusion test. The cells were 

plated onto 90 mm2 petri dish and incubated to mitosis up to the cell concentration 

of 1×105 cells/mℓ in monolayer state in a 37℃, 5% CO2 humidified atmosphere 

incubator. The agar medium was prepared from 5% agar (Gibco BRL, Paisley, 

Scotland) and 50% culture medium with 5% FBS. The culture medium was 

removed from the petri dish, then 10 mℓ of agar medium at 45 ~ 50℃ was added 

to each petri dish and left to stand at room temperature for 30 minutes. After the 

agar medium had solidified, neutral red vital stain solution (10 mℓ) was added 

slowly to the center of the dish and then spread over the surface and left for 30 

minutes. Immediately after removing the dyeing solution, the specimens were 

placed in contact with the agar and incubated for 24 hours in a 37℃, 5% CO2 

humidified atmosphere incubator. First, the petri dish was placed on top of a white 

paper, then the zone index was measured after observing the size of the discolored 

area and the lysis index was measured by calculating the lysis ratio of the cells in 

the discolored area with an inverted phase contrast microscope (CK2, Olympus, 

Tokyo, Japan).55 Decolorization area and cell lysis area were measured with a ruler 

as shown in Figure 11. Zone index and lysis index were determined by standard 

(ISO 7405:1997(E)). Finally, the response index was measured by averaging the 

zone and lysis indices of the specimens. Description of decolorization index, lysis 

index, and criteria of cytotoxicity are listed in Table 3. 
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Figure 11. The evaluation of cytotoxicity in agar diffusion method 

(A: area of lysis, B: area of decolorization). 
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Table 3. Description of decolorization index, lysis index and interpretation of 

response index used in the agar diffusion test 

Decolorization index Description of decolorization 

0 No detectable zone around or under sample 

1 Zone limited to area under sample 

2 Zone not greater 5 mm in extension from sample 

3 Zone not greater 10 mm in extension from sample 

4 
Zone greater than 10 mm in extension from sample, 

but not involving entire plate 

5 Zone involving entire plate 

Lysis index Description of zone 

0 No observable lysis 

1 Up to 20% of the zone lysed 

2 Over 20 % to 40 % of the zone lysed 

3 Over 40 % to 60 % of the zone lysed 

4 Over 60 % to 80 % of the zone lysed 

5 Over 80 % lysed within the zone 

Cytotoxicity Response index (zone index/lysis index) 

None 0/0 

Mild 1/1  

Moderate 2/2 ~ 3/3 

Severe 4/4 ~ 5/5 
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(B) MTT assay 

 

The established L929 cell line (fibroblast connective tissue) and KB cell line 

(carcinoma cells) from Korean Cell Line Bank (KCLB, Korea) was prepared in this 

experiment. The cytotoxicity of magnetic particles was examined using the MTT 

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) method. The MTT 

assay is a simple non-radioactive colorimetric assay to measure cell cytotoxicity, 

proliferation or viability. MTT is a yellow, water-soluble, tetrazolium salt. 

Metabolically active cells are able to convert this dye into a water-insoluble dark 

blue formazan by reductive cleavage of the tetrazolium ring.56 Formazan crystals, 

then, can be dissolved in an organic solvent such as dimethylsulphoxide (DMSO) 

and quantified by measuring the absorbance of the solution at 570 nm, and the 

resultant value is related to the number of living cells. To determine cell 

cytotoxicity/viability, the cells were plated at a density of 1ⅹ104 cells/well in 96 

well plate at 37℃ in 5% CO2 atmosphere. After 24 h of culture the medium in the 

wells was replaced with the fresh medium containing each sample. After 24 h, 0.05 

ml of MTT dye solution (5 mg/ml in phosphate buffer pH-7.4) was added to each 

well. After 4 h of incubation at 37℃ and 5% CO2 for exponentially growing cells 

and 15 min for steady-state confluent cells, the medium was removed and formazan 

crystals were solubilized with 0.05 ml of DMSO and the solution was vigorously 

mixed to dissolve the reacted dye. The absorbance of each well was read on a 

microplate reader (MRX microplate reader, DYNATECH, USA) at 570 nm (Figure 

12(b)). The spectrophotometer was calibrated to zero absorbance using culture 

medium without cells. The relative cell viability (%) related to control wells 

containing cell culture medium without magnetic particles suspension was 

calculated by [A]test/[A] controlⅹ100. 
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(b) 

Figure 12. The photograph of (a) 96 well plate and (b) MRX microplate reader for 

the MTT assay. 
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C. Necrosis of carcinoma cells using magnetic nanoparticles 

 

The human squamous cell carcinoma KB cell line and mouse fibroblast L929 cell 

line was selected in this experiment, respectively. In order to reveal the intrinsic 

killing effect of the hysteresis heating, cell lysis was also observed without 

prepared magnetic nanoparticles under AC magnetic field. L929 cell was also used 

in order to compare the influence of the prepared magnetic nanoparticles on 

carcinoma and normal cells. A modified MTT assay was used to determine the 

degree of cell necrosis after exposure to AC magnetic field. Each 0.2 ml of the 

Eagle’s RPMI/MEM culture medium was distributed into every wells of a 96-well 

plate, each of which contained 104/ml KB/L929 cells, respectively. Then incubated 

in a humidified 5% CO2 balanced-air incubator at 37oC for 24 h. Magnetic 

nanoparticles were immersed into each well. As a control, no magnetic 

nanoparticles were placed. As shown in Figure 13, the 96-well plate was exposed to 

AC magnetic field with frequencies 0.1~15 MHz as a function of exposure time. 

0.05 ml of MTT solution was added to each well and allowed incubation for further 

4 h. The wells were read at 570 nm on an ELISA plate reader and the relative 

necrosis rate of cell (%) related to control wells containing cell culture medium 

without magnetic nanoparticles suspension was calculated by [1-([A]test/[A] control)]

ⅹ100. 

 



 ４７ 

 

 

 

 

  

(a) 

 

     

(b) 

 

Figure 13. The photograph of (a) coil and (b) 96 well plate in coil. 
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5. In vivo studies 

 

A. Preparation of tumor bearing ICR mice  

 

The skin tumor was initiated in the back region using DMBA and TPA. The 

following sources were used: 7,12-Dimethylbenz[a]anthracene (TPA, Sigma, St. 

Louis, USA), acetone (Sigma, USA), 12-O-Tetradecanolyl-phorbol-113-acetate 

(TPA, Sigma, St. Louis, USA).  

Four-weeks-old male ICR mice were supplied from Department of Laboratory 

Animal Medicine, Yonsei University College of Medicine. Animals were cared in 

SPF barrier area of Department of Laboratory Animals Medicine, Yonsei 

University College of Medicine. The temperature (22℃) and humidity (55%) were 

controlled constantly. The water (RO water) and diet (PMI diet) were supplied ad 

libitum. The procedures in this experiment were reviewed by Committee for the 

Care and Use of Laboratory Animals in Yonsei University according to the 

Guidelines and Regulations for Use and Care of Animals in Yonsei University. The 

backs of the mice were shaved at week 5 (a swath 2 cm long, 2 cm wide). One 

week later, restriction and treatment were started 4 groups of 40 mice were initiated 

with 100 nmol DMBA in 100 µl acetone (for 3 weeks) and promoted (for 2 weeks) 

twice weekly with 15 nmol TPA in acetone.57  

 

B. Hyperthermia (in vivo test) 

 

The in vivo tumor therapy was performed on ICR mice using nanomagnetic 

suspension (20 mg/ml). Forty mice were randomly distributed into four groups in 

Table 4; w/o carcinoma cells (control), w/ carcinoma cells and w/o any treatment 

(Exp. 1), w/ carcinoma cells and w/o exposure to AC magnetic field after CoFe2O4 

suspension injection (Exp. 2), and w/ carcinoma cells and w/ exposure to AC 

magnetic field after CoFe2O4 injection (Exp. 3). The carcinoma cells were initiated 

in the back region using DMBA (9,10-dimethyl-1,2-benz(a) anthracene) mixed 

with acetone at a 5% concentration after shaving and promoted by TPA (12-O-

tetrade-canoylphorbol-13-acetate) at 0.1% concentration in all experimental groups. 
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Prior to the application of CoFe2O4 suspensions, the animals were anesthetized with 

an intramuscular injection of ketamine (Ketamine 50, Yuhan, Korea) 0.2 mg/kg 

body weight and rompun (Xylazine, Bayer, Korea) 0.1 ml/kg body weight. 20 mice 

in the experimental group 2 and 3 were subjected to an injection of 1 ml magnetic 

suspension containing CoFe2O4 nanoparticles. The suspension of magnetic 

nanoparticles was injected into the tumor center using syringe. The slow injection 

rate was necessary because of the high interstitial tumor tissue pressure. The tumor-

bearing mice were exposed to AC magnetic field for 30 min daily in the Exp. 3. 

Mice were placed in the center of a magnetic field applicator consisting of a 

circular coil (diameter: 32.6 cm). The exposure to the AC magnetic field 

(frequency: 7 MHz) was started approximately 20 minutes after the magnetic 

nanoparticles application. Tumor temperature measuring at the same time with the 

AC magnetic field treatment was done by alcohol thermometer that was fixed on 

the shaven skin covering the skin tumor. Each tumor volume and weight was 

monitored during 45 days. The volume V of each tumor was calculated as V=0.5 

l•n2, where l is the length and n2 is the area of tumor, respectively.58 The length and 

height was measured with digital virnia calipus (MISTUTOYO, Japan). 
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Table 4. The groups of hyperthermia (in vivo test) 

Groups Treatment Total animal 

Nothing  10 

Tumor 10 

Tumor+Magnetic particles 10 

1 (Control) 

2 (Exp.1) 

3 (Exp.2) 

4 (Exp.3) Tumor+Magnetic particles+Field 10 
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ⅢⅢⅢⅢ. RESULTS 

 

1. Preparation of magnetic nanoparticles for hyperthermia 

 

A. Crystalline structure 

 

(a) Hexagonal magnetic nanoparticles (Ba1-xSrxFe12O19) 

 

Ba1-xSrxFe12O19 nanoparticles (x=0.0 ~ 1.0) were synthesized by sol-gel process. 

Their structural properties of the particles were determined using an X-ray 

diffractometer. Figure 14 shows the XRD diffraction patterns of the phase 

evolution of the powders according to the amount substituted. Ba1-xSrxFe12O19 

exhibits an M-type hexagonal structure. When synthesized samples were treated by 

heating above 700℃, the crystalline phase of Ba1-xSrxFe12O19 showed in XRD 

diffraction patterns. The crystalline phase of α-Fe2O3 was decreased with 

increasing the heating temperature. Increasing Sr2+-substitution for Ba2+ decreased 

the BaFe12O19 phase and increased the SrFe12O19 phase in the Ba1-xSrxFe12O19. As 

substitution of Sr2+ in BaFe12O19, the lattice parameter, X-ray density and volume of 

Ba1-xSrxFe12O19 was shown in Table 5. The axis of c0 decreased with increasing the 

substitution of Sr2+ ion. However, the crystal structure still maintained with 

hexagonal type. 
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Figure 14.  X-ray diffraction patterns of Ba1-xSrxFe12O19 nanoparticles at various x 

of (a) 0, (b) 0.25, (c) 0.5, (d) 0.75, and (e) 1.0.  
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Table 5. Lattice parameter, X-ray density and volume of Ba1-xSrxFe12O19.  

Substitution (x) a0( )Å  c0( )Å  c0/a0 X-ray density(g/㎤) Volume(Å3) 

0.00 5.898 23.215 3.936 5.274 699.37 

0.25 5.891 23.181 3.935 5.237 696.69 

0.50 5.890 23.141 3.928 5.188 695.25 

0.75 5.890 23.100 3.922 5.138 694.02 

1.00 5.889 23.050 3.914 5.091 692.28 
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And then spherical hexagonal magnetic particles were synthesized using former 

sol in spray pyrolysis. Figure 15 showed the XRD patterns of the spray-pyrolyzed 

microspheres. Table 6 shows the change in phase achieved for the samples using sol-

gel method at various spray-pyrolyzed temperatures and flow rate, as well as 

various heat treatment temperatures. When the flow rate of NO2 was 1 ℓ/min and 5 

ℓ/min, the γ-Fe2O3 and FeO phase were obtained by spray pyrolysis at 400℃. 

However, pyrolysis at 1000℃ gave rise to a mixture of SrFe12O19, Fe2O3, and FeO. 

In this study, spray pyrolysis did not lead to a SrFe12O19 single phase. In order to 

obtain the SrFe12O19 single phase, the spray-pyrolyzed powders were calcined at 

various temperatures. After spray pyrolysis at 400℃, the Fe3O4 phase was obtained 

by heat treatment at 300℃ for 3 h. The sample heat-treated at 300℃ for 3 h 

contained the γ-Fe2O3 & SrFe12O19 phase after spray pyrolysis at 1000℃. The 

SrFe12O19 single phase were obtained when the samples spray-pyrolyzed were 

calcined above 1000℃. 

 



 ５５ 

 

 

 

   

(a)                               (b) 
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Figure 15. According to the temperature of heat treatment, XRD patterns of the 

microspheres spray-pyrolyzed at (a) 400 , 1 ℓ/min,℃  (b) 400 , 5 ℓ/min, (c) 1000 , ℃ ℃

1 ℓ/min, and (d) 1000 , 5 ℓ/min.℃   
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Table 6. Crystalline phases of the spray-pyrolyzed and subsequent heat-treated 

microspheres. 

Spray pyrolysis 
Subsequent 

heat-treatment 
Crystalline phases 

N/A γ-Fe2O3 

300℃, 3h Fe3O4 

1 ℓ/min 

700℃, 6h α-Fe2O3, SrFe12O19 

N/A FeO 

300℃, 3h Fe3O4 

400℃ 

5 ℓ/min 

1000℃, 6h SrFe12O19 

N/A FeO, SrFe12O19 

300℃, 3h γ-Fe2O3, SrFe12O19 

1 ℓ/min 

1000℃, 6h SrFe12O19 

N/A FeO, SrFe12O19 

300℃, 3h γ-Fe2O3, SrFe12O19 

1000℃ 

5 ℓ/min 

1150℃, 6h SrFe12O19 
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(b) Spinel magnetic nanoparticles (Co1-xNixFe2O4) 

 

Co1-xNixFe2O4 nanoparticles (x=0, 0.1) were also synthesized by sol-gel process. 

Their structural properties of the particles were determined using an X-ray 

diffractometer. Figure 16 shows the XRD diffraction patterns of the phase 

evolution of the powders according to the amount substituted. Co1-xNixFe2O4 

exhibits a spinel structure. As for Ni2+ substitution, the structure of samples didn’t 

show different phase. However, we can estimate the lattice parameter (a0=8.381 Å) 

of CoFe2O4 and (a0=8.370 Å) of Co0.9Ni0.1Fe2O4. 
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Figure 16. X-ray diffraction patterns of Co1-xNixFe2O4 nanoparticles 

 (■: CoFe2O4, Co0.9Ni0.1Fe2O4). 
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(c) Magnetite nanoparticles (Fe3O4) 

 

The magnetite particles were synthesized controlled coprecipitation using spray 

method. In various concentrations of Fe2+, XRD patterns of spray coprecipitated 

samples were shown in Figure 17. As shown in Figure 17 and Table 7, hematite 

phase were showed in 0.05, 0.1 M samples of Fe2+. When the molar concentration 

of Fe2+ is 0.5 M in spray method, pure magnetite particles were well synthesized. In 

synthesis of iron oxide, the oxidation of iron evaluated from the crystalline phases. 

The oxidation condition in reactor was controlled by the molar concentration of 

Fe2+. Therefore, the pure magnetite was synthesized by oxidation of 0.5 M Fe2+ in 

our coprecipitation method. The discernible peaks in 0.5 M of Figure 17 can be 

indexed to (220), (311), (400), (511), (440), (422) and (533) planes of a cubic unit 

cell, which corresponds to that of magnetite structure (PCPDFWIN1.30, JCPDS-

ICDD no. 02-1035). 
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Figure 17. X-ray diffraction patterns of Fe3O4 samples with different molar 

concentration of Fe2+, Fe3+ spray method under high speed homogenizer (■: 

magnetite, ●: hematite). 
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B. Magnetic properties 

 

(a) Hexagonal magnetic nanoparticles (Ba1-xSrxFe12O19) 

 

The hysteresis loops of various amounts of Sr2+ substitution under external 

magnetic field of 15 kOe at room temperature showed in Figure 18. The 

magnetization saturation of Ba1-xSrxFe12O19 represented the constant values in 

various Sr2+ substitutions. However, the coercivity of samples increased with 

increasing Sr2+ substitutions. SrFe12O19 nanoparticles show 52.2 emu/g of the 

magnetization saturation and 7.1 kOe of the greatest coercivity in this experiment. 

The hysteresis area of SrFe12O19 was also the highest value in Ba1-xSrxFe12O19.  

Figure 19, showing the sample heat-treated at 700℃ for 6 h after spray pyrolysis 

of 1 ℓ/min and 400℃, the sample has Ms = 52 emu/g and Hc = 0.5 kOe. For the 

sample heat-treated at 1000℃ for 6 h after spray pyrolysis of 5 ℓ/min and 400℃, 

Ms = 54.1 emu/g and Hc = 3.4 kOe was observed. For the sample heat-treated at 

1000℃ for 6 h after spray pyrolysis of 1 ℓ/min and 1000℃, Ms = 54.8 emu/g and 

Hc = 4.3 kOe was observed. For the sample heat-treated at 1150℃ for 6 h after 

spray pyrolysis of 5 ℓ/min and 1000℃, Ms = 58 emu/g and Hc = 4.2 kOe was 

observed. From the measured hysteretic loss one may easily estimate that the area 

of the hysteretic loops increases as the heat-treatment temperature increases by 

taking into account the relative crystallinity with increasing of SrFe12O19 content. 
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Figure 18. Hysteresis loop of Ba1-xSrxFe12O19 at various substitutions Sr2+ (a) 

BaFe12O19, (b) Ba0.5Sr0.5Fe12O19, (c) Ba0.25Sr0.75Fe12O19, (d) SrFe12O19. 
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Figure 19. Hysteretic loops of the subsequent heat-treated for 6 h followed by spray 

pyrolysis. (a) 700℃ after 400℃, 1 ℓ/min, (b) 1000℃ after 400℃, 1 ℓ/min, (c) 

1000℃ after 400℃, 5 ℓ/min, and (d) 1150℃ after 1000℃, 5 ℓ/min.  
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(b) Spinel magnetic nanoparticles (Co1-xNixFe2O4) 

 

Magnetic properties of the particles were determined using a vibrating sample 

magnetometer. The magnetic properties of the prepared ferrites are shown in Figure 

20. The maximum saturation magnetization was 72 emu/g in CoFe2O4 ferrite. In 

Co1-xNixFe2O4 ferrites, Hc was increased in accordance with increasing level of the 

Ni2+-substitution, while the saturation magnetization decreased. 
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 Figure 20. Hysteresis loops of the magnetic nanoparticles in (a) CoFe2O4 and (b) 

Co0.9Ni0.1Fe2O4.  
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(c) Magnetite nanoparticles (Fe3O4) 

 

 Hysteresis loops of synthesized particles were shown in Figure 21. In spray 

method, increasing the molar concentration of Fe2+ from 0.05 M to 0.5 M increased 

to Ms of 68.8 emu/g. However, Ms of synthesized particles was decreased in 

spraying iron solution of Fe2+:Fe3+=1 M:2 M. And the coercivity was represented 

values closed to zero. Magnetic properties are decreased by emerged hematite 

phase in 0.05 and 0.1M. When pure magnetite phase was formed by coprecipitation, 

the magnetization saturation (Ms) was much higher than mixed with hematite phase.  
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Figure 21. Hysteresis loops of different molar concentration of Fe2+ spray method 

under high speed homogenizer (Fe2+=(a) 0.05, (b) 0.1 (c) 0.5, (d) 1 M).  
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Table 7. Properties of synthesized magnetite particles by spray coprecipitation 

Samples Crystalline phase 
Particle 

size (nm) 
Ms (emu/g) Hc (kOe) 

Fe2+:Fe3+= 0.05:0.1 M Fe3O4+αFe2O3 7.6±2.6 17.8 0.0728 

Fe2+:Fe3+= 0.1:0.2 M Fe3O4+αFe2O3 8.5±2.1 18.6 0.0628 

Fe2+:Fe3+= 0.5:1 M Fe3O4 10.3±2.2 68.8 0.0603 

Fe2+:Fe3+= 1:2 M Fe3O4 12±2.0 68.5 0.0691 
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C. Morphological characterization 

 

The particles size and morphology were examined using SEM for the synthesized 

magnetic particles by sol-gel method. The morphology of magnetic particles had the 

similarity in the same type of magnetic particles. The hexagonal magnetic particles of 

Ba1-xSrxFe12O19 showed the type of plate. The Scherrer’s equation was calculated 

using the peak of (107) plane of hexagonal for finding the particles. And the particle 

size BaFe12O19 and SrFe12O19 was approximately 100 nm by SEM images (Figure 

22(a)) and 81nm by Scherrer’s equation. The average size of Co1-xNixFe2O4 particles 

was 75 nm by Figure 22(b) and 68 nm by Scherrer’s equation.  

And the particle size and morphology were examined using SEM for the samples 

spray–pyrolyzed and heat-treated from 300℃ to 1150℃ (Figure 23). The powders 

were obtained spherical particles by spray pyrolysis. Figure 23a, 23b, 23c, and 23d 

showed a mean particle size of 769.2 nm, 658.1 nm, 589.7 nm, and 532.8 nm, 

respectively. However, the powders heat-treated above 1000℃ were agglomerated.  

Figure 24 shows the TEM images of the magnetite particles. The shape of the 

coprecipitated particles was nearly spherical with an average size of 10.3 nm. Two 

perpendicular diameters were measured for each of 50 particles, and the average axis 

lengths were 10.7 (±2.3) and 9.9 (±2.1) nm. The aspect ratio was 1.1 (±0.2). To show 

the detail morphology, the TEM image of dispersed magnetite in chitosan was 

represented in Figure 24(b). 
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(a) 

 

(b) 

Figure 22. SEM images of (a) SrFe12O and (b) CoFe2O4. 
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(a) 

   

(b) 

   

(c) 

   

(d) 

Figure 23. SEM images of the spray-pyrolyzed powders at 400  and 1000 . ℃ ℃  

(a) 400 , 1 ℓ/min, (b) 400 , 5 ℓ/min, (c) 1000 , 1 ℓ/min, and (d) 1000 , 5 ℃ ℃ ℃ ℃

ℓ/min.  

1 l/min (As-pyrolyzed) 300℃℃℃℃-3h 700℃℃℃℃-6h 

5 l/min (As-pyrolyzed) 

300℃℃℃℃-3h 1150℃℃℃℃-3h 

300℃℃℃℃-3h 1000℃℃℃℃-6h 

300℃℃℃℃-3h 1000℃℃℃℃-6h 

1 l/min (As-pyrolyzed) 

5 l/min (As-pyrolyzed) 
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(a) 

 

(b) 

Figure 24. TEM images of (a) not dispersed and (b) dispersed Fe3O4 particles in 

chitosan solution by spray-coprecipitation method. 
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2. Heat generation of magnetic nanoparticles under AC magnetic field 

 

In this study, the synthesized magnetic nanoparticles were positioned in the 

center of coil and then the heating system generated AC magnetic field in various 

frequencies. The samples for measuring the heat generation of magnetic 

nanoparticles were Ba1-xSrxFe12O19, Co1-xNixFe2O4 and Fe3O4. Temperature changes 

in each sample were shown in Figure 25. SLP was calculated using the equation (8), 

where C is the heat capacity which is calculated as a mass weighted mean value of 

magnetic particles in water. ∆T/∆t is the initial slope of the temperature versus time 

dependent.58 Temperature changes and SLP (specific loss power) of magnetic 

nanoparticles under the AC magnetic field (6.77 and 7 MHz) for 15 minutes were 

shown in Table 8. 

Being exposed to an alternating magnetic field with 7 MHz, SrFe12O19 particles 

was calculated by using the temperature changes, as having the highest SLP (96.5 

W/g•s). The increases in temperature for SrFe12O19 and BaFe12O19 were 

considerably higher than for those of other ferrite particles. However, in magnetic 

field with 6.77 MHz, it represented no significant temperature changes. The highest 

temperature change in the magnetic field with 6.77 MHz was 16.7℃ in CoFe2O4.  
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Figure 25. Time-dependent temperature curves of samples in (a) 6.77 MHz and (b) 

7 MHz AC magnetic field.  
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Table 8. Temperature and SLP (specific loss power) of magnetic nanoparticles 

under the AC magnetic field (6.77 and 7 MHz) for 15 minutes 

6.77 MHz 7 MHz 
Samples ∆T (K) SLP (W/g•s) ∆T (K) SLP (W/g•s) 

Fe3O4  0.4 0.6 4.3 6.6 

BaFe12O19 14.8 22.8 47.6 73.2 

SrFe12O19 9.9 15.2 62.7 96.5 

CoFe2O4 16.7 30.4 19.3 29.6 

Co0.9Ni0.1Fe2O4 11.9 18.3 7.2 11.1 
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As the intensity of magnetic field, heat generation was very different. When 

CoFe2O4 nanoparticles were placed in the magnetic field with 600 kHz, heat 

generation was much lower than magnetic field with 7 MHz. As shown in Figure 26, 

the temperature changes of Co0.9Ni0.1Fe2O4 in magnetic field with 600 kHz and 7 

MHz didn’t change the heat generation. But the rising rate of temperature increased 

in 7 MHz. Whereas the heat generation of CoFe2O4 nanoparticles showed the 

temperature gap of 15℃ in the frequency of 600 kHz and 7 MHz. Except for 

CoFe2O4 in the field of 7 MHz, temperature rising rate was saturated in 60 min, 

approximately.  
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Figure 26. Temperature changes of CoFe2O4 and Co0.9Ni0.1Fe2O4 ferrites under 

alternating magnetic field of (a) 7 MHz and (b) 0.6 MHz. 
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3. in vitro test 

 

A. Cytotoxicity of magnetic nanoparticles 

 

(a) Agar overlay diffusion test 

 

The result of the agar overlay test was listed in Table 9. The magnetic 

nanoparticles showed various cytotoxicities. Most of magnetic nanoparticles were 

ranked noncytotoxic or mildly cytotoxic, whereas BaFe12O19 was ranked cytotoxic. 

As shown in Figure 27, necrosis of L929 cells was shown in BaFe12O19, but the 

high viability of L929 cell lines was shown in CoFe2O4, Co0.9Ni0.1Fe2O4, SrFe12O19 

and Fe3O4 magnetic nanoparticles.  
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Table 9. Cytotoxicity of magnetic nanoparticles using agar overlay method 

Samples 
Decolorization 

Index 
Lysis Index Cytotoxicity 

Fe3O4 

BaFe12O19 

SrFe12O19 

CoFe2O4 

Co0.9Ni0.1Fe2O4 

0 

4 

0 

0 

0 

0 

2 

0 

0 

0 

Noncytotoxic 

Cytotoxic 

Noncytotoxic 

Noncytotoxic 

Noncytotoxic 
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(a)                               (b) 

   

(c)                               (d) 

 

Figure 27. The photograph (ⅹ100) of L929 cell line with different magnetic  

particles. (a) negative group, (b) positive group, (c) BaFe12O19 was cytotoxic but (d) 

Fe3O4 was noncytotoxic in agar overlay diffusion test.  
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(b) MTT method 

 

The viability of L929 cells by the MTT assay was shown in Figure 28(a). The 

highest viability value was Fe3O4 which is known as a biocompatible magnetic 

nanoparticle. The BaFe12O19 was more cytotoxic than any other magnetic particles. 

A significant difference of viability was seen for synthesized magnetic 

nanoparticles. Magnetic nanoparticles of Fe3O4, SrFe12O19, CoFe2O4 and 

Co0.9Ni0.1Fe2O4 were above the viability of 85%, respectively. Therefore, if these 

magnetic nanoparticles were used for hyperthermia, it is expected that normal 

tissues are not damaged in toxicity of materials.  

The cytotoxicity of Co1-xNixFe2O4 was also measured in carcinoma KB cell for 

the necrosis test. As shown in Figure 28(b), the KB cell viability of CoFe2O4 and 

Co0.9Ni0.1Fe2O4 exceeded 90% as well as Fe3O4. The magnetic nanoparticles 

considered to be noncytotoxic to KB cells. The viability of KB cells was 

approximately 2% higher than L929 cells using the same samples. It was not 

significant difference. 
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Figure 28. Viability of the (a) L929 and (b) KB cell lines after the addition of the 

extraction of magnetic nanoparticles and their controls 24 h after incubation at 37℃. 

The MTT assay was measured in 3 days later using ELISA reader. 
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B. Necrosis of carcinoma and normal cells using magnetic nanoparticles 

 

As a preliminary study of in vivo test of Co1-xNixFe2O4 as thermoseeds in the 

hyperthermic cancer treatment, modified MTT test performed with carcinoma and 

normal cells. Each cell was heated by the magnetic nanoparticles under AC 

magnetic field with 600 kHz and 7 MHz. According to the preliminary data of 

temperature rising, the running time of magnetic field adjusted 60 min. Although 

each sample showed different temperature rising rate, hyperthermic temperature 

(43℃) was achieved in the 30 min.  

The results of the cell necrosis effect of the prepared magnetic nanoparticles 

determined using MTT assay after exposure to an AC magnetic field (under the 

frequency of 0.6 MHz, 7 MHz) are shown in Figure 29. The CoFe2O4 and 

Co0.9Ni0.1Fe2O4 magnetic nanoparticles show the 78.6% and 84.7% in viability of 

L929 cells and the 75.3% and 71.7% in viability of KB cells after exposure for 1 h 

to AC magnetic field with 0.6 MHz. After exposure for 1 h to AC magnetic field 

with 7 MHz, the CoFe2O4 and Co0.9Ni0.1Fe2O4 magnetic particles show the 74.3% 

and 64.4% in viability of L929 cells and the 45.8% and 75.3% in viability of KB 

cells. As results, CoFe2O4 considered to be more selective necrosis effect than 

Co0.9Ni0.1Fe2O4. The CoFe2O4 magnetic nanoparticles showed lower than 50% of 

KB cells viability compared to the controls after exposure for 1 h to AC magnetic 

field with 7 MHz. In contrast, L929 cells are survived 74.3% using CoFe2O4 

magnetic nanoparticles, respectively. Therefore, CoFe2O4 magnetic nanoparticles 

are expected having a selective necrosis effect in KB cells (carcinoma) because 

there is much difference between survival rates of KB and L929 cells. 
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Figure 29. Cell survival rates by CoFe2O4 and Co0.9Ni0.1Fe2O4 magnetic 

nanoparticles (a) under 7 MHz and (b) under 0.6 MHz. 
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4. In vivo study using CoFe2O4 nanoparticles 

 

We studied the various magnetic nanoparticles for hyperthermia. The key 

properties of the magnetic nanoparticles for hyperthermia are the ability of heat-

generation and biocompatibility. We need the best magnetic nanoparticles to heat 

more efficiently in tumor without damaging normal cells in a low magnetic field. 

As above results, we selected the CoFe2O4 having low Hc, the temperature changes 

achieved the hyperthermic temperature. CoFe2O4 expected to be effective as 

thermoseeds for hyperthermia under the alternating magnetic field. Therefore, we 

evaluated the effects of CoFe2O4 on the necrosis of carcinoma cell in vitro and in 

vivo. More than half of the malignant carcinoma cells in vitro were dead after 

exposure to an AC magnetic field with 7 MHz for 1 h when CoFe2O4 magnetic 

nanoparticles were placed into cells, while normal cells were survived more than 

60%. And then CoFe2O4 magnetic nanoparticles were employed to in vivo test. The 

tumor appeared in the back of ICR mice by DMBA and TPA after 35 days. When 

the volume of tumor was 2 ~ 3 mm3, the hyperthermia started using CoFe2O4 and 

AC magnetic field. The effective tumor regression was shown in tumor-bearing 

ICR mice after hyperthermic treatment. As shown in Figure 30, the volume of 

tumor steadily increase in all mice of the Exp. 1 and Exp. 2; in contrast, complete 

tumor regression was observed in some of mice of the Exp. 3 (Figure 31). And 

average volume of tumors was 20.3 mm3 in the Exp. 1, but was only 3 mm3 in Exp. 

3. In most groups, the volume of tumor increased up to the 10th ~ 13th days in all 

experimental groups, after which it began to decrease in the Exp. 3 and in some of 

them disappeared finally. The tumor regression rate of average volume was 85.2% 

in experimental group of hyperthermic treatment.  
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Figure 30. Changes of volume of tumor in ICR mice with exposure time to AC 

magnetic field after magnetic suspension injection.  
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(a) 

 

 
(b) 

Figure 31. Tumor-bearing ICR mice induced by DMBA and TPA, (a) non-treated 

and (b) hyperthermic treated mice.  
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ⅢⅢⅢⅢ. DISCUSSION 

 

In this study, we are going to synthesize hyperthermic magnetic nanoparticles. 

Magnetic materials have been used with grain sizes down to the nanoscale for 

longer than any other type of material. This is because of a fundamental change in 

the magnetic structure of ferro- and ferrimagnetic materials when grain sizes are 

reduced. The magnetic nanoparticles can be made to resonantly respond to a time-

varying magnetic field, with advantageous results related to the transfer of energy 

from the exciting field to the nanoparticle. Hexagonal and spinel structured 

magnetic nanoparticles were synthesized by various methods. By sol-gel, spray-

pyrolysis and coprecipitation methods, the synthesized magnetic nanoparticles were 

evaluated for hyperthermic materials. The magnetic nanoparticles have to generate 

the effective heat for the successful hyperthermic treatment. Since the crystal 

structure and magnetic properties of magnetic nanoparticles were related with the 

heat generation under AC magnetic field, the profound analysis of synthesized 

magnetic materials are essential in application to hyperthermia. Also, the study of 

cytotoxicity on various magnetic particles also conducted by agar diffusion test and 

MTT assay, because the biocompatibility of magnetic nanoparticles noticed for 

application to biomaterials not yet.  

 

1. Basic properties of hyperthermic magnetic nanoparticles 

   

In the view of hysteresis loss, hexagonal magnetic nanoparticles can generate 

much heat under AC magnetic field. Hexagonal magnetic particles were selected 

with barium ferrite and strontium ferrite as the same formula in this study. Barium 

ferrite has the same crystal structure as magnetoplumbite, which is a mineral with 

the approximate composition PbFe7.5Mn3.5Al 0.5Ti0.5O19. (Thus the Fe ions in barium 

ferrite occupy the same positions as the mixture of Fe, Mn, Al, and Ti ions in 

magnetoplumbite.) The hexagonal unit cell of barium ferrite contains 2 

“molecules,” or a total of 2x32=64 atoms. It is very long in the c direction, with 

c=23.2 Å and a=5.88 Å. The Ba2+ and O2- ions are both large, about the same size, 

and nonmagnetic; they are arranged in a close-packed fashion. The smaller Fe3+ 
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ions are located in the interstices.  

They key to an understanding of this large complex cell lies in the relation 

between the hexagonal-close-packed and the face-centered-cubic structures. Both 

are built up by stacking identical layers of atoms one on top of another in a 

particular sequence. Within each layer the atoms are located at the corners of a 

network of adjoining equilateral triangles, as shown at the top of Figure 3259. If the 

layers are stacked in the sequence ABABAB…, i.e., with the third layer directly 

over the first, the resulting structure is hexagonal close-packed. If the stacking 

sequence is ABCABC…, so that the sequence does not repeat until the fourth layer, 

the result is face-centered cubic. The cubic ferrite with the spinel structure may be 

thought of in this law, i.e., as being composed of layers of oxygen ions stacked in 

the ABCABC sequence with the M2+ Fe3+ ions in the interstices. The moments of 

the magnetic ions are normal to the plane of the oxygen layers, in a direction of the 

form <111>.  

In the BaFe12O19 or SrFe12O19 unit cell, shown schematically in Figure 32, there 

are 10 layers of large ions (Ba2+ or O2-), with 4 ions per layer. Eight of these layers 

are wholly oxygen, while two contain one barium ion each, as indicated. The whole 

block of 10 layers can be regarded as made up of four blocks, two cubic and two 

hexagonal. In the cubic blocks the arrangement of oxygen ions, occupied 

tetrahedral sites, and occupied octahedral sites are exactly the same as in the cubic 

spinels. In each hexagonal block a Ba2+ substitutes for an O2- in the central of the 

three layers, and the layers are stacked in the hexagonal sequence.   

The only magnetic ions in BaFe12O19 or SrFe12O19 are the Fe3+ ions, each with a 

moment of 5 μB. These are located in three crystallographically different kinds of 

sites: tetrahedral, octahedral, and hexahedral. The Fe3+ ions have their moments 

normal to the plane of the oxygen layers, and thus parallel or antiparallel to the +c 

axis the hexagonal cell, which is a <0001> direction.  
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Figure 32. Schematic representative of the barium ferrite structure.59 
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The preparation method of hexagonal magnetic nanoparticles strongly 

determines its magnetic and structural properties. The most used method for the 

preparation of BaFe12O19 or SrFe12O19 in industrial and technical application is the 

ceramic method which results in a material that is inhomogeneous.60 The sol-gel 

technique has emerged as a new method for synthesizing BaFe12O19 or 

SrFe12O19.
61,62 In the sol-gel technique the obtained particles exhibit a fine grain 

size in the nanometer range with a narrow size distribution. A single-phase 

BaFe12O19 or SrFe12O19 powder can be produced in a short time by this technique.63 

For the improvement of magnetic properties, Sr2+ substituted BaFe12O19 were 

synthesized by sol-gel process. When the molar ratio of (Ba, Sr)/Fe come to be 

≤1/11, the crystal of α-Fe2O3 appeared in XRD date. Therefore, we obtained the 

pure crystal in adjusted the molar ratio 1/10 in (Ba, Sr)/Fe. It is known that the 

crystal of α-Fe2O3 usually reduced the magnetic properties of magnetic particles.64  

The heat treatment of 950℃ for 6h could make the more pure crystal structure of 

hexagonal in Figure 33. The heat treatment of sol-gel method affected to make pure 

hexagonal magnetic nanoparticles. In the synthesis of SrFe12O19, first heat treatment 

stage was 400℃ for 3 h, second heat treatment stage was 1000℃ for 6 h. γ-Fe2O3 

phase appeared in first heat-treatment, large mounts of γ-Fe2O3 phase was emerged 

due to the γ-Fe2O3 phase was easy to transform SrFe12O19 phase.65, 66  



 ９２ 

 

 

 

 

 

 

 

20 30 40 50 60 70

2θθθθ

x=1

(2
01

1)
(2

17
)

(2
01

0)

(3
17

)

(2
01

4)

(2
20

)

(2
09

)

(1
01

1)

(2
06

)(2
05

)
(1

16
)

(2
03

)
(1

08
)

(1
14

)
(1

07
)

(0
08

)
(1

10
)

(0
06

)

(1
02

)

 (800oC - 6h)
 (950oC - 6h)

 

 

In
te

ns
it

y 
(A

rb
. U

ni
ts

)

 

Figure 33. The XRD data of SrFe12O19 with various temperature of heat treatment. 
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As shown in Figure 14, due to the size similarities of Sr2+ and Ba2+ ion, the 

crystal structure Ba1-xSrxFe12O19 did not changed. However, the magnetic properties 

have many differences. Without changing the position of 5 μB which was related 

with the magnetic properties, only the position of Ba2+ were substituted by Sr2+. 

The lattice parameters showed in Table 5. Due to the size of Sr2+ ions is smaller 

than Ba2+ ion, c0 decreased with the amount of Sr2+ substitution. The magnetic 

moment will be increased in spacious crystal structure. Therefore, the coercivity of 

Ba1-xSrxFe12O19 increased with the Sr2+ substitution but the magnetization saturation 

(Ms) represented nearly the same value. In these results, a hysteresis area of 

SrFe12O19 was the largest in Ba1-xSrxFe12O19 magnetic nanoparticles. Therefore, we 

expected that SrFe12O19 could be used for the effective hyperthermic thermoseed.  

To avoid damages in tissues, spherical and well size distributed magnetic 

particles were synthesized by spray-pyrolysis. Spray-pyrolysis is important to 

consider the melting points, solubilities, volatilities, and reactivities of the 

precursors and all the possible intermediates to determine their effect on the phase 

evolution to the system.57 The resident time in the furnace at 1000℃ of the aerosol 

sol is too short to allow the total crystallization in spray pyrolysis. Therefore spray 

pyrolysis temperature was to be higher, gas flow rate was to be longer than in this 

work (i.e. Heating zone have long distance or vertical direction). Pyrolysis 

temperatures lower than 1000℃ give rise to a mixture of different phases being the 

most abundant γ-Fe2O3 and Fe3O4. The high value observed for coercive force at 

room temperature is almost equal to the value expected for randomly oriented 

assembly of uniaxial single-domain particles undergoing magnetization reversal by 

coherent rotation, as given by the theory by Stoner and Wohlfarth.67 The value of 

specific magnetization is also greatest for single crystals of SrFe12O19 as obtained 

by spray-pyrolysis followed heat-treatment at 1000℃ for 6 h. However, spray-

pyrolyzed Ba1-xSrxFe12O19 magnetic particles had a low magnetic properties as well 

as higher particle size. Finally, we determined to synthesize hexagonal magnetic 

nanoparticles using sol-gel method rather than spray-pyrolysis.  

To compare the inverse spinel structure of Co1-xNixFe2O4 with the hexagonal 

structure of Ba1-xSrxFe12O19 magnetic nanoparticles, the synthesized Co1-xNixFe2O4 

magnetic nanoparticles were measured by XRD and VSM. The Co1-xNixFe2O4 also 
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prepared from Ni2+ substitution in CoFe2O4 through the sol-gel route. The inverse 

spinel structure of Co1-xNixFe2O4 was observed in XRD data of Figure 16.  

The spinel structure is complex, in that there are 8 “molecules,” or a total of 

8x7=56 ions, per unit cell. The large oxygen ions (radius about 1.3 Å) are packed 

quite close together in a face-centered cubic arrangement, and the smaller metal 

ions (radii from about 0.7 to 0.8 Å) occupy the spaces between them. These spaces 

are of two kinds. One is called a tetrahedral or A site, because it is located at the 

center of a tetrahedron whose corners are occupied by oxygen ions (Figure 34(a)). 

The other is called an octahedral or B site, because the oxygen ions around it 

occupy the corners of an octahedron (Figure 34(b)). The crystallographic 

environments of the A and B sites are therefore distinctly different.  
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Figure 34. Crystal structure of a cubic magnetic particle.68 
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The unit cell contains so many ions that a drawing of the complete cell would not 

be very informative. Instead we can imagine the unit cell of edge to be divided into 

eight octants, each of edge 1/2, as shown in Figure 34(c). The four shaded octants 

have identical contents, and so do the four unshaded octants. The contents of the 

two lower-left octants in (c) are shown in (d). One tetrahedral site occurs at the 

center of the right octant of (d), and other tetrahedral sites are at certain octant 

corners. Four octahedral sites occur in the left octant; one is delineated by dashed 

lines to six oxygen ions, two of which, shown dotted, are in adjacent octants behind 

and below. The oxygen ions are arranged in the same way (tetrahedrally) in all 

octants. However, our synthesized spinel magnetic nanoparticles have the inverse 

spinel structure, in which the divalent ions are on B sites and the trivalent ions are 

equally divided between A and B sites. (The divalent and trivalent ions normally 

occupy the B sites in a random fashion). Iron, cobalt and nickel ferrites have the 

inverse spinel structure, and they are all ferromagnetic.36  

As shown in Figure 16, Co1-xNixFe2O4 particles usually had the inverse spinel 

structure. The diameter of Co2+ and Ni2+ is 0.74 Å and 0.78 Å, respectively. 

Therefore, when the B sites of Co2+ substituted for Ni2+ in Co1-xNixFe2O4, a0 of 

CoFe2O4 and Co0.9Ni0.1Fe2O4 was 8.381 Å and 8.370 Å. In VSM data, the effect of 

substitution was characterized from the higher coercivity (Hc) and lower saturation 

magnetization (Ms). Although the hysteresis area of Co0.9Ni0.1Fe2O4 was a little 

higher than CoFe2O4 the difference of Hc would be more significant data in 

temperature changing under AC magnetic field.   

The magnetite nanoparticles already used for hyperthermia, broadly. The magnetite 

nanoparticles for biomedical applications have led to a number of obvious 

applications. And the synthesis of biocompatible superparamagnetic materials has 

long been of interest in biomedical applications including magnetic resonance 

imaging for clinical diagnosis, magnetic drug targeting, hyperthermia anti-cancer 

strategy, enzyme immobilization.69-75 The efficacy of many medical applications may 

strongly rely upon generating narrow size distribution and well dispersed nano 

particles in an aqueous solution. Iron-oxide of nanometer size presents 

superparamagnetic property and is ideal for MR contrast enhancement by alterations 

of proton relaxation in the tissue microenvironment.76,77  
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However, since the magnetic properties and heat generation of other magnetic 

nanoparticles (Ba1-xSrxFe12O19 and Co1-xNixFe2O4) can be more effective in 

hyperthermia, the magnetite nanoparticles were require comparing with other 

magnetic nanoparticles. In this study, not only Ba1-xSrxFe12O19 and Co1-xNixFe2O4 

magnetic nanoparticles prepared for the hyperthermia, but also the magnetite 

nanoparticles were synthesized by controlled coprecipitation method.  

Various methods of preparing magnetite nanoparticles have attracted attention, 

such as spray pyrolysis78, microwave irradiation of ferrous hydroxide79, 

microemulsion technique80 and hydrothermal preparation technique.81 Compared to 

above methods, controlled coprecipitation method has the advantages of the being 

relatively simple and providing good control over particles properties. Controlled 

synthetic technique of ceramics can produce fine, high purity, stoichiometric 

particles. Furthermore, if process conditions such as solute concentration, reaction 

temperature, reaction time and the type of solvent are carefully controlled, ceramic 

particles of the desired shape and size can be produced. In this study, by varying the 

molar concentration of Fe2+ and Fe3+ either at spray coprecipitation methods, the 

synthesis of magnetite was conducted for suitable hyperthermic thermoseed. The 

magnetite particles were synthesized by oxidation when the concentration of 

Fe2+:Fe3+ was 0.5:1 M. In various concentrations of Fe2+, XRD patterns of spray 

coprecipitated samples were shown in Figure 17. Maghemite phase were showed in 

0.05, 0.1 M samples of Fe2+. When the molar concentration of Fe2+ is 0.5 M in 

spray method, pure magnetite particles were well synthesized. In the synthesis iron 

oxide, the oxidation of Fe determined crystalline phases. The oxidation condition in 

reactor was controlled by the molar concentration of Fe2+. Therefore, the pure 

magnetite was synthesized by oxidation of 0.5 M of Fe2+ in our coprecipitation 

method. Hysteresis loops of synthesized particles were shown in Figure 21. In case 

of spray coprecipitation method, increasing the molar concentration of Fe2+ from 

0.05 M to 0.5 M increased to Ms of 68.8 emu/g. However, Ms of synthesized 

particles was decreased in spraying iron solution of Fe2+:Fe3+= (1 M:2 M). 

Magnetic properties are decreased by emerged hematite phase in 0.05 and 0.1 M. 

When only magnetite phase was formed by coprecipitation, Ms was much higher 

than mixed with hematite phase. Figure 24 show TEM images of coprecipitated 
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particles with spray method. The shape of spray-coprecipitated particles was 

approximately spherical. The mean diameter of spray-coprecipitated particles 

increased from 7.6 to 12 nm with an increase of the molar concentration of Fe2+ 

from 0.05 to 1 M. In conventional dropping method, particles size was increased to 

21.8 nm with increasing the molar concentration of Fe2+. 

According to chemical principles, Fe3+/Fe2+ should be 2 after reduction 

(theoretical ratio for stoichiometric Fe3O4). However, in fact, such as the 

concentration of FeCl2, FeCl3 and HCl may not be the ideal ratio.82 We synthesized 

controlled magnetite nanoparticles by spray method using high speed homogenizer. 

The particles size could be reduced at approximately 7 nm by spray method using 

high speed homogenizer. As these result, the properties of magnetite was controlled 

by physico-chmical factors. We had found ideal condition to prepare pure 

magnetite fine particles of size about 10 nm or less.  

 

2. Heat generation of magnetic nanoparticles 

 

Magnetic nanoparticles within alternating magnetic field are expected to be 

useful thermoseeds in hyperthermic cancer treatment since they can generate heat 

to the cancer site. In this study, various types of magnetic nanoparticles were 

selected in order to investigate the heating effect.  

The heating of magnetic nanoparticles with low electrical conductivity in an 

external magnetic field is mainly due to the hysteresis loss. Regarding the choice of 

magnetic particle, the iron oxides magnetite (Fe3O4) and maghemite (γ-Fe2O3) are 

the most studied to date because of their generally appropriate magnetic properties 

and biological compatibility, although many others have been investigated. Particle 

sizes less than about 10 nm are normally considered small enough to enable 

effective delivery to the site of the cancer, either via encapsulation in a larger 

moiety or suspension in some sort of carrier fluid. Nanoscale particles can be 

coupled with antibodies to facilitate targeting on an individual cell basis. 

Candidated materials are divided into two main classes; ferromagnetic and 

ferromagnetic single domain or multi-domain particles and superparamagnetic 

particles. The heat generating mechanisms associated with each class are quite 



 ９９ 

different, each offering unique advantages and disadvantages.48 

Ferromagnetic particles possess hysteretic properties when exposed to a time 

varying magnetic field, which gives rise to magnetically induced heating. The 

amount of heat generated per unit volume is given by the frequency multiplied by 

the area of the hysteresis loop:  

 

∫= dM Hf0µferroP                         (8) 

 

This formula ignores other possible mechanisms for magnetically induced 

heating such as eddy current heating and ferromagnetic resonance, but these are 

generally irrelevant in the present context. The particles used for magnetic 

hyperthermia are much too small and the AC field frequencies too low for the 

generation of any substantial eddy currents. Ferromagnetic resonance effects may 

become relevant but only at frequencies far in excess of those generally considered 

appropriate for this type of hyperthermia. For ferromagnetic particles well above 

the superparamagnetic particle size limit there is no implicit frequency dependence 

in the integral of equation (8), so paramagnetic magnetic particles can be readily 

determined from quasi-static measurements of the hysteresis loop using, for 

example, a VSM. As discussed in introduction, the reorientation and growth of 

spontaneously magnetized domains within a given ferrimagnetic particle depends 

on both microstructural features such as vacancies, impurities or grain boundaries, 

and intrinsic features such as the magnetocrystalline anisotropy as well as the shape 

and size of the particle. In most cases it is not possible to predict a priori what the 

hysteresis loop will look like. 

In principle, substantial hysteresis heating of the ferromagnetic particles could be 

obtained using strongly anisotropic magnets such as Nd-Fe-B or Sm-Co; however, 

the constraints on the amplitude of H that can be used mean that fully saturated 

loops cannot be used. Minor (unsaturated) loops could be used, and would give rise 

to heating, but only at much reduced levels. In fact, as being evident in equation (8), 

the maximum realizable P (ferromagnetic particles) should involve a rectangular 

hysteresis loop. However, this could only be achieved with an ensemble of uniaxial 
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particles perfectly aligned with H, a configuration that would be difficult if not 

impossible to achieve in vivo. For a more realistic ensemble of randomly aligned 

ferromagnetic particles the most that can be hoped for is around 25% of this ideal 

maximum. 

Over the last decade the field of magnetic particle hyperthermia has been 

revitalized by the advent of ‘magnetic fluid hyperthermia’, where the magnetic 

entities are superparamagnetic magnetite nanoparticles suspended in water or a 

hydrocarbon fluid to make a ‘magnetic fluid’ or ‘ferrofluid’.83-85 When a ferrofluid 

is removed from a magnetic field its magnetization relaxes back to zero due to the 

ambient thermal energy of its environment. This relaxation can correspond either to 

the physical rotation of the particles themselves within the fluid, or rotation of the 

atomic magnetic moments within each particle. Rotation of the particles is referred 

to as ‘Brownian rotation’ while rotation of the moment within each particle is 

known as ‘Néel relaxation’. Each of these processes is characterized by a relaxation 

time: τB for the Brownian process depends on the hydrodynamic properties of the 

fluid; while τN for the Néel process is determined by the magnetic anisotropy 

energy of the superparamagnetic particles relative to the thermal energy. Both 

Brownian and Néel processes may be present in a ferrofluid, whereas only τN is 

relevant in fixed superparamagnetic particles where no physical rotation of the 

particle is possible. The relaxation times τB and τN depend differently on particle 

size; losses due to Brownian rotation are generally maximized at a lower frequency 

than are those due to Néel relaxation for a given size. 

The physical basis of the heating of superparamagnetic nanoparticles by AC 

magnetic fields has been reviewed by Rosensweig.86 It is based on the Debye model, 

which was originally developed to describe the dielectric dispersion in polar fluids, 

and the recognition that the finite rate of change of M in a magnetic susepnsion 

means that it will lag behind H. For small field amplitudes, and assuming minimal 

interactions between the constituent superparamagnetic nanoparticles, the response 

of the magnetization of a magnetic suspension to an alternating magnetic field can 

be described in terms of its complex susceptibility χ = χ’ + iχ”, where both χ’ and 

χ” are frequency dependent. The out-of-phase χ” component results in heat 

generation given by86: 
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P (superparamagnetic) = µ0πf χ”H 2                  (9) 

 

which can be interpreted physically as meaning that if M lags H there is a positive 

conversion of magnetic energy into internal energy. This simple theory compares 

favorably with experimental results, for example, in predicting a square dependence 

of P (superparamagnetic) on H87, and the dependence of χ” on the driving 

frequency. 88-90 Measurements of the heat generation from magnetic particles are 

usually quoted in terms of the specific loss power (SLP) in units of Wg−1. 

Multiplying the SLP by the density of the particle yields P (ferromagnetic) and P 

(superparamagnetic), so the parameter allows comparison of the efficacies of 

magnetic particles covering all the size ranges.91-96 It is clear from such 

comparisons that most real ferromagnetic materials require applied field strengths 

of ca 100 kAm−1 or more before they approach a fully saturated loop, and therefore 

only minor hysteresis loops can be utilized given the operational constraint of ca 15 

kAm−1, giving rise to low SLP. In contrast, superparamagnetic materials are 

capable of generating impressive levels of heating at lower fields. For example, the 

best of the magnetic suspension reported by Hergt et al 96 has a SLP of 45 Wg−1 at 

6.5 kAm−1 and 300 kHz which extrapolates to 209 Wg−1 for 14 kAm−1, compared to 

75 Wg−1 at 14 kAm−1 for the best ferromagnetic magnetite sample. While all of 

these samples would be adequate for magnetic particle hyperthermia, importantly, 

it seems that magnetic suspension and superparamagnetic particles are more likely 

to offer useful heating using lower magnetic field strengths. However, Fe3O4 

magnetic nanoparticles in air are not stable. After the magnetite particles exposure 

to the air, magnetite particles will turn to maghemite or hematite.97 It means that the 

magnetic properties will be decreased with losing the superparamagnetic properties. 

In the stability in the air, the other magnetic nanoparticles such as CoFe2O4 would 

be more stable than magnetite nanoparticles. Due to the magnetic susceptibility, 

hexagonal magnetic nanoparticles were difficult to heating under alternating 

magnetic field. But, high magnetic susceptibility caused the high heat generation in 

CoFe2O4 as well as Fe3O4 and also CoFe2O4 showed large area of hysteresis loop.  

The CoFe2O4 nanoparticles will take advantage in direct injection hyperthermia. 
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Direct injection hyperthermia adopted in this study. Direct injection hyperthermia 

consist of suspending magnetic nanoparticles in a carrier fluid then directly 

injecting the suspension into the tumor tissue, with the subsequent application of 

alternating magnetic field to cause heating of the deposited particles. In contrast to 

other intravenous or arterial injection hyperthermia, where the heat originates from 

ferromagnetic particles within blood vessels, the heat generated in direct injection 

hyperthermia originates from extracellularly deposited particles. Direct injection 

hyperthermia would allow good control over the deposition of ferromagnetic 

particles, with a maximum of normal tissue spared. As a result, much higher 

localized concentrations of ferromagnetic particles could be achieved within tumors, 

with higher temperatures resulting. Direct injection hyperthermia does not depend 

on an arterial pathway to the tumor, so a wider range of tumor types would be 

amenable to treatment, and arterial catheterization and its consequent risks could be 

avoided. The technique could also be carried out percutaneously under radiological 

guidance and could be combined with radiotherapy and chemotherapy. If the 

injected particles were likely to remain in situ then repeated treatments would be 

possible without the need for further corporeal penetration.98  

Therefore, the Co1-xNixFe2O4 and Ba1-xSrxFe12O19 can be more effective magnetic 

thermoseed than the Fe3O4 of ≤ 10 ~ 20 nm in direct injection hyperthermia. The 

heat generation of magnetic nanoparticles depends on the magnetic properties. 

Table 10 showed the magnetic properties of prepared magnetic nanoparticles in this 

study. We selected the samples for the various coercivity values of ferrites. In Co1-

xNixFe2O4 and Ba1-xSrxFe12O19, the coercivity was increased in accordance with 

increasing level of the Ni2+, Sr2+ substitution. However, the maximum hysteresis 

area is shown in SrFe12O19 which has the hexagonal structure and the highest 

coercivity. The difference of hysteresis area was approximately 0.7 ~ 0.9 by 

calculated relative hysteresis area. The relative hysteresis area is the ratio of the 

hysteresis area in each magnetic particle to that in SrFe12O19. The particle sizes for 

the samples presented in this study are shown in Table 10. The size of synthesized 

BaFe12O19, SrFe12O19, Co0.9Ni0.1Fe2O4 and CoFe2O4 magnetic particles represented 

the below the domain size. Therefore, the particles size did not influence the 

magnetic properties in Ba-Sr and Co-Ni systems. However, the main contribution 
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in magnetite of 10 nm arises from the hysteresis loss which is strongly size 

dependent for the particle size of nm.99 

The suitable frequency for heating applicator was not all frequency (0.1 ~ 15 

MHz) in our heating system. The prepared magnetic nanoparticles were exposed to 

an external alternating magnetic field with 6.77 and 7 MHz for the measuring the 

heat generation. Figure 25 shows the time-dependent heating properties under the 

alternating magnetic field at 6.77 and 7 MHz for Fe3O4, CoFe2O4, Co0.9Ni0.1Fe2O4, 

BaFe12O19, and SrFe12O19 particles in water. The temperature was increased by the 

magnetic nanoparticles applying of alternating magnetic field. Increasing the 

exposed time in alternating magnetic field was decreased the increasing rate of 

temperature. However, CoFe2O4 particles was 30.4 W/g•s of SLP (specific loss 

power) by measuring the temperature changes. Demand for high SLP is given by 

economical reasons. It is difficult to compare different materials the data of which 

were measured for different values of field amplitude and frequency. Being exposed 

to an alternating magnetic field with 7 MHz, SrFe12O19 particles was the highest 

SLP (96.5 W/g•s). The increase in temperature for SrFe12O19, BaFe12O19 was 

considerably higher than those for other ferrite particles. But, too high SLP value in 

BaFe12O19 and SrFe12O19 (∆T =47.6℃, 62.7℃ at 7 MHz) particles may be 

damaging to normal cells. Above the temperature of 42 ~ 45 ,℃  both cellular 

membranes and nuclear structures are damaged by heat and can be important in the 

lethality from heat.100 In this study, CoFe2O4 particles show a good SLP value when 

applying a hyperthermic temperature of 42 ~ 45℃ for 15 ~ 20 minutes. SLP in the 

low frequency of 6.77 MHz was increased in ferrite particles which have lower 

coercivity than BaFe12O19 or SrFe12O19 but this is in accordance with the area of 

hysteresis, that is, SLP values were increased in 7 MHz. These results are explained 

by the hysteresis loss. In the case of BaFe12O19 and SrFe12O19 particles, which had 

the high coercivity, by using low field amplitudes, it rarely can change the 

magnetization direction of the single domain particles that has high shape 

anisotropy.
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Table 10. Magnetic properties of the prepared magnetic nanoparticles 

Compositon 
Particle 

Size (nm) 

Saturation Magnetization 

(emu/g) 

Coercivity 

(kOe) 

Heat 

Treatment 

BaFe12O19 98.7 69.0 5.6 950℃ 

SrFe12O19 92.5 71.0 6.2 950℃ 

CoFe2O4 78.4 72.0 0.3 800℃ 

Co0.9Ni0.1Fe2O4 

Fe3O4 

76.5 

10.3 

67.7 

68.8 

0.4 

0.06 

800℃ 

- 
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And the temperature changes of Co1-xNixFe2O4 magnetic nanoparticles were 

investigated more detail in the magnetic field with 0.6 MHz and 7 MHz as shown 

in Figure 26. In general, the magnetic losses of different materials may show a very 

different nonlinear dependence on the field amplitude.101 In this study, the magnetic 

sample having low hysteresis area was in low magnetic field. The approximated 

saturation temperature is 41℃ in Co0.9Ni0.1Fe2O4 disc under AC magnetic field with 

0.6 MHz. An adequate saturation of temperature is needed to protect the normal 

tissue from thermal damage in hyperthermia.102 

The intensity of magnetic field is very important to apply the human body. The 

challenge lies in being able to deliver an adequate quantity of the magnetic particles 

to generate enough heat in the target using AC magnetic field conditions that are 

clinically acceptable. Most of the laboratory and animal model based studies 

reported so far are characterized by the use of magnetic field conditions that could 

not be safely used with a human patient. In most instances, reducing the field 

strength or frequency to safer levels would almost certainly lead to such a reduction 

in the heat output from the magnetic material as to render it useless in this 

application. Atkinson et al103 concluded that exposure to fields where the product H 

· f does not exceed 4.85 × 108Am−1 s−1 is safe and tolerable. The amount of 

magnetic material required to produce the required temperatures depends to a large 

extent on the method of administration. For example, direct injection allows for 

substantially greater quantities of material to be localized in a tumor than do 

methods employing intravascular administration or antibody targeting, although the 

latter two may have other advantages. A reasonable assumption is that ca 5 ~ 10 mg 

of magnetic material concentrated in each cm3 of tumor tissue is appropriate for 

magnetic hyperthermia in human patients.104  

In summary, the temperature rising rate of CoFe2O4 nanoparticles was much 

more controllable than any other magnetic nanoparticles in this study. Because the 

coercivity of the CoFe2O4 was lower than hexagonal magnetic nanoparticles, the 

CoFe2O4 nanoparticles could generate the hyperthermic heat under the bioadoptable 

magnetic field. The result of cytotoxicity test proved the biocompatibility of 

CoFe2O4 in agar overlay diffusion test and MTT assay. The superparamagnetic 

properties of Fe3O4 can avoid the agglomeration of each particle in blood vessels. 
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The synthesized CoFe2O4 also showed a very low coercivity, agglomeration of 

particles didn’t be observed in dry condition. And the magnetite has the 

biocompatibility and various applications in biomedicine, but the magnetic 

properties of Fe3O4 for targeting or heat generation under AC magnetic field fall 

behind the CoFe2O4 nanoparticles in the effective hyperthermia. Finally, we can 

employ the CoFe2O4 nanoparticles to in vivo test.  

 

3. in vitro & in vivo studies 

 

Magnetic hyperthermia requires that magnetic nanoparticles have not only high 

magnetization values and heat generation but also are non-toxic and biocompatible. 

Many kinds of magnetic nanoparticles for hyperthermia are hindered by biological 

factors. The biological factors are important for clinical application. Most of the 

injected particles are recognized by the body as foreign and subsequently removed 

from the blood circulation by the macrophages of the mononuclear phagocytic 

system (MPS). And then taken up by the spleen, lung, kidney and heart.105 In order 

to minimize cytotoxic problems in these organs, the materials must be assessed for 

compatibility with biological environment.  

Many biological assays require the measurement of surviving and/or 

proliferating cells for the hyperthermic application of magnetic nanoparticles. Agar 

overlay diffusion test evaluated the cell viability and decolorization of cell with 

directly contacting samples. As for BaFe12O19 nanoparticles, the cytotoxicity was 

cytotoxic, but the others were non-toxic. Because the observer usually can’t 

determine the exact lysis area and decolorization area, it regarded the preliminary 

test for the cytotoxicity. Next cytotoxicity test was MTT assay. Multi-well scanning 

spectrophotometers (ELISA readers) can measure large numbers of samples with a 

high degree of precision. Ideally colorimetric assay for living cells should utilize a 

colorless substrate that is modified to a colored product by any living cell, but not 

by dead cells or tissue culture medium. Since they measure the activity of various 

dehydrogenase enzymes tetrazolium salts are attractive candidates for this purpose. 

The tetrazolium ring is cleaved in active mitochondria, and so the reaction occurs 

only in living cells. We have a rapid colorimetric assay, based on the tetrazolium 
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salt MTT (3-4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide), that 

measures only living cells and can be read on a scanning multiwell 

spectrophotometer (ELISA reader).106 MTT results of the magnetic nanoparticles 

weren’t different with the cytotoxicity agar overlay diffusion test. Only the cell 

viability of BaFe12O19 nanoparticles was below 50%. The viability of other 

magnetic nanoparticles showed the value of ≥80%. And L929 cells were more 

sensitive to magnetic nanoparticles than KB cells. The magnetic nanoparticles are 

not easily characterized in vitro for their expected in vivo behavior and 

biocompatibility. Chemical and physical factors interact and must be evaluated in 

the actual, specific in vivo situation. So, we have shown that the MTT assay and 

Agar overlay diffusion method were introduced in this paper. Häfeli et al have 

shown that the MTT assay is not adequate for the evaluation of toxicity in magnetic 

nanoparticles. The assay’s variability is too high, and since clonogenic survival 

cannot be distinguished easily from metabolic changes, it is also not very 

specific.107 Another in vitro cytotoxicity assay, the agar overlay technique has been 

used to test the toxicity of neodymium-iron-boron magnets and their coating.108 The 

authors’ conclusion was also that better assays are necessary. However, the MTT 

assay is easy to setup and may hint at problems before in vivo test.  

The selective hyperthermic effect was evaluated with the necrosis test of normal 

and carcinoma cells. Because the CoFe2O4 nanoparticles were appropriate in 

properties for hyperthermia, it was selected for this test, too. The magnetic field can 

give cells any affection. Under the high and low magnetic field, CoFe2O4 

nanoparticles emerged into the normal or carcinoma cell suspension. However, the 

effect of different magnetic field can’t observe in cell test. The viability of heat 

damaged cells will be decreased with the amount of heat generation under 

alternating magnetic field. The Figure 29 showed the cell survival rate by CoFe2O4 

and Co0.9Ni0.1Fe2O4 nanoparticles under 7 MHz for 1 h and under 0.6 MHz. As 

shown in Figure 26, the heat generation was the highest values 29.3℃ in the 

CoFe2O4 nanoparticles under 7 MHz. The micro environmental conditions of the 

cells organized into tissue could also contribute to the biological response to 

heating. The cells in the culture are sensitized to heat by conditions of a low pH and 

by a medium deficient in the required metabolites and growth factors. There may be 
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no single cellular target since the events in cell inactivation may be partially 

dependant on the inherent and micro environmental characteristics of the cell 

population. However, both the cellular membranes and the nuclear structures are 

damaged by heat and may play a role in the lethality from heat alone or its 

interaction with the other modalities.  

If tumor cells were more sensitive to the detrimental effects of heat than normal 

cells, this would obviously be a rationale for the use of hyperthermia to treat cancer. 

Indeed, a number of such reports have appeared in the literature. These in vitro 

studies are rather straightforward because pure populations of either normal or 

cancer cells can be prepared.109 Doing similar studies in vivo is far more difficult 

because of the complex admixture of the normal neoplastic cells during heat 

treatment and the inability to do careful measurement of surviving cell populations. 

A phenomenon that may have some practical importance is thermotolerance. 

Thermotolerance is defined as a heat-induced cellular resistance to subsequently 

elevated temperature.110 Thus in therapy where the heat treatments are fractionated, 

careful timing between fractions may be necessary to obtain the desired effects. The 

mechanisms of cellular damage after hyperthermia are multiple, complex, and 

poorly understood. The reasons for the differential sensitivity of tumor cells 

compared with normal cells are even more obscure. Changes in a number of 

intracellular biochemical pathways; effects on DNA and RNA, phospholipids, 

membrane fluidity, and DNA binding proteins; production of heat-shock proteins; 

and cytoskeletal changes have all been studied,111 but rigorous studies in this 

complex area are lacking. 

Our hyperthermic temperature was controlled by turn (on & off) of amplifier. 

Hyperthermic temperature 42℃ maintained in the error range of ±3℃. In clinical 

hyperthermia, thermoablation is mostly undesired because of the critical systemic 

side effects and further clinical complications. Heating to the target temperatures 

causes moderate cellular inactivation in a dose dependent manner.112 Although 

thermal dose-response curves look quite similar to radiation or drug dose response 

curves, the critical target of thermal inactivation in the cell is not known yet. The 

most probable reason for this situation is that there is no individual cellular target of 

hyperthermia, in contrast to the well known DNA damage after irradiation. Most of 



 １０９ 

the biomolecules, especially regulatory proteins involved in cell growth and 

differentiation and the expression of certain receptor molecules (involved in signal 

transduction pathways) are therefore largely influenced by hyperthermia.  

Today, many cellular effects are known to be important for thermal inactivation. 

Hyperthermia alone induces primarily reversible effects on cells and tissues. New 

insights from molecular biology have shown that a few minutes after hyperthermia, 

a special class of proteins is expressed in the cell, the so-called heat shock proteins 

(hsp). They protect the cell from further heating or subsequent thermal treatments 

and lead to an increase of cell survival after pre-heating, an effect called 

thermotolerance.113 These cellular environment will play roles in human response in 

vivo test. It also means that many obstacles will arise in application of hyperthermia.   

CoFe2O4 showed lower than 50% of viable KB cells compared to the controls 

after exposure for 1 h to AC magnetic field with 7 MHz. In contrast, L929 cells are 

survived 74.3% using CoFe2O4. Therefore, CoFe2O4 nanoparticles were selected for 

in vivo test. Experimental tumors were grown subcutaneously after the injection of 

carcinoma cells or tissues in other reports.114 But the tumor bearing mice prepared 

from the DMBA and TPA method for simulating the simple tumor. The mouse skin 

tumor initiation-promotion model was used to investigate the hyperthermic effect 

of CoFe2O4 under alternating magnetic field. After 5 weeks, a skin tumor had 

appeared for the first time. This skin tumor can be shown better hyperthermic 

effects in hyperthermic treatment. It will be some extents of cooling effects of 

blood in tumor.   

Hyperthermia induces alterations of tumor blood flow and microenvironment. 

The microenvironment of malignant tumors is characterized by a reduction of blood 

flow and blood vessel density that favors hypoxia, acidosis and energy deprivation. 

Hyperthermia at temperatures above 42℃, besides its cytotoxic effect, has been 

shown to decrease tumor blood flow in a number of fundamental studies in the 70s 

and 80s, thereby impairing oxygen and nutrient supply, and inducing acidosis 

(although some exceptions have been reported). The thermal dose required to alter 

tumor blood supply varies between individual tumors and different tumor types. It 

seems to mostly depend on the percentage of responsive vessels that have 

maintained their ability of thermal regulation. In addition, heat induced damage of 
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tumor vasculature may occur at temperatures which may alter, but not damage 

those of normal tissue. In some cases, hyperthermia-induced changes of 

microcirculation were reported to be irreversible, and in others a breakdown of 

circulation even occurred after termination of heat exposure. Remarkably, the 

considerable inhomogenicity of blood supply within the same tumor persists after 

heat treatment ≤42 °C. The morphological changes associated with hyperthermia 

include endothelial swelling, shift of plasma fluid into the interstitium, 

microthrombosis due to activation of hemostasis, and changes of the viscosity of 

blood cell membranes. All of these factors also promote a reduction of oxygen and 

nutrient supply, as well as, intratumoral acidosis.115-120 

Our skin tumor bearing mice also observed the tumor regression in the group of 

hyperthermic treatment. As shown in Figure 30 and Figure 31, the tumor volume 

steadily increase in all mice of the experimental Exp. 1 and Exp. 2; in contrast, 

complete tumor regression was observed in some mice of the Exp. 3. And average 

volume of tumors was 20.3 mm3 in Exp. 1, but was only 3 mm3 in Exp. 3. In most 

cases, the tumor volume increased up to the 10th ~ 13th day in all experimental 

groups, after which it began to decrease in the Exp. 3 and in some of them 

disappeared. Finally, CoFe2O4 is expected the useful hyperthermic thermoseed in 

cancer-treatment because it exhibited the best necrosis of carcinoma cell in vitro 

and in vivo.  
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ⅤⅤⅤⅤ. CONCLUSION 

 

The purpose of the present study is to synthesize an effective hyperthermic 

thermoseed in order to apply to the cancer treatment. Magnetic hyperthermia is a 

largely experimental modality of hyperthermia that has the potential to address the 

targeting and heat distribution in cancer region shortcomings of other hyperthermia 

modalities. Magnetic particles should be easily heated up the hyperthermic 

temperature (42 ~ 45 ) interacting with the alternating magnetic field, especially ℃

under low frequency because the magnetic particles have to minimizes the hazard 

to the surrounding normal tissues. The challenge lies in being able to deliver an 

adequate quantity of the magnetic particles to generate enough heat in the target 

using alternating magnetic field conditions. The magnetic particles have not only 

high magnetization values but also to be non-toxic and biocompatibility. 

For this study, hexagonal and spinel magnetic nanoparticles were synthesized by 

various methods. The heating ability was evaluated with the characterization of 

synthesized magnetic nanoparticles. As in vitro tests, the cytotoxicity test was 

conducted to develop the biocompatible hyperthermic thermoseeds. Necrosis of 

carcinoma cells was investigated by heat generation of magnetic nanoparticles 

under alternating magnetic field. The hyperthermic effect was also evaluated using 

the magnetic nanoparticles through the in vivo test. The following conclusions were 

made and described in this thesis. 

 

From below results, we convinced that CoFe2O4 is expected the useful 

hyperthermic thermoseed in cancer-treatment because it exhibited the effective heat 

generation under alternating magnetic field and the best necrosis of tumor cell in 

vitro and in vivo.  

 

1. Magnetic particles of hexagonal and spinel type were prepared with a size range of 

70 to 100nm by controlling the temperature of heat treatment in sol-gel method. 

And the spherical magnetite particles of 10 nm also could be synthesized by spray-

coprecipitation method.  
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2. From the XRD results, pure phases of magnetic particles could be identified by ion 

substitution and controlling the molar concentration of precursors. The two stage of 

heat treatment needed to make a pure ferrite crystal in sol-gel method. As 

increasing Sr2+ substitution in the BaFe12O19, the axis of c0 decreased from 23.215 

Å to 23.050 Å. When Ni2+ substituted in CoFe2O4, the axis of a0 decreased from 

8.381 Å to 8.370 Å. And when the molar concentration of Fe2+ is 0.5 M in spray-

coprecipitation, pure magnetite crystal was well synthesized.  

 

3. From the VSM results, Sr2+ and Ni2+ substitution caused the increment of the 

coercivity (Hc). The Hc can be controlled using Sr2+ or Ni2+ content. Ms is nearly 

constant in Ba1-xSrxFe12O19 but increased in Co1-xNixFe2O4. The synthesized 

magnetite nanoparticles represented the superparamagnetic properties. The Hc of 

synthesized magnetite nanoparticles approached to zero in room temperature.  

 

4. From the heat generation of magnetic particles, the amount of heat generation 

increased with increasing the frequency of magnetic field. When a CoFe2O4 

nanoparticles of 1 mg was placed into 0.2 ml distilled water, the greatest 

temperature change, ∆T=29.3 , was observed. ℃ The temperature change of 

CoFe2O4 nanoparticles saturated in the hyperthermic temperature 45 ~ 50℃ under 

AC magnetic field with 7 MHz.  

 

5. In the cytotoxicity data using L929 cells, the cytotoxicity of BaFe12O19 

nanoparticles represented the severe cytotoxic effect, it will be difficult to use for 

hyperthermic thermoseed. However, CoFe2O4, Co0.9Ni0.1Fe2O4 and SrFe12O19 

nanoparticles showed the cell viability of above 85% in MTT assay, respectively. 

 

6. CoFe2O4 ferrites are expected having a selective necrosis effect on the carcinoma 

cells. The necrosis of carcinoma cells were examined with magnetic nanoparticles 

after exposure to an alternating magnetic field. More than half of the malignant 

carcinoma cells were dead after exposure to an AC magnetic field with 7 MHz for 1 

h when CoFe2O4 nanoparticles were placed into cells, while normal cells were 

survived more than 60%.  
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7. CoFe2O4 nanoparticles were employed to in vivo test. The tumor regression rate of 

average volume was approximately 90% in experimental group of hyperthermic 

treatment using CoFe2O4 nanoparitlces.  
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온열 치료란 생리적으로 온도조절 기능을 유지하면서 온열 효과를 극복할 수 

있는 한도 내에서 생체 기관이나 생체조직 일부의 온도를 42 ℃에서 45 ℃ 정도

로 유지하여 질병을 치료하는 방법이다. 암세포의 주위 환경은 혈관과 신경이 

정상 세포들에 비해 발달이 미비하기 때문에 쉽게 가온되며, 혈관의 발달 부진

으로 인해 산소 공급이 원활하지 않기 때문에 온열 온도(42 ~ 45 ℃)가 되면 암

세포의 괴사가 일어나게 된다. 온열치료에 의해 암세포를 제어하는 주 요인으로

는 온도, 시간, 균일한 가온조건이 있다. 또한 암세포는 산화도, 진행 정도, 암

세포의 면역성, 환자의 상태에 따라서도 쉽게 영향을 받으므로 암세포를 제어 

하는데 여러 가지 제약이 따르게 된다. 이에 암을 치료하는데 있어 종양부위에 

대해 정확한 위치선정과 균일한 온도조절을 통해 효과적으로 암을 치료할 수 있

는 자성온열치료가 기대된다.  

본 연구목표는 여러가지 나노자성체의 제조와 특성 파악을 통해 암세포를 효

과적으로 사멸시킬 수 있는 온열 치료용 나노자성입자를 만드는 것이다. 즉, 나

노자성체의 신체 주입 후, 외부에서 교류자기장을 발생시키게 되면 나노자성입

자들이 이와 상호작용하여 자기이력 가열을 통해 암세포의 온도를 온열 온도까

지 상승시키는 것이다. 이때, 정상세포에 손상을 주지 않도록 낮은 자기장 하에

서 효율적으로 자기이력 가열될 수 있어야 한다. 따라서 온열 치료재료의 자기
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적 성질을 연구하는 것이 본 연구에 있어서 중요한 부분이 된다. 또한, 생체재

료의 기본 요건으로서 세포독성을 통한 생체친화성 및 자기장 하에서의 온열 치

료시 암세포 사멸 효과에 관한 연구가 필요하다. 본 연구에서는 육방정과 스피

넬 구조의 나노자성입자를 제조하여 특성을 평가 하였다. 대표적인 육방정계의 

재료인 BaFe12O19를 대상으로 Sr을 치환시키며 Ba1-xSrxFe12O19계 졸을 합성하고, 

스피넬 구조는 CoFe2O4에 Ni를 치환하여 Co1-xNixFe2O4를 졸겔법으로 제조하였다. 

또한 현재 의료용으로 사용되고 있는 Fe3O4 나노입자의 제조를 통해 그 자성특

성과 발열 특성에 대해 연구하여 평가하였다. 또한, 세포독성평가를 통해 

CoFe2O4를 선정하였다. 이를 토대로 우선적으로 in vitro에서 암세포 사멸 효과

를 입증하고, 암이 발생된 생쥐에 CoFe2O4를 주사하여 실제 암 억제 효과에 대

해서 평가하였다.  

  Hysteresis loop의 면적이 증가할수록 발열량이 증가하여, 육방정 구조인 

SrFe12O19가 96.5 W/gㆍs로 최대 발열량을 나타내었으나, 발열 온도가 온열온도 

범위를 초과하여 육방정구조의 나노자성입자는 온열요법 재료로 적합하지 않음

을 알 수 있었다. 7 MHz의 외부자기장에서 발열량이 온열 온도에 적합한 것은 

스피넬 구조의 나노자성입자임을 알 수 있었으며, 그 중에서 세포독성을 나타내

지 않은 CoFe2O4(발열량 29.6 W/gㆍs)를 대상으로 in vitro 시험 및 in vivo 시

험을 행하였다. In vitro 시험 결과, 정상세포는 35.5%가 사멸한 반면, 암세포

는 54.2%가 사멸하여 암세포의 선택적 사멸이 가능함을 확인할 수 있었다. 동물 

시험 결과, 약 10일 후부터 암이 퇴화되는 현상이 관찰되어 교류자기장 만을 인

가한 경우나, 자성체 만을 주사한 경우와 달리 약 90%의 암 억제 효과를 확인할 

수 있었다. 

 

                                                                        

핵심되는 말: 생체나노자성입자, 자성온열치료, 페라이트, 암치료 



 １２６ 

APPENDIX 

Curriculum Vitae 

 

Personal Information 

- Name : Dong-Hyun Kim, Gender : male 

- Birth Date : Mar. 06. 1976. 

- Address : 134 Shinchon-dong, Seodaemun-gu, Seoul 120-752, Korea 

- Tel : (82-2) 2228-3087, Fax : (82-2) 364-9961 

- e-mail : dewkdh@yumc.yonsei.ac.kr, dewkdh@paran.com 

  

 Affiliation 

1. Department of Medical Science, Yonsei University College of Medicine, Seoul, 

Korea 

2. Department and Research Institute of Dental Biomaterials and Bioengineering, Yonsei 

University College of Dentistry, Seoul, Korea 

  

Education  

Ph. D. Department of Medical Science, Yonsei University College of Medicine, Seoul, 

Korea, 2006 

Supervisor: Prof. Yong-Keun Lee, PhD 

B. S. Department of Ceramic engineering, Yonsei University, Korea, 2002 

  

Experience 

1. Research Scientist in Dental Device Testing & Evaluation Center, Seoul, Korea, Mar 

2003 ~ Dec 2003 

2. Teaching Assistant in Department and Research Institute of Dental Biomaterials and 

Bioengineering, Yonsei University College of Dentistry, Seoul, Korea, Mar 2004 ~ Aug 

2006 

  



 １２７ 

Research Experiences 

 

1. 2005/09-present: Research project titled “Research center for orofacial hard tissue 

regeneration”, supported by the grant No. R13-2003-013-02001-0 from the Medical 

Science and Engineering Research Program of the Korea Science & Engineering 

Foundation.  

 

2. 2003/07-present: Research project titled “Development of new periodontal tissue 

regenerative materials utilizing genetic engineering”, supported by the grant No. 03-

PJ1-PG1-CH8-0001 from the Korea Health 21 R&D Project, Ministry of Health & 

Welfare, Republic of Korea.  

 

3. 2002/09-2004/08: Research project titled “ Development of ferrite microsphere for 

cancer treatment by sol-gel route”, supported by grant No. R01-2001-000-00157 from 

the Basic Research Program of the Korea Science & Engineering Foundation. 

 

4. 2002/05-2003/04: Research project titled “Development of calcium phosphate glasses 

for periodontal regeneration”, supported by a grant of the Korea Health 21 R&D 

project, Ministry of Health & Welfare, Republic of Korea (01-PJ5-PG3-20507-0105). 

 

5. 2002/07-2003/06: Research project titled “A fundamental research on the development 

of multi-functional material for cancer-treatment by encapsulation of biodegradable 

polymers”, supported by the Korea Research Foundation Grant (KRF-2002-003-

E00145). 

 

Computer Skills  

Having skills of many software (Word, Excel, Acrobat….) in experiments or paper works 

and much knowledge in hardware. 

  

Language 

Normal oral and Good written English; Have skills in communicating with others in 

research. 



 １２８ 

Research Interests 

—Synthesis and Application of Nanoparticles in Biotechnology 

—Magnetic Carrier in Biomedicine and Biotechnology 

—Magnetic Nanoparticles in Hyperthermia 

—Magnetic Targeted Drug Delivery 

—Biomaterials 

—Hyperthermia 

—Cell test using magnetic particles 

—Bone graft materials 

 



 １２９ 

Selected Publications (SCI journals) 

 

1. Dong-Hyun Kim, Se-Ho Lee, Kyoung-Nam Kim, Kwang-Mahn Kim, In-Bo Shim, 

Myung-Hyun Lee, Yong-Keun Lee, Targeting to carcinoma cells with chitosan- and 

starch-coated magnetic particles for magnetic hyperthermia, Journal of Biomedical 

Materials Research Part A, in revision.. 

 

2. D. H. Kim, S. H. Lee, K. H. Im, K. N. Kim, K. M. Kim, I. B. Shim, M. H. Lee, Y.-K. 

Lee, Surface-modified magnetite nanoparticles for hyperthermia: preparation, 

characterization, and cytotoxicity studies, Current Applied Physics, accepted.  

 

3. Dong-Hyun Kim, Se-Ho Lee, Kyoung-Nam Kim, Kwang-Mahn Kim, In-Bo Shim, 

Myung-Hyun Lee, Yong-Keun Lee, Tuning of Magnetite Nanoparticles to 

Hyperthermic Thermoseed by Controlled Spray Method, Journal of Materials Science, 

accepted.  

 

4. Dong-Hyun KIM, Se-Ho LEE, Ki-Hyeong IM, Kyoung-Nam KIM, Kwang-Mahn 

KIM, Kee-Deog KIM, Hyok PARK, In-Bo SHIM, and Yong-Keun LEE, 

Biodistribution of chitosan based nano magnetite suspension for targeted hyperthermia. 

IEEE Transactions on Magnetics 41(10): 4158-4160, 2005. 10.  

 

5. Dong-Hyun Kim, Se-Ho Lee, Kyoung-Nam Kim, Kwang-Mahn Kim, In-Bo Shim, 

Yong-Keun Lee, Temperature change of ferrite particles with alternating magnetic field 

for hyperthermic application Journal of Magnetism and Magnetic Materials 293: 320-

327, 2005.  

 

6. Dong-Hyun Kim, Se-Ho Lee, Kyoung-Nam Kim, Kwang-Mahn Kim, In-Bo Shim, 

Yong-Keun Lee, Cytotoxicity of ferrite particles by MTT and agar diffusion methods 

for hyperthermic application Journal of Magnetism and Magnetic Materials 293:287-

292, 2005.  

 

7. Ji-Ho Park, Ki-Hyeong Im, Se-Ho Lee, Dong-Hyun Kim, Doug-Youn Lee, Yong-Keun 



 １３０ 

Lee, Kwang-Mahn Kim, Kyoung-Nam Kim, Preparation and characterization of 

magnetic chitosan particles for hyperthermia application. Journal of Magnetism and 

Magnetic Materials 293:328-333, 2005.  

 

8. Dong-Hyun Kim, Kyoung-Nam Kim, Kwang-Mahn Kim, In-Bo Shim, Yong-Keun 

Lee, Necrosis of calcinoma cells using Co1-xNixFe2O4 and Ba1-xSrxFe12O19 ferrites 

under alternating magnetic field. IEEE Transactions on Magnetics 40(4): 2985-2987, 

2004. 7.  

 

9. Doug-Youn Lee, Young_Il Oh, Dong-Hyun Kim, Kwang-Mahn Kim, Kyoung-Nam 

Kim, Yong-Keun Lee, Synthesis and performance of magnetic composite comprising 

barium ferrite and biopolymer. IEEE Transactions on Magnetics 40(4): 2961-2963, 

2004. 7.  

 

10. Dong-Hyun Kim, Yong-Keun Lee, Kwang-Mahn Kim, Kyoung-Nam Kim, Se-Young 

Choi, In-Bo Shim, Synthesis of Ba-ferrite microspheres doped with Sr for thermoseeds 

in hyperthermia, Journal of Material Science 39:6847-6850, 2004.11.  

 

11. D.H. Kim, S.H. Lee, K.N. Kim, K.M. Kim, I.B. Shim, Y.-K. Lee. In vitro and in vivo 

characterization of various ferrites for hyperthermia in cancer treatment. Key 

Engineering Materials, 284-286:827-830, 2005. 2.  

 

12. S.B. Lee, S.H. Lee, D.H. Kim, D.Y. Lee, Y.K. Lee, K.N. Kim, K.M, In vitro 

cytotoxicity test of alginate-encapsulating ferrite particles using WST-1. Key 

Engineering Materials, 284-286:815-818, 2005. 2.  

 

13. Kim DH, Lee YK, Kim KN, Choi SY, Shim IB. Synthesis of Sr-doped barium ferrite 

microsphere for hyperthermic cancer-treatment by sol-gel process. Proceeding of 8th 

Ceramics, Cells and Tissue, 8;290-298, 2003. 12. Italian National Research Council & 

Institute of Science and Technology for Ceramics. – Not SCI 

 



 １３１ 

Domestic publications  

 

1. S. H. Lee, D. H. Kim, K. N. Kim, K. M. Kim, I. B. Shim, M. H. Lee, Y.-K. Lee. 

Synthesis and Characterization of polymeric ferrite nanospheres for magnetic drug 

delivery. The Journal of The Korea Research Society for Dental Materials. 32(3):243-

248, 2005.  

 

2. D. H. Kim, K. M. Kim, K. N. Kim, S. Y. Choi, I. B. Shim, Y.-K. Lee. Synthesis and 

performance of  Ba1-xSrxFe12O19 microspheres by spray pyrolysis. The Journal of The 

Korea Research Society for Dental Materials. 31(1): 57-63, 2004.  

 

3. D.Y. Lee, Y.I. Oh, D. H. Kim, K. M. Kim, K. N. Kim, Y. K. Lee. Synthesis of 

magnetic compositeparticles by alginate encapsulation of barium ferrite powders. The 

Journal of The Korea Research Society for Dental Materials. 31(1): 75-79, 2004.  

 

 



 １３２ 

International Conferences  

 

1. D. Kim, S. Lee, K. Kim, K. Kim, I. Shim, M. Lee, Y. Lee. Targeting to carcinoma cells 

in magnetite and polymer coated magnetite for magnetically modulated target 

hyperthermia, 50th Annual conference on magnetism and magnetic materials, 2005. 10. 

30 - 2005. 11. 3, San Jose, CA, USA.  

 

2. D. H. Kim, S. H. Lee, K. H. Im, K. N. Kim, K. M. Kim, I. B. Shim, M. H. Lee, Y.-K. 

Lee. Surface-modified nano-magnetite particles for hyperthermia: preparation, 

characterization, and cytotoxicity studies, NanoKorea 2005, 2005. 8. 24 - 26, KINTEX, 

Ilsan, Korea.  

 

3. Dong-Hyun KIM, Se-Ho LEE, Ki-Hyeong IM, Kyoung-Nam KIM, Kwang-Mahn 

KIM, Kee-Deog KIM, Hyok PARK, In-Bo SHIM, and Yong-Keun LEE, Circulation of 

chitosan based nano magnetite suspension for hyperthermia in ICR mice, International 

Yonsei Dental Conference, 2005. 5. 6-7, Seoul, Korea.  

 

4. Dong-Hyun KIM, Se-Ho LEE, Ki-Hyeong IM, Kyoung-Nam KIM, Kwang-Mahn 

KIM, Kee-Deog KIM, Hyok PARK, In-Bo SHIM, and Yong-Keun LEE, 

Biodistribution of chitosan based nano magnetite suspension for targeted hyperthermia. 

Intermag 2005, 2005 4. 4-8, Nagoya, Japan.  

 

5. S.B. Lee, S.H. Lee, D.H. Kim, D.Y. Lee, Y.K. Lee, K.N. Kim, K.M. Kim. In vitro 

cytotoxicity test of alginate-encapsulating ferrite particles using WST-1. 17th 

International Symposium on Ceramics in Medicine, 2004. 12. 8-12, New Orleans, USA.  

 

6. Kim DH, Lee SH, Kim KN, Kim KM, Shim IB, Lee YK. In vitro and in vivo 

characterization of various ferrites for hyperthermia in cancer treatment. 17th 

International Symposium on Ceramics in Medicine, 2004. 12. 8-12, New Orleans, USA.  

 

7. Kim DH, Lee SH, Kim KM, Kim KN, Shim IB, Lee YK. Temperature change of 

ferrite particles with alternating magnetic field for hyperthermic application. 5th 



 １３３ 

International Conference on the Scientific and Clinical Applications of Magnetic 

Carriers. 2004. 5. 20 - 22, Lyon, France.  

 

8. D.H. Kim, S.H. Lee, K.N. Kim, K.M. Kim, I.B. Shim, Y.-K. Lee. Cytotoxicity of 

ferrite particles by MTT and agar diffusion methods for hyperthermic application. 5th 

International Conference on the Scientific and ClinicalApplications of Magnetic 

Carriers. 2004. 5. 20 - 22, Lyon, France.  

 

9. Park JH, Im KH, Kim DH, Lee DY, Lee YK, Kim KM, Kim KN. Preparation and 

Characterization of Magnetic Chitosan Praticles for Hyperthermic Application. 5th 

International Conference on the Scientific and Clinical Applications of Magnetic 

Carriers. 2004. 5. 20 - 22, Lyon, France.  

 

10. Lee DY, Kim DH, Lee YK, Kim KM, Kim KN. Synthesis and peerformance of 

magnetic composite comprising barium ferrite and biopolymer. 9th Joint 

MMM/INTERMAG CONFERENCE2004. 1. 5-9, Anaheim, Califonia.  

 

11. Kim DH, Lee YK, Kim KM, Kim KN, Shim IB. Necrosis of carcinoma cells using 

Co1-xNixFe2O4 and Ba1-xSrxFe12O19 ferrites under alternating magnetic field. 9th Joint 

MMM/INTERMAG CONFERENCE2004. 1. 5-9, Anaheim, Califonia.  

 

12. Dong-Hyun Kim, Yong-Keun Lee, Kyoung-Nam Kim, Se-Young Choi, In-Bo Shim. 

Synthesis and Performance of Ba1-xSrxFe12O19 Microspheres by Spray Pyrolysis. 8th 

Meeting and Seminar on Ceramics, Cells and Tissues, 2003. 3. 19-21, Faenza, Italy.  

 



 １３４ 

Domestic conferences  

 

1. D.H. Kim, S.H. Lee, K.N. Kim, K.M. Kim, I.B. Shim, M.H. Lee, Y.-K. Lee. Synthesis 

of Bio-Nanomagnetic Particles for Application to Regional Hyperthermia. The Korea 

Research Society for Dental Materials. 2006. 5. 13. KyoungBuk University School of 

Dentistry, Korea. 

 

2. Dong-Hyun Kim, Se-Ho Lee, Kwang-Mahn Kim, Kyoung-Nam Kim, In-Bo Shim, 

Myung-Hyun Lee, Yong-Keun Lee. Targeting to carcinoma cells with chitosan- and 

starch-coated magnetic particles for magnetic hyperthermia. The 6th Yonsei Dental 

conference 2006. 4. 27, Yonsei University, Korea. 

 

3. D.H. Kim, S.H. Lee, K.N. Kim, K.M. Kim, I.B. Shim, M. H. Lee, Y.-K. Lee. 

Preparation of nano-magnetite for biomedical applications by coprecipitated spray 

method. The Korea Research Society for Dental Materials. 2005. 8. 18. WonKwang 

University School of Dentistry, Korea.  

 

4. D.H. Kim, S.H. Lee, K.N. Kim, K.M. Kim, I.B. Shim, M. H. Lee, Y.-K. Lee. The 

Necrosis effect of Co1-xNixFe2O4 ferrite in tumor cells, The Korea Research Society for 

Dental Materials. 2004. 8. 26. BEXCO, Korea.  

 

5. S.B. Lee, S.H. Lee, D.H. Kim, Y.-K. Lee, K.N. Kim, K.M. Kim. The cytotoxicity 

study of alginate capsulated ferrite particles. The Korea Research Society for Dental 

Materials. 2004. 8. 26. BEXCO, Korea.  

 

6. S.W. Lee, S.H. Shim, C.S. Kim, D.H. Kim, Y.-K. Lee. The heat generation of ferrite 

particles for hyperthemia. The Korean Physical Society. 2004. 4. SungKyunKwan 

University, Korea.  

 

7. D.H. Kim, Y.-K. Lee, K.N. Kim, I.B. Shim, S. W. Lee. The heat generation and 

necrosis of tumor cells using Ba1-xSrxFe12O19 and Co1-xNixFe2O4 ferrite under 



 １３５ 

alternating AC magnetic field. The Korea Research Society for Dental Materials. 2003. 

8. 22, ChoSun University, Korea.  

 

8. D.H. Kim, Y.-K. Lee, K.M. Kim, K.N. Kim, I.B. Shim. The necrosis effect of 

carcinoma cells in Co1-xNixFe2O4. The 3rd Yonsei Dental conference 2003. 11. 21-22 , 

Yonsei University, Korea.  

 

9. Y.-K Lee, Y.J. Lee, D.H. Kim, K.N. Kim, S.Y. Choi, I.B. Shim. Synthesis of magnetic 

ferrite microspheres by spray pyrolysis. The 11th conference Korean Society for 

Biomaterials, 2002. 9. 27-78, KyoungBuk University, Korea.  


	TABLE OF CONTENTS
	ABSTRACT
	I. INTRODUCTION
	1. Hyperthermia in cancer treatment
	A. History of hyperthermia
	B. Basic principles of hyperthermia in cancer treatment
	C. Limitation of hyperthermia

	2. Magnetic hyperthermia
	A. Basic concepts of magnetic hyperthermia
	B. Consideration of magnetic nanoparticles

	3. Biomedical magnetic nanoparticles
	A. Kinds of magnetic materials
	B. Magnetization curves and hysteresis loops
	C. Applications of magnetic nanoparticles in biomedicine

	4. The objectives in this study

	II. MATERIALS AND METHODS
	1. Preparation of magnetic nanoparticles
	A. Preparation of hexagonal magnetic nanoparticles
	(a) Materials
	(b) Sol-Gel method for hexagonal magnetic nanoparticles

	B. Preparation of spinel magnetic nanoparticles
	(a) Materials
	(b) Sol-Gel method for spinel magnetic nanoparticles

	C. Coprecipitation method for Fe3O4 nanoparticles

	2. Characterization of synthesized magnetic nanoparticles
	A. Crystalline Structure
	B. Magnetic properties
	C. Morphological characterization

	3. Measuring the heat generation of magnetic nanoparticles
	A. Heating system
	B. Measuring the heat generation

	4. In vitro test
	A. Cell culture
	(a) L929 cells
	(b) KB cells

	B. Cytotoxicity test
	(a) Agar diffusion test
	(b) MTT assay

	C. Necrosis of carcinoma cells using magnetic nanoparticles

	5. In vivo studies
	A. Preparation of tumor bearing ICR mice
	B. Hyperthermia (in vivo test)


	III. RESULTS
	1. Preparation and characterization of magnetic nanoparticles for hyperthermia
	A. Crystalline structure
	(a) Hexagonal magnetic nanoparticles (Ba1-xSrxFe12O19)
	(b) Spinel magnetic nanoparticles (Co1-xNixFe2O4)
	(c) Magnetite nanoparticles (Fe3O4)

	B. Magnetic properties
	(a) Hexagonal magnetic nanoparticles (Ba1-xSrxFe12O19)
	(b) Spinel magnetic nanoparticles (Co1-xNixFe2O4)
	(c) Magnetite nanoparticles (Fe3O4)

	C. Morphological characterization

	2. Heat generation of magnetic nanoparticles under AC magnetic field
	3. In vitro test
	A. Cytotoxicity of magnetic nanoparticles
	(a) Agar overlay diffusion test
	(b) MTT assay

	B. Necrosis of carcinoma cells using magnetic nanoparticles

	4. In vivo study using CoFe2O4 nanoparticles

	IV. DISCUSSION
	1. Basic properties of hyperthermic magnetic nanoparticles
	2. Heat generation of magnetic nanoparticles
	3. In vitro & in vivo studies

	V. CONCLUSION
	REFERENCES
	ABSTRACT (IN KOREAN)
	APPENDIX

