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Resumen

En este proyecto de tesis, se disefid y construy6 un calentador de induccion de
bajo costo para ayudar en el tratamiento de la hipertermia. Durante el proceso de
construccion, el equipo fue sometido a meticulosos ajustes de disefio para cumplir
con requisitos especificos. Los resultados mostraron que el equipo tenia una
entrada de corriente alterna estable, oscilaciones de frecuencia estables en el rango
de frecuencia media, lo cual es muy adecuado para el proceso de hipertermia, y
un control de temperatura eficiente. Para validar el equipo, se mezclaron
nanoparticulas ferrimagnéticas y paramagnéticas (magnetita y hematita) con
fluido corporal simulado para simular el fluido en un cuerpo vivo. El anélisis de
las curvas temperatura-tiempo de Nanoparticulas Magnéticas (MNP) bajo la
influencia del campo electromagnético generado por el calentador de induccion
mostr6 aumentos de temperatura notables, demostrando la efectividad y
confiabilidad del dispositivo para aplicaciones que involucran hipertermia. En
general, esta investigacién proporciona una forma econémica de estudiar el efecto
de las nanoparticulas magnéticas sobre la hipertermia combinando nanoparticulas
magnéticas con tecnologia de calentamiento por induccion. Al proporcionar
calentamiento enfocado y no invasivo, el calentador de induccion recientemente
disefiado y construido puede mejorar el estudio de un método alternativo para
tratar el cancer y presentar una opcion competitiva a la costosa y compleja
tecnologia de hipertermia.

Palabras Clave:

Histéresis, Dominios magnéticos, Magnetizacion, Superparamagnética,
Ferrimagnética.



Abstract

In this thesis project, a low-cost induction heater was designed and built to aid in
treating hyperthermia. During the construction process, the equipment was
subjected to meticulous design adjustments to meet specific requirements. The
results showed that the equipment had stable alternating current input, stable
frequency oscillations in the medium frequency range, which is very suitable for
the hyperthermia process, and efficient temperature control. To validate the
equipment, ferrimagnetic and paramagnetic nanoparticles (magnetite and
hematite) were mixed with simulated body fluid to simulate the fluid in a living
body. The analysis of the temperature-time curves of Magnetic Nanoparticles
(MNPs) under the influence of the electromagnetic field generated by the
induction heater showed notable temperature increases, proving the effectiveness
and reliability of the device for applications involving hyperthermia. Overall, this
research provides a low-cost way to study the effect of magnetic nanoparticles on
hyperthermia by combining magnetic nanoparticles with induction heating
technology. By providing focused, non-invasive heating, the recently designed
and constructed induction heater can enhance the study of an alternative method
to treat cancer and present a competitive option to expensive, complex
hyperthermia technology.

Key Words:

Hysteresis, = Magnetic  domains, = Magnetization, = Superparamagnetic,
Ferrimagnetic.
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Chapter 1

Introduction

Over the present century, cancer disease has been difficult to comprehend and is typified by the body’s aberrant
cells growing out of control. This may cause invasive harm to the organs and tissues nearby, possibly spreading to
other parts of the body . Alterations in the DNA, chemical exposure, unhealthy lifestyle choices (like smoking and
excessive drinking), and atmospheric factors (like pollution and radiation) can all lead to cancer?. Lump formation,
erratic bleeding, persistent coughing, loss of weight, and altered bowel habits are some of the symptoms. Patients
with cancer also frequently experience pain, nausea, sleep difficulties, persistent tiredness, and despair. Magnetic
field-based or magnetothermal therapy using magnetic nanoparticles shows potential as a powerful alternative to
standard cancer treatments>. It offers accurate drug delivery with minimal side effects and has been proven to stop
cell division, induce apoptosis, regulate the immune system, and halt angiogenesis and metastasis>. This emerging
therapy holds promise for treating various types of cancer.

Devices for treating hyperthermia frequently utilized in cancer therapy include radio-frequency (RF)systems,
microwave antennas, and RF antennas. These devices are used to control the heat in cancerous tissues by raising
their temperatures to 40 — 43°C and combining them with radiotherapy or chemotherapy*°.Deep-seated tumors are
heated using radio-frequency antennas that operate between 70 and 150 MHz®. The cancer treatment is treated by
The purpose of MW antennas, which run at 434-2450 MHz, is to heat superficial malignancies’. In this work,
a low-cost hyperthermia device will be designed and constructed, and its effectiveness will be validated using
magnetic nanoparticles, which can react to an external magnetic field by some mechanisms, such as Neel relaxation
or Brownian relaxation and Eddy’s current heating effect®!!. Then, by taking advantage of that mechanism, the
generation of heat can be obtained and used to reach the temperature needed for hyperthermia treatment.

1.1 Problem Statement

Heating by electromagnetic induction is used as a method to generate heat in conductor materials. Hence, the field
of hyperthermia treatment has promised to improve cancer therapy results, but carrying out this procedure uses
equipment that is expensive and not widely accessible. This research aims to construct a low-cost hyperthermia
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device using the induction heating principle, prioritizing affordability, effectiveness, and simplicity. Magnetic

nanoparticles are used for testing the heating capacity of the equipment.

1.2 General and Specific Objectives

1.2.1 General Objectives

Construction of affordable magnetothermic equipment based on induction heating.

1.2.2 Specific Objectives
1. Design a low-cost magnetothermic equipment based on the literature.
2. Design of the electric circuit of the induction heater.
3. Validation of circuit performance.
4. Construction of the induction coil and cooling system.
5. Synthesize magnetic nanoparticles.
6. Characterize the magnetic nanoparticles.

7. Validation of the induction heater with the magnetic nanoparticles.



Chapter 2

Theoretical Background

2.1 Cancer

In the last decade, the battle against many diseases has been a problem, but cancer is one of the most formidable
challenges to comprehend since it is required to understand in depth the body’s intricate mechanisms. Cancer
is the uncontrollable growth of cells that are not normal in the body, this abrupt growth can lead to an invasion
in the surrounding tissues and as a consequence the spreading to other parts of the body, this event can damage
or even destroy organs making the functioning of the body abnormal-2. Carcinoma, adenocarcinoma, sarcoma,
lymphoma/leukemia, and myeloma are the origin to determine what type of cancer is present in the system'>!3.
Genetic alterations, exposure to certain chemicals and toxins, lifestyle choices like smoking and excessive drinking,
and exposure to radiation and pollution are some variables that can contribute to the development of cancer?. Lumps,
irregular bleeding, frequent coughing, unusual weight loss, and changes in bowel movements are the symptoms of
cancer '*. Various symptoms, such as pain, exhaustion, insomnia, sadness, and nausea, are commonly experienced
by people with cancer !>-1°,

Nowadays, a powerful alternative to standard treatments for cancer therapy has emerged, which is magnetic
field-based or magnetothermal therapy, due to its good efficacy and fewer side effects. Magnetic nanoparticles

(MNPs) are being studied and monitored for cancer diagnosis and therapy !”-'3

. Some advantages that MNPs can
have are the load with chemotherapeutic drugs and antibodies and the capacity to be delivered to tumor tissue using
an external magnetic field It has been proved that magnetic fields stop cell division, produce apoptosis, control
the immune system, and stop angiogenesis and metastasis®. Hence, with its accurate drug delivery and the minimal
side effects, magnetothermal therapy which uses magnetic nanoparticles—provide a promising alternative to treat

the various type of cancer.
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2.2 Hyperthermia (HT)

Hyperthermia (HT) is a treatment technique that can be used for therapeutic procedures in cancer by raising the
cell’s temperature around the tumor zone. This technique can be used in conjunction with other cancer treatments.

Depending on the procedure that is being carried out the different types of hyperthermia can be applied >°.

2.2.1 Local Hyperthermia

Local hyperthermia is a procedure that heats a tumor site. The heat can be generated using different methods, such
as ultrasound, radiofrequency energy, microwave energy, or magnetic fields. Local hyperthermia aims to raise the

temperature of the tumor to 41-45 °C, which can weak, harm, or eliminate cancer cells 20,

2.2.2 Regional Hyperthermia

Regional hyperthermia involves heating a specific body part to high temperatures to target tumors. There are three
main methods: intrinsic, thermal, and constant hyperthermic peritoneal perfusion (CHPP). Intrinsic hyperthermia
applies heat to tumors using applicators, while thermal hyperthermia heats larger body areas by circulating heated
fluids. CHPP targets peritoneal cancers by infusing a heated chemotherapy agent into the abdominal cavity, raising
the tissue temperature to 41-42 °C. This technique is typically used to treat advanced tumors in areas like the thighs,
abdomen, or pelvis. .

2.2.3 Whole Body Hyperthermia

Whole-body hyperthermia (WBH) involves raising the temperature of the entire body to at least 41 °C to treat various
conditions, including cancer. WBH can be achieved using either radiation heat or extracorporeal technologies.
Immersion in a hot water bath and radiant heat with ultraviolet (UV) radiation are the usual techniques utilized for
WBH. In extracorporeal WBH, A blood circuit is formed next to the body, creating an extracorporeal ring. The
blood is heated by passing through a hot air or water bath before being infused into the main vein. WBH treatment
sessions typically last four hours, with two hours to reach the target temperature, one hour to maintain it, and one
hour to cool down. WBH has the potential to provide the most uniform heat delivery, but it also carries the greatest

risk of complications, including elevated temperatures in the brain, liver, heart, or lungs 20

2.3 Instruments used in hyperthermia treatments

Hyperthermia treatments use a variety of frequencies to apply heat to tumors, including microwaves ranging from
433 to 2450 MHz, radio waves ranging from 100 KHz to 150 MHz, and ultrasound at frequencies of 0.2-5 MHz.
The choice of frequency depends on the depth and location of the tumor, with radio frequencies at 8-12 MHz
being optimal for deep-seated tumors and microwave heating at 434-915 MHz being best for superficial tumors 2.

In addition to these methods, hot water perfusion, resisting wire embeds, ferromagnetic seeds, nanoparticles, and
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infrared radiators can also be used to deliver heat. Two types of probes are used in hyperthermia treatments: an
applicator to transmit energy to the tissue and a temperature probe to monitor tissue temperature. To ensure that the
required temperature is achieved without damaging healthy tissue, the temperature of the tumor and adjacent tissues
is monitored throughout the procedure, to maintain local temperatures below 44°C and whole body temperature
below 42°C. To improve the precision of heat-delivery, ultrasound or MRI can be used to position heat-delivery

devices, and new types of nanoparticles that are less toxic to nearby tissues are being developed as absorbers?%-2!,

2.3.1 Induction Heating System

Induction heating system uses electromagnetic induction to heat an electrically conductive material, consisting of
an induction power supply, an induction coil, and a work-piece. An alternating current generated by the power
supply is passed through the induction coil, which creates a magnetic field around the workpiece, inducing electrical
currents and generating heat within the workpiece. The flow of electric current starts when the object is placed in
the magnetic field, and this flow of current produces heat because of the object’s resistance to the flow of electricity,
also called eddy current.®°. Induction heating involves the use a varying magnetic field created by a high-frequency
alternating current that provokes the eddy current withing the object®. These systems are widely used in applications
such as brazing, annealing, hardening, melting, and forging and are particularly useful when fast, precise, and
localized heating is required. Moreover, induction heating systems are energy-efficient and environmentally friendly,
producing heat only where needed, without wasting energy on heating the surrounding environment. They can be
customized to fit the specific needs of each application, with various sizes and shapes of induction coils available
and designed to operate at different frequencies and power levels 2.

2.3.2 Frequency and Power

Induction heating is a process that uses the principle of electromagnetic induction to generate heat in a conductive
material. Therefore, the frequency of the time-variable magnetic field produced by alternating the voltage has the
same frequency as the current in the induction heating coil?®. There is three ranges of frequencies: low frequency
(up to 10 kHz), medium frequency (10 kHz and 70 kHz), and high frequency (above 70 kHz). The frequency in
induction heating is crucial as it affects the penetration depth; the higher the frequency, the lower the penetration
depth. This means that different frequencies are used depending on the desired heating application?. On the other
hand, the power affects the temperature of the object being heated, in simple words, higher power levels result in
faster temperature rise >>?*. In addition, depending on the frequency of the electromagnetic waves emitted there will
be a ionizing radiation (IR) which is potentially harmful since it uses high energy particles and also non ionizing
radiation (NIR) which carries less energies that are not lethal?. The frequencies ranges are 10 — 10'® Hz for NIR
and 10'6 Hz and above for IR .
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2.3.3 Induction Solenoid/Coils

Induction coils have several applications, such as magnetic particle heating and induction heating. In magnetic
particle heating, an electromagnetic induction coil is used to heat the object with a medium-high frequency while the
magnetic field is alternating?’. In induction heating, the coil generates the alternating magnetic field to generate heat
in the conductive material®’. Therefore, Induction coils are essential in induction heating devices as they generate
the magnetic field to heat the object. The geometry of the coil influences how the magnetic field is generated and
distributed around the object?®?°. Also, the geometry affects the inductance cause it is related to the turns3’. The
magnetic field (B) and the inductance (L) of the coil can be calculated by using the following equations:

B=u-N-1I 2.1
N*-po-A
L= — 2.2)
or Air Cored Inductor coil
0.393 - N? -2
= 275N 2.3)
9r + 10/

Where:

* Bis the magnetic field strength.

* L is the inductance

* u is the permeability of the material.

* up is the material’s permeability inside the coil.
* N is the number of turns in the coil.

* [ is the current flowing through the coil.

* A is the cross-sectional area of the coil.

* [is the length of the coil

* ris the radius of the coil

Additionally, the resonant frequency in induction heating is related to the coil design and parameters such as the
number of turns, diameter, and spacing of windings. The resonant frequency can be obtained using the following

equation?':
1

e

The resonant frequency equation is obtained by solving the differential equation that is related to the LC circuit

f

(2.4)

behavior.



CHAPTER 2. THEORETICAL BACKGROUND 7

The coil size used for NP-MIH is determined by the tumor size or area to be treated. Different coils can be used
for magnetic hyperthermia, including solenoid, Helmholtz, birdcage, and pancake coils. Cooling the solenoid is
necessary when magnetic field intensities exceed 20 mT to prevent adverse effects on hyperthermia. Insulated coils
and low thermal conductivity materials are used to achieve thermal equilibrium between the sample and coil at an

optimal temperature 3233,

2.3.4 Thermocouples/Optical Probes for Temperature Measurements

The thermometric components of magnetic hyperthermic equipment must be sensitive, accurate, and non-invasive
to ensure the desired therapeutic effect is achieved without adversely affecting healthy tissue. Sophisticated thermo-

metric systems like MRI, IR thermography, and optical fiber thermometry can solve this problem 3233,

2.3.5 Induction Heating Circuit and Device

An induction heating device presents a viable option for magnetothermal therapy reaching the hyperthermia temper-
ature, a medical condition where heat destroys cancerous cells in the human body. A detailed schematic of the circuit
for an induction heating system is available for review in Figure 2.1, providing insight into the underlying technology
that makes this treatment possible. Additionally, a completed and fully operational induction heating device can also
be observed in Figure 2.2, serving as a testament to the practicality and effectiveness of this treatment option.

2.4 Magnetothermal therapy

Magnetothermal therapy is a highly potential technique that can be used to treat some diseases, such as cancer
and neurodegenerative disorders. This therapy involves using an external magnetic field that affects magnetic
nanoparticles. As the response, it generates heat, which can then be applied to cause hyperthermia, target and
destroy cancer cells specifically, or stimulate brain neurons. Numerous investigations have looked into the various
uses of magnetothermal therapy. A magnetothermal method was created by Liu and partners to effectively mark stem
cells for in vivo monitoring and targeted stroke therapy *®. Dai et al have demonstrated that magnetothermal therapy
can be efficient by manipulating cell signaling by sensitizing breast cancer cells®’. Superparamagnetic ferrofluids
were created by Leonel et al. for use in hyperthermia applications, and they demonstrated improved cell-killing
capabilities in magnetic hyperthermia experiments 3. The results of these studies show the diversity of therapeutic

applications that magnetothermal therapy can be applied for.

2.4.1 Magnetic Nanoparticles for Magnetothermal Therapy

Magnetic nanoparticles are increasingly being explored as a tool for magnetothermal therapy (hyperthermia treat-
ments), which involve heating a part of the body or the whole body to high temperatures for medical purposes,
including cancer treatment. Local hyperthermia, regional hyperthermia, and whole body hyperthermia are the three
types of hyperthermia that can be used in conjunction with magnetic nanoparticles to achieve therapeutic effects. By
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L

2200

RrR1
2200

Figure 2.1: Induction Heating Circuit Diagram (Based on3*)

utilizing the magnetic properties of nanoparticles, they can be directed to specific areas of the body and heat can be
generated locally in a controlled manner, leading to more efficient and effective hyperthermia treatments 2%-21-32:33.39,

Over the years, magnetic nanoparticles have gained a lot of interest due to their potential and unique properties
that can be used in a wide range of applications. Besides, magnetic nanoparticles present magnetic properties
but also a small size and high surface area to volume ratio. Nanoparticles have shown great potential in various
fields but magnetic nanoparticles specifically have been studied demonstrating good applications in biotechnology,
environmental remediation, drug delivery and also imaging*.

Magnetic nanoparticles can be potentially used in therapy and in nanomedicine for treating and diagnosing
disease*'*2. Due to they can be used as contrast agents, they can be used for magnetic resonance imaging (MRI) to
provide anatomical information*!. Moreover, MNPs can be functionalized to actively target specific areas within the
body allowing therapeutic applications. This application makes the MNPs excellent candidates for tumor targeting
and medical imaging*'. In addition, MNPs are used to heat cells in specific zones of the body to about 42 — 45°C
which is the hyperthermia range by using an external magnetic field, this heating can treat diseases helping to kill
cancer cells*® There are various mechanisms in which magnetic nanoparticles can be heated up in an alternating

magnetic field. One of those mechanisms is called Brownian losses, where MNPs behave like tiny magnets constantly
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Figure 2.2: Induction Heating Device (Taken from )

rotating and moving due to the interaction with the fluid '°. Another mechanism is the Néel relaxation losses, where
MNPs magnetic moments rapidly change their orientation in response to the external magnetic field''. Moreover,
hysteresis losses that is related to the hysteresis phenomenon occurs when ferromagnetic material is involved. When
the magnetic field is taken off from the ferromagnetic material the energy does not completely go back to the

system 44

. In addition, eddy current occurs in ferromagnetic metal nanoparticles, and it is generated when the
MNPs are exposed to an alternating magnetic field that produces a resistivity in the material, making it increase its
temperature similar to a resistance*#. The heating of the nanoparticles occurs because there is a short thermal
relaxation time constants*’. By controlling the concentration, size, and properties of the medium, it can be optimized
the efficiency of heating MNPs, that is, the Specific absorption rate (SAR)*8-31.

According to Rajan et al. and Behrouzkia et al.in their works related to hyperthermia treatments 2%-*

, explains
how the use of magnetic nanoparticles (MNPs) combined with heat can be used for thermal treatment, particularly for
metastatic and locally advanced disease stages that cannot be treated with surgery. This technique involves infusing
iron oxide nanoparticles into the target tissue and heating them with a magnetic field. The method is useful for
heating tumors located deep in the body, such as in the skull or pelvis. The size and depth of the tumor affect the
homogeneous delivery of heat as in Figure 2.3.

Previous hyperthermia techniques have had limitations, such as being unable to target heat to the tumor, difficulties
in achieving a homogeneous distribution of heat, and challenges in targeting indiscernible micrometastases. Ferro-,
ferri-, and super ferromagnetic materials, such as Fe/MgO, are appropriate for this treatment method due to their
biocompatibility 2013,

According to Rajan et al. and Behrouzkia et al.in their works related to hyperthermia treatments 2%, the different
types of magnetic materials, including ferro- and ferrimagnetic materials, which have natural alignment of atomic
magnetic dipole moments in a specified direction. In bulk materials, these materials have multidomains, but when
reduced in size to the nanometer-scale level, the domain region transitions from multidomain to a single domain.
Single-domain magnetic nanoparticles exhibit two important types of magnetism: single-domain ferromagnetic
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MNPs Local heating to 41-47 °C
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Figure 2.3: MNPs-mediated MHT for selective tumor cell destruction (Taken from*®)

nanoparticles and single-domain superparamagnetic nanoparticles %% .

The size of the magnetic nanoparticles strongly influences their coercivity, which impacts their magnetic nature.
As the size of the particles decreases from multidomain zones to single domain zones, the coercivity increases,
where it reaches a maximum, and finally decreases, remaining zero at the superparamagnetic transition point.
Superparamagnetic nanoparticles have high saturation magnetization when a field is applied, and they lose their
magnetism completely when the field is revomed at thermal equilibrium. These particles are useful for biomedical
applications as they prevent aggregation and reduce the risks associated with thrombus formation. Additionally, their
size within the superparamagnetic limit at biologically tolerated magnetic fields dissipates sufficient heating power,

making them useful for magnetic hyperthermia applications 203,

2.4.2 Biocompatible MNPs used for hyperthermia

MNPs with biocompatible and biodegradable properties and suitable functionalized surfaces are important materials
for magnetic hyperthermia (MHT). MNPs made of iron, cobalt, nickel, manganese, zinc, gadolinium, magnesium,
their alloys, and oxides, such as CoFe,0y4, NiFe,04, ZnFe,04, CuFe,;04, MnFe,0,4, Gd-doped Zn-Mn, Fe-doped
Au, and Zn-Mn-doped iron oxides, have been explored for MHT due to their superior magnetic properties. Iron
oxide nanoparticles (IONPs) are the most researched biocompatible MNP for MHT and have been licensed by the
US Food and Drug Administration and the European Medicines Agency for clinical applications. Both magnetite
and maghemite phases of iron oxides are good choices because they have better biodegradable nature, chemical
stability, and lower toxicity 3.
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The magnetic properties of superparamagnetic (SPM) iron oxide NPs produce the high magnetization nature of
bulk magnetite with the paramagnetic nature of iron ions (Fe**/Fe?*). The natural property of SPM IONPs of high
saturation magnetic and magnetization sensitivity under the applied magnetic field, and losing its magnetization
completely by removing of the field, can be effectively utilized for MHT applications. Other Fe-based alloys, such
as Fe-Pt and Fe-Co, have also been explored for MHT, with Fe-Pt alloys gaining attention for their stable magnetic
properties for heat generation. Anisotropic-structured magnetic Janus NPs with distinct physical and chemical
properties, such as Fe;04—Pd, PMMA/Fe;04/PAA, and carbon-coated Fe-Co, have also been utilized for synergistic
chemo-thermal/photothermal/magneto-thermal therapy and have shown high therapeutic results and minimal side
effects, making them suitable for combined therapies>°.

Magnetic nanoparticles have been studied with significant attention because they allow a new point of view for
cancer treatment by using the hyperthermia temperature range. Targeting cancer cells with a higher precision and
reaching deep tissues can be obtained with a non-invasive treatment, magnetic hyperthermia. Magnetic nanoparticles
not only include other anti-tumor agents but also can be placed at the tumor site2. Nanoparticles such as magnetite
are commonly used in biomedicine because they are compatible with the human body. There are clinical studies
suggests that magnetite nanoparticles are safe for biomedical applications as reported in the Hyperthermia Treatment
Planning article®® They have a high level of magnetization which allows them to be strongly attracted by magnetic
fields. Furthermore, magnetite nanoparticles have a large surface area, and they are chemically stable, which allows
them to easily be modified for different uses in medicine>*. Magnetic hyperthermia is used to heat and damage tumor
cells in a zone using magnetic nanoparticles such as magnetite. These nanoparticles are heated up by controlling an
external magnetic field. Therefore, it allows the healthy tissue to be unharmed by specifically targeting the cancer
cells %%,

Magnetic nanoparticle-induced hyperthermia (NP-MIH) is a localized heating treatment (magnetothermal ther-
apy) for tumors utilizing the properties of an alternating magnetic field induced in one of the following ways

mentioned above 3233

2.5 Characterization Techniques

2.5.1 X-rays Diffraction

X-rays were discovered by Rontgen in 1895. He found that X-rays have wavelengths between 10 and 0.01 nanometers
(nm) and are defined as electromagnetic waves that use high energy. X-ray diffraction (XRD) is a powerful
non-destructive method that is used to study the structure of crystalline materials by analyzing the diffraction
pattern generated at certain angles of the atomic plane of the crystal lattice when a monochromatic X-ray beam is
scattered **°, This diffraction pattern or diffractogram provides information about the crystalline structure, phases,
crystal orientation, grain size, crystallinity, tension and crystal defects, all these information that is provided by the
diffractogram is like a fingerprint of the atomic arrangements>’-3360,

William Henry Bragg and William Lawrence Bragg in 1913 explained how X-rays is diffracted when they hit a

crystal by the Bragg law. Atoms in crystals are arranged in three-dimensional grids that resemble X-ray wavelengths,
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resulting in diffraction that is comparable to light passing through slits>®. According to Bragg’s theory, X-rays
interact with atoms in crystal layers to form a pattern known as crystal planes. These crystal planes are patterns
formed by the interaction of the flat waves and the layers of atoms in a crystal. The relation between the distance
between the crystal planes dj;, the angle of incidence 6, the diffraction order (n) and the X-ray wavelength A is
defined by the following equation°:

nd = Zdhk[ sin 91 (25)

On the other hand, the grain size can be estimated by using the Scherrer Equation:

K2

b= Bcos(6,) 20

Where:
* D is the average crystallite size
* K is the Scherrer constant (depends on the material analyzed)

* Ais the wavelength of the X-ray radiation used

B is the full width at half maximum (FWHM) of the diffraction peak in radians
* 6 is the Bragg angle related to the crystalline lattice.

* 6, diffraction angle from the XRD peaks are related to the crystalline structure of the material.

2.5.2 Vibrating Sample Magnetometer (VSM)

Measuring the magnetic properties of materials is possible by using a vibrating sample magnetometer (VSM)
machine. The VSM allows the study of materials because it can work in specific conditions, this machine can work
at high temperatures in gas-controlled environments®'. Measurements in magnetic hysteresis in thin films can be
improved by modifying the design and calibration of the VSM%? and hysteresis loops for rock magnetism can be
analyzed by using software tools®®. In addition, VSM can be used to study the type of magnetic domain present
in environmental samples, such as sediments in rivers®. The relationship between the magnetizing force and the
induced magnetic flux density is shown by a hysteresis loop**. Ferromagnetic materials lose heat in an alternating
magnetic field because to hysteresis loss**. Additionally, a detailed hysteresis curve can be observed in the Figure
2.4.
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Chapter 3

Methodology

3.1 Construction of the Induction Heater

To construct the induction heater several steps were done to guarantee the proper design, implementation and ensure
the correct operation of the device by some tests.

The circuit design shown in Figure 3.1 was initially created using an existing schematic of an induction heater,
with adjustments according to the required needs. The materials used to build the induction heater were the following:

* 2x IRFP260N MOSFETs.

* 2x fast diodes.

* 10k resistors.

* 2x 470ohm - 2w resistors.

e 2x inductors with 25 turns of 1mm? wire around yellow toroidal cores.
* 10x 0.63 pF capacitors.

* 12V - 4A power source.

* Wood.

* 3 bakelites.

* Coil work (6 turns, 3.8 cm diameter, coil length 4.0 cm).

The prototype of the circuit was built in a protoboard (figure 3.2) to verify the oscillation using a 12V - 4A
by using an oscilloscope. Then, the circuit was transferred onto the final base, the bakelites. The bakelite circuits

15
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Figure 3.1: Induction Heating Circuit Diagram (Based on®’)

was previously designed by using the PCB Wizard Software® and printed by using a CNC machine model CNC3-
3018Pro. After this final implementation, another test was carried out to confirm that the circuit oscillate correctly
at the final base. To regulate the temperature of the device, a cooling system was integrated (Figure 3.4), and
its efficacy was assessed through a thermal test carried out with the equipment for 2 hours. During this process,
the alternating current, temperature, and oscillation were monitored by using an ammeter, thermocouples, and
oscilloscope, respectively. Finally, a final test was done to see if the device worked by using a piece of metal and

looking if this piece was heated up.

3.2 Synthesis of Magnetic Nanoparticles

Synthesis of the magnetic nanoparticles of magnetite (Fe304) was carried out by using a precipitation method

described by Berger et al. in their work Preparation and Properties of an Aqueous Ferrofluid 8.
3.2.1 Materials used in the synthesis

1. 1 g of FeCl,-4H,O.

2. 2,7 g of FeCl;-6H,0.

3. 25 mL of distilled water.

4. 0,5 g of NaOH in 5 mL of distilled water.
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Figure 3.2: Protoboard Setup

3.2.2 Synthesis Procedure

The synthesis process consists of the combination of 2.7 grams of FeCl; and 1 gram of FeCl, in a 25 mL solution of
distilled water. Then this solution is heated to 60°C and a drop-wise addition of NaOH was made until the reaction
that produced magnetite (Fe;O4) (equation 3.1) is done, this happens when the solution turns into black color, the
setup is observed in figure 3.3. Subsequently, the solution was left to air cool for 15 minutes. Since the solution had
to have a pH between 6.5 and 8 in order to dry in the Stove, it was previously washed using distilled water until the
pH was correct. Then the solution was introduced into the stove during 24 hours. With the powder obtained from
the dry solution, three distinct samples of magnetite were separated: one at room conditions, while the other two
underwent a thermal treatment using the Chemical Vapor Deposition (CVD) apparatus in an Argon environment
to change their size, phase, and magnetic properties. The first sample was heated to 250°C and held for 1 hour.
Similarly, the second sample was heated to 400°C and held for 1 hour. To reach that temperatures both samples were
heated at a rate of 10°C per minute. As a result, three distinct samples of magnetite were synthesized: one at room
temperature, one treated at 250°C, and the other treated at 400°C.

2FeCl3 + FeCl, + SNH3 + 4H,0 — Fe3;04 + SNH,CI 3.1

3.2.3 Characterization

The techniques used to characterize the magnetite samples were X-ray diffraction (XRD) and Vibrating Sample
Magnetometry. The XRD techniques allowed the analysis of the phase composition and nanoparticles size of
the magnetite nanoparticles. On the other hand, VSM measurements were performed to determine the magnetic
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properties of these samples, this data were used to determine the coercivity, remanence and saturation magnetization.

3.3 Validation of the Induction Heating device by using the magnetite

nanoparticles

To validate the induction heater with the sample of magnetite nanoparticles, an experimental setup was performed,
shown in Figure 3.4. The experimental setup consisted of the induction heater and the magnetite nanoparticles
placed inside a test tube with 3 mL of simulated body fluid. The test tube was placed inside the work coil as in Figure
3.4, where an ammeter was used to control the provided current to the power source, an oscilloscope to observe if
the device was working correctly, and a thermometer inside the tube to measure the temperature of the sample over
time. The temperature readings of the sample were recorded at intervals of one minute. Finally, those data were

plotted to be analyzed and compared between the three samples.






Chapter 4

Results & Discussion

4.1 Operation and Functionality of the Induction Heater System

In general, the principal components of the induction heater are the working coil that generates the magnetic field, the
transistors that control the flow current through the working coil, and the toroidal inductors are in charge of limiting
the current and filtering the electric noise in the circuit (see Figure3.2), the bank of capacitors and the working
coil function as a LC circuit (tank circuit), shown in Figure 4.1, that produce a oscillating circuit. The resonating
frequency over time is maintained by turning on and off periodically the Mosfets®®7°. When the power supply is
turned on, one of the transistors turns on earlier than the other one. When the first MOSFET is on, the gate voltage
is high which makes the tank circuit swing up and down. When the circuit is on the way down the diode connected
to the gate of the MOSFET drops the gate voltage down, turning it off. This process makes the gate voltage on the
second MOSFET increase high enough to turn it on, to produce again the swinging up and down making the cycle
continue.

4.2 Induction Heater Device Characteristics

During the construction of the induction heater device, there were some challenges encountered, which included
adapting a power supply through a 12V, 4-ampere transformer to power the induction heater system, as depicted in
Figure 3.1. Another challenge involved ensuring proper connection of the coil to the capacitor bank’s plate, as poor
connections led to system failures and increased power consumption, resulting in power supply overheating issues.
The temperature control of the equipment was successfully solved by using two fans to cool plate #1 and plate #2,
as depicted in Figure 3.1, along with an additional fan for the power supply, also visible in the same Figure. Cooling
for plate #3 (see Figure 3.1) only required a cooling system for the working coil since the capacitors did not need
additional cooling beyond ambient temperature. Water cooling was employed by connecting a water pump to the
coil, allowing water to flow through and cool. The coil cable’s hollow nature facilitated this cooling method. It

21
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Figure 4.1: LC Circuit (Tank Circuit)

should be noted that even though this device was based on a different model, it was decided not using the two zener
diodes that were part of the original design because induction heaters usually don’t need them to work.

After the construction of the induction heater shown in Figures 4.2 and 4.3, experimental tests were performed to
determine some characteristics of the device. The system shown an alternating current input of 1.31 A, this indicates
that the flow of electricity through the system was consistent over time. The direct current voltage measurement was
9.81V after the transformation from alternating current. The experimental oscillation frequency of the induction
heater was between 69.9 kHz to 71.1 kHz which is similar to the theoretical value of 77.513 kHz determined by using
the equation 2.4. This suggests stable and consistent frequency oscillations during the experimental tests. These
results propose that the device can maintain consistent and stable frequency, which are important for applications
in hyperthermia therapy. The experimental frequency results indicate that the device operates within the medium
frequency range (10 kHz and 70 kHz)?}. Additionally, the value of the magnetic field Even though the heating
depends on the properties of the magnetic nanoparticles, the medium frequency range includes advantages such as
safer control of current and voltage and minimizes harmful impacts on healthy cells while producing a selective
heating effect on cancer cells’""72.

Previous investigations using induction heaters for hyperthermia therapy have examined a range of frequencies
and temperature outcomes. In one study, for example, induction heaters for laparoscopic and transrectal procedures
were produced. These heaters reached temperatures of 41 °C and 43 °C, respectively, with frequencies of 326
kHz and 303 kHz"3. The frequencies used in induction heaters depend on the applications. Induction heaters that
use high-frequency waves mainly produce heat in metal samples using frequencies of 250 kHz’*. Furthermore,
a induction heating technique running at 20-30 kHz was created where copper wires were found to be the most

effective heating medium7>.
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Figure 4.2: Final Setup of the Induction Heater

Figure 4.3: Final Setup of the Induction Heater with the Cooling System
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4.3 Characterization of Magnetite Nanoparticles

4.3.1 X-rays Diffraction

The Scherrer equation was used to calculate the estimated size of the magnetic nanoparticles. The sample treated at
25°C showed a size of approximately 10.06 nm, which was pretty similar to the MNPs treated at 250°C, that sample
had an estimated size of 10.94 nm. Notably, the MNPs held at 400°C for an hour showed significant growth in size
with 31.04 nm. This results indicates that changes are not yet noticeable at 250°C. However, at 400°C, the thermal
treatment causes significant changes in magnetite nanoparticle size and phase, which are supported by their XRD
spectra (Figure 4.4).

Moreover, spectra of the samples treated at 25°C and 250°C showed similarities, according to the analysis done
with the QualX software utilizing database cod2205ino. Similar peaks were observed in both spectra, as shown in
Figure 4.4 and Figure 4.4, suggesting the presence of magnetite. For these samples, the matching database cards
are 00-900-2673 and 00-900-5812 respectively. Furthermore, the lattice parameters were determined to be 8.3851
A and 8.3778 A, respectively, based on the database cards. On the other hand, the spectra of the sample that was
heated to 400°C showed several peaks associated with the hematite and magnetite phases, which corresponded to
phase card 00-210-8027 and 00-900-2673 and similarities with magnetite, as shown in Figure 4.4.

4.3.2 Vibrating Sample Magnetometry

The size of nanoparticles determine their magnetic properties, particularly in terms of remanence, coercivity and
maximum magnetization’%’”. The hysteresis loop of the samples (Figure 4.5) are summarized in Table 4.1, variations
in particle size among the magnetic nanoparticles at different temperatures correspond to notable differences in
remanence and coercivity. The size of the MNPs that was previously mentioned as 10.94 nm and 31.04 nm for MNPs
treated at 250°C and 400°C, respectively, have their corresponding values of coercivity are 12.981 and 174.659
Oe. In general, higher coercivity is related to an increment in MNPs size’®. On the other hand, MNPs treated
at 25°c and 250°C present similar the same crystalline which is supported by the XRD interpretation that tells
it has similar spectra. However, there is a little difference in their remanence and coercivity that is attributed to
the magnetic domains ordering when the temperature is increased, as in the 250°C treated sample the magnetic
fluctuations decrease and also the magnetic domains walls decrease by temperature’®. Additionally, the defects

76,7879 Moreover, from Figure 4.5 and

decrease with temperature and all of these affect the magnetic properties
Table 4.1 can be observed that thermal treatment with higher temperatures can affect the magnetization leading to
lower maximum magnetization”’. In addition, the hysteresis loop for the Magnetite sample treated at 400°C is due
to the paramagnetic hematite nanoparticles which have a weak response to magnetic field compared to ferrimagnetic

materials such magnetite nanoparticles which have strong response to magnetic 88!,
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Sample | Weight (g) | Remanence (emu/g) | Coercivity (Oe) | Maximum Magnetization (emu/g)
25°C 0.0106 1.9073 25.012 54.728

250°C 0.0079 0.70361 12.981 57.799

400°C 0.0076 4.981 174.659 24.086

Table 4.1: Magnetic properties of MNPs treated at different temperatures.

4.4 Validation of the induction heater with the MNPs

After the performance test of temperature vs time, where all three samples of MNPs were under similar conditions
and mixed with 3 mL of simulated body fluid (SBF), SBF is a solution commonly used to test the bioactivity

of materials simulating the human blood plasma??.

The Hematite Sample mixed with SBF solution showed a
notably different behavior from the magnetite at 25°C and 250°C. In general, the behavior of this sample was
unstable reaching a maximum temperature of 38.7°C despite having been subjected to the electromagnetic field
produced by the equipment for 2 hours and the minimum temperature of 31.2°C. This behavior is attributed to the
hysteresis loop, which has the lowest magnetization behavior due to the superparamagnetic properties of hematite 83
(Figure 4.5) compared to the other samples that are ferrimagnetic. Moreover, the data collected (Figure 4.6) for
the magnetite samples 25°C and 250°C exhibited similar behavior, as evidenced by their similar temperature-time
graphs. The comparable behavior of these samples is evidenced by the similar characteristics observed in both
X-rays and hysteresis loop analysis of the two samples. The maximum temperature reached for both magnetite
samples 25° and 250°C was 45°C and the starting temperature was 36°C and 37°C starting with an exposition time
to the electromagnetic field for 20 min. These results demonstrate the reliability and effectiveness in hyperthermia

applications.
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Chapter 5

Conclusions & Outlook

A homemade device for hyperthermia was built with a very low cost (approximately $50). The design of the induction
heater circuit was designed using the Program PCB Wizard.

The constructed induction heater device shows stable and consistent oscillation frequency, which is relevant for
hyperthermia treatment applications.

Magnetic Nanoparticles with different sizes: 10.06, 10.94, 31.04 nm were obtained. The relationship between
MNPs size and the temperature achieved under the induction heater device is one of the study’s main results. When
the device’s electromagnetic field was applied to larger MNPs, which were larger with higher coercivity behavior.
The smallest particles sized reached higher temperatures when the magnetic field was applied using the device. This
finding emphasizes how crucial it is to comprehend how MNPs properties relate to the device’s heating capacity to
maximize hyperthermia treatments.

Additionally, temperature experiments were performed in conditions similar to those of simulated bodily fluids
to simulate near real situations. The hematite sample showed unstable behavior explained by its special magnetic
characteristics, but the magnetite samples treated at 25°C and 250°C showed consistent and good temperature
responses. This comparison highlights how sensitive the device is to the material and structure of MNPs, highlighting
the necessity of accurate temperature control in applications involving hyperthermia.

Overall, the designed induction heating device has great potential for treating hyperthermia since it provides
a dependable and efficient way to raise MNPs to therapeutic temperatures. Future research projects can further
improve the design and optimization of hyperthermia treatments for in vitro studies involving cancer cell cultures by
utilizing the device’s capabilities and comprehending the complexity of MNPs interactions.

In an effort to build an induction heating device to achieve the hyperthermia temperature range by using magnetic
nanoparticles, this research has shown significant insights about the device’s functionality with MNPs of different
sizes. Moreover, the experimental results demonstrated the working frequency was in the medium frequency range,
which helps select heating in cancer cells without affecting healthy tissues.

The conclusion of this study emphasizes how crucial the induction heating device is to reaching hyperthermia
temperatures using MNPs. The device provides a strong platform for advancing hyperthermia therapy through careful
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design and characterization, with implications for targeted cancer treatment and enhanced experimental approaches

for cancer research.
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