eman ta zabal zazu

o

Universidad Euskal Herriko
del Pais Vasco Unibertsitatea

DoCcTORAL THESIS

HIGH FIELD, HIGH FREQUENCY AND
TEMPERATURE ADJUSTABLE AC
MAGNETOMETER FOR MAGNETIC
HYPERTHERMIA CHARACTERIZATION

Author:
IRATI RODRIGO ARRIZABALAGA

Supervisors:

FERNANDO PLAZAOLA MUGURUZA
JOSE ANGEL GARCIA MARTINEZ

2020

(c)2020 IRATI RORIGO ARRIZABALAGA






Resumen

El cancer es, por su naturaleza, una enfermedad increiblemente resistente y, por lo tanto,

increiblemente compleja.

Se estima que en 2017, 9.6 millones de personas fallecieron por cédncer, convirtiéndola

asi en la segunda causa de muerte en el mundo.

La investigacion en el campo de la oncologia, se centra principalmente en el desar-
rollo de técnicas alternativas de diagndstico y terapia, con el fin de tratar canceres que
los tratamientos convencionales como la quimioterapia, la radioterapia y la cirugia no

pueden de curar.

Varias terapias alternativas como la inmunoterapia, la terapia génica y la hiperter-

mia magnética estan siendo actualmente desarrolladas en laboratorios y hospitales.

La hipertermia magnética, es una terapia innovadora contra el cancer, que consiste
en destruir células cancerosas mediante el uso de nanoparticulas magnéticas. Estas,
son situadas estratégicamente en los tejidos tumorales y posteriormente, son calentadas
mediante la aplicacién de un campo magnético alterno de frecuencias comprendidas entre
100 kHz y 1 MHz. El calor generado por las nanoparticulas incrementa la temperatura de
los tejidos tumorales lo que termina destruyendo el cancer. A diferencia de otras terapias
oncolégicas, la hipertermia magnética tiene el potencial de atacar selectivamente, los

tejidos cancerigenos sin dafiar los sanos y sin necesidad de cirugia.

Para poder disenar un buen tratamiento de hipertermia, es crucial estudiar varios
pardmetros a definir durante el mismo, entre ellos la tasa de absorcién especifica (en
inglés, specific absorption rate (SAR)). Este pardmetro, mide la cantidad de energia
que absorben las nanoparticulas por unidad de masa y es altamente dependiente de
las propiedades intrinsecas de éstas. El SAR se puede medir mediante dos métodos

distintos: calorimetria y magnetometria de corriente alterna (CA).

La calorimetria consiste en medir el aumento de temperatura de las nanoparticulas

al aplicarle un campo magnético alterno. Aunque la calorimetria es el método méds



iv

empleado, la dificultad de disenar equipos adiabaticos, proporciona valores imprecisos
del SAR.

La magnetometria CA, por otra parte, se basa en la determinacién de la magneti-
zacién dindmica de las nanoparticulas, cuando son excitadas por un campo magnético
alterno. En este método, el SAR se calcula a partir del drea de los ciclos de histéresis. La
magnetometria CA surge como un método reproducible, rdpido y preciso. Ademés, pro-
porciona informacién magnética adicional que no es accesible mediante la calorimetria,
ya que, la determinacion del ciclo de histéresis, contiene mucha mas informaciéon que

simplemente el valor del SAR.

En los tltimos afios, se han disenado diversos magnetémetros CA que trabajan
en distintas intensidades y frecuencias de campo. Aunque estos magnetometros CA
miden la magnetizacion de manera diferente, todos ellos tienen una arquitectura similar.
Por una parte, cuenta con un generador de campo magnético alterno y por otra, con
un sistema de deteccién de la magnetizaciéon de las nanoparticulas. Generalmente el
campo magnético es creado mediante el uso de solenoides y la magnetizacién de las

nanoparticulas es medida con bobinas captadoras.

La presente Tesis proporciona un estudio completo del desarrollo de un nuevo mag-
netémetro CA y su potencial, tras haber realizado un estudio exhaustivo de las limita-

ciones de la instrumentacion existente.

El trabajo se divide en tres bloques principales, precedidos por una introduccién de

la hipertermia magnética.

En el primer bloque (Capitulo 3) se han realizado medidas de magnetometria CA
para analizar como afectan las caracteristicas de las nanoparticulas magnéticas en su ca-
lentamiento. Ademds, se ha podido observar, que la instrumentacion existente de mag-
netometria CA tiene ciertas limitaciones que restringen el estudio del comportamiento

magnético de las nanoparticulas.

El segundo bloque (Capitulo 4) se centra en el disefio, implementacién y caracteri-
zacion de un magnetéometro CA, que pretende subsanar las limitaciones observadas en

el bloque anterior.

Finalmente, el dltimo bloque (Capitulo 5) esta dirigido al estudio de la potencialidad
del magnetémetro CA disenado en esta tesis. A continuacion, se presentan los resultados

y conclusiones obtenidos en cada uno de los bloques.



Para lograr un tratamiento de hipertermia magnética eficiente, las nanoparticulas
tienen que generar tanto calor como sea posible, para poder asi disminuir la cantidad

de nanoparticulas inyectadas en el paciente.

Comprender los parametros que aumentan el SAR es vital para poder disenar

nanoparticulas con un calentamiento éptimo.

Como se ha mencionado previamente, el SAR, depende en gran medida de las
propiedades fisicoquimicas de las nanoparticulas, como por ejemplo, la composicién,
el tamano, la forma y la cristalinidad. Ademads, los arreglos formados por interacciones

dipolares también afectan al comportamiento del calentamiento de las nanoparticulas.

En general, se ha demostrado que las interacciones dipolares disminuyen el SAR. Sin
embargo, se ha estudiado que algunos arreglos especificos, como las cadenas, aumentan la
eficiencia de calentamiento debido a su capacidad de orientarse con el campo magnético

aplicado.

Por otra parte, los medios de dispersién de las nanoparticulas también juegan un
papel importante en el SAR. Los medios con viscosidad alta, como el medio celular,
tienden a disminuir considerablemente el SAR, bien por la formacion de arreglos o la

supresién de la rotacion de las nanoparticulas.

Con el fin de explorar el potencial de la magnetometria CA, en el Capitulo 3, se
han estudiado el comportamiento magnético de distintas nanoparticulas mediante esta

técnica.

De esta manera, se ha deducido que el origen de la alta capacidad de calentamiento
de la bacteria magnetotactica Magnetospirillum gryphiswaldense, viene dado por la ha-

bilidad de ésta para alinearse con el campo magnético aplicado.

Por otra parte, también se ha podido observar que la forma octaédrica de las
nanoparticulas magnéticas aumenta su capacidad de calentamiento. Ademads, se ha po-
dido desarrollar y optimizar una técnica de recubrimiento de nanoparticulas magnéticas

para mantenerlas estables en medio fisioldgico.

En estos estudios (y en muchos otros més) se ha podido observar que el régimen
de saturacion de las nanoparticulas magnéticas estd generalmente fuera de los limites

experimentales, de campo magnético y frecuencia, de los magnetémetros CA actuales.

Esto proporciona una informacion incompleta de las propiedades magnéticas de las

nanoparticulas.
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Con el fin de poder realizar estudios mas avanzados y completos del comportamiento
de calentamiento de las nanoparticulas magnéticas, en el Capitulo 4 se ha desarrollado
un magnetémetro CA que es capaz de trabajar en un amplio rango de frecuencias (50
kHz- 1 MHz) y generar campos magnéticos mas altos que los existentes hasta ahora: 90

mT a 50 kHz y 30 mT a 1 MHz.

El campo magnético es generado con un solenoide, alimentado con un amplificador
de potencia de 1 kW. El solenoide forma parte de un circuito resonante variable, que
permite que el magnetémetro CA trabaje a distintas frecuencias. Las propiedades
geométricas del solenoide que maximizan el campo magnético han sido optimizadas

para poder generar campos altos.

Ademsds, este magnetometro incorpora una sistema de temperatura que permite

medir los ciclos de histéresis CA y el SAR entre 220 y 380 K.

Por otra parte, se ha implementado una mecanismo de control automatizado para
desplazar las bobinas captadoras (que miden la magnetizacién de las nanoparticulas)
dentro del solenoide. De esta manera, se minimiza la senal de campo inducida en las

bobinas captadoras.

Asimismo, para medir la magnetizaciéon de una manera més precisa se ha anadido
un mecanismo de desplazamiento de la muestra para situarla en cada una de las bobinas

captadoras.

Todo el control de las instrumentos del magnetémetro CA y el tratamiento de los

datos se realiza mediante un programa LabVIEW disenado para tal fin.

Finalmente, en el capitulo 5 se ha estudiado la potencialidad del magnetémetro CA

disenado en el anterior capitulo.

Para ello se han medido los ciclos de histéresis CA y el SAR de nanoparticulas de
magnetita con tamanos comprendidos entre 16 y 29 nm. Las medidas se han realizado
con intensidades de campo de hasta 90 mT y tres frecuencias distintas, a temperatura

ambiente y en medio congelado.

El medio de dispersién de las nanoparticulas magnéticas, se ha congelado mediante
el sistema de temperatura incorporado al nuevo magnetémetro CA. La congelacién del
medio de dispersiéon permite desacoplar los efectos de rotacién de las nanoparticulas de
los de relajacién intrinseca de la magnetizacion. Esto resulta sumamente ttil para poder

estudiar la influencia de diferentes arreglos en el SAR.
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Comparando los ciclos de histéresis CA en medios liquidos y congelados se ha podido
observar que las nanoparticulas de mayor tamano tienden a orientarse con el campo

magnético formando cadenas.

Ademsds, se ha demostrados que el campo magnético generado por el magnetémetro

CA es capaz de saturar las nanoparticulas utilizadas para este estudio.

De esta manera, se ha confirmado que el SAR maximo depende en gran medida del

tamano de las particulas y de la distribucién angular de los ejes de facil magnetizacién.

La obtencion de la saturacion ha permitido validar experimentalmente, por primera
vez, las teorias basadas en el modelo de Stoner-Wohlfarth (en ingles, Stoner-Wohlfarth
Model Based Theories (SWMBT)), que permiten analizar la influencia del campo magné-

tico en la magnetizacién de las nanoparticulas monodominio con anisotropia uniaxial.

Este modelo resulta muy 1util para poder calcular el valor de la anisotropia de las
nanoparticulas. Hasta el momento los ciclos CA y el SAR no saturado no permitian

calcular la anisotropia de una manera precisa.

Por ultimo, cabe mencionar que el campo magnético podria producir efectos adversos

en el paciente al aplicarsele el tratamiento de hipertermia magnética.

Estos efectos se producirian cuando se sobrepasa un limite establecido que viene

dado por el producto del campo magnético y la frecuencia.

Por ello, resulta de vital importancia calcular para cada muestra la intensidad y la
frecuencia éptimas del campo magnético para maximizar el SAR y asegurar la seguridad

del paciente.

Para poder realizar este estudio el magnetémetro CA necesita trabajar en un amplio

rango de intensidad y frecuencia, como el desarrollado en esta tesis.

De esta manera, en este trabajo se han podido calcular por primera vez la intensidad
y frecuencias éptimas para maximizar el SAR de particulas de distinto tamano dentro

de los limites de seguridad del paciente.

Estos tres bloques ofrecen una descripcion detallada del diseno y potencial de un
magnetémetro CA, tras realizar un exhaustivo estudio de las limitaciones de la instru-

mentacion existente.

Este equipo permite realizar diferentes estudios del comportamiento de nanoparticulas
magnéticas, lo que da pie a colaborar con distintos grupos para desarrollar nanoparticulas

con alta capacidad de calentamiento.
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Chapter 1

Introduction

1.1 Cell biology of cancer

Cancer is, by its nature, an incredibly resilient, and thus, incredibly challenging, disease.
Globally, it is estimated that 100 million people were diagnosed with cancer in 2017,
and almost 9.6 million people died, making it the second leading cause of death in the
world (only surpassed by cardiovascular diseases) [1]. Due to population growth and

aging, the morbidity and mortality associated with cancer are rapidly increasing.

Cancers are defined by the National Cancer Institute (NCI) as a collection of diseases
in which abnormal cells grow out of control and spread to nearby tissue. Growing in
an uncontrollable manner and unable to recognize its own natural boundary, the cancer

cells may spread to areas of the body where they do not belong to [2].

In a cancer cell, several genes mutate and the cell becomes defective. A gene is
a segment of DNA that determines the structure of a protein, which is needed for
development and growth as well as carrying out vital chemical functions in the body.

Genes are arranged in pairs, each one from one biological parent.

Cancer is driven by two classes of genes: oncogenes and tumor suppressor genes
(TSGs), each providing an essential function in normal cells. Oncogenes are derived
from mutated versions of normal cellular genes (proto-oncogenes) that control cell pro-
liferation, survival and motility. In normal cells, expression of proto-oncogenes is very

carefully regulated to avoid uncontrolled cell growth. In cancer, activating mutations
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of proto-oncogenes cause uncontrolled cell division, enhanced survival (even after anti-
cancer treatment) and dissemination. Oncogenes are described as phenotypically domi-

nant, so a single mutated copy of a proto-oncogene is sufficient to promote cancer.

On the other hand, TSGs are normal cellular genes that function to inhibit cell pro-
liferation and survival. They are frequently involved in controlling cell cycle progression
and programmed cell death (apoptosis). In contrast to oncogenes, TSGs are phenotyp-
ically recessive, so both copies of TGS genes must be functionally altered to promote
cancer. Therefore, cancer can occur either when active oncogenes are expressed or when

tumor suppressor genes are lost [3].

1.2 Cancer treatment

Cancer treatment involves medical procedures to destroy, modify, control, or remove
primary or metastatic cancer tissue. The goals of cancer treatment include eradicating
known tumors entirely and preventing the recurrence or spread of the primary cancer. At
present, conventional approaches in use for cancer treatment include surgery, radiation

therapy, chemotherapy, or a combination of them.

Surgery involves removing the obvious cancerous tissue and it is the primary treat-
ment for most cancers, particularly solid tumors. It has served as the only curative
therapy for most solid tumors at an early stage. However, a majority of cancer cases
are diagnosed at locally advanced or even metastatic stages, limiting the applicability of
curative surgery. Surgical techniques used for surgery include cryosurgery, electrocau-

terization surgery, laser surgery, gamma knife, and “en bloc” resection [4].

Radiotherapy is based on the use of ionizing radiation to destruct cancer cells.
Tumor cells show an increased metabolism, higher rates of glycolysis and enhanced ra-
diosensitivity as compared to normal cells, making them more vulnerable to radiation.
The efficiency of radiotherapy relies on the irreversible damage that the ionizing radi-
ation provokes to the DNA of cancer cells, which eventually kills them or avoids their
reproductive cycle, controlling in this way the progress of the tumor. However, the ther-
apeutic efficacy of radiotherapy alone for treating locally or regionally advanced cancer
is often limited by tumour radio-resistance, systemic tumor progression, and local or

distant metastases [5].
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Finally, chemotherapy uses chemical agents (anti-cancer or cytotoxic drugs) to in-
teract with cancer cells to eradicate or control the growth of cancer. In chemotherapy,
drugs that interfere primarily with DNA synthesis and mitosis are used to destroy cancer
cells. Different agents work through many different mechanisms: some damage a cell’s
genetic material; some prevent the cell from dividing. Since chemotherapeutic drugs
cannot distinguish between normal cells and cancer cells, both types of cells are affected

by chemotherapy causing unpleasant side effects [6].

The toxicity to surrounding healthy cells, drug resistance of cancers, ineffectiveness
against metastatic disease, difficulty in overcoming the biological barriers, and tumor
relapse have limited the efficacy of this common therapies. Therefore, the development
of new advanced techniques to replace or partner conventional treatments is strongly
demanded. Nowadays, various new techniques that exhibit reduced side effects, includ-
ing photothermal therapy, gene therapy, immunotherapy, photodynamic therapy and
hyperthermia therapy among others, have been developed in the laboratory and few of

them are now under clinical investigation.

Hyperthermia therapy (HT) is an important novel treatment, which consists in
damaging and destructing cancer cells increasing the temperature of the tumors between
41-46 °C. The term hyperthermia comes from the Greek words hyper, meaning raise and

therme, meaning heat.

Historically, the clinical use of hyperthermia goes back to Egyptian times over 5000
years ago when an Egyptian medical papyrus recounts an attempt to treat breast cancer
with a “heated stick” [7]. Many ancient cultures, including Roman, Chinese, Indian,
and Japanese, have used this concept in curative and preventive medicine. Hippocrates,
a Greek physician (479-377 BC) who is referred to as the “father of modern medicine”,
was aware of the potential of heat to cure or shrink tumors. He recognized hyperthermia
as follows: “Those who cannot be cured by medicine can be cured by surgery. Those
who cannot be cured by surgery can be cured by fire. Those who cannot be cured by fire,
they are indeed incurable”. Cancer treatment by hyperthermia was also cited in ancient
Rome by Cornelius Celsus Aulus, a Roman doctor (25BC-50AD), who observed that the
earliest stages of cancer are enormously thermosensitive. During the late 1800s initial
publications on hyperthermia appeared in Bush [8] and Westermark [9]. Dr. William B.
Coley (1862-1936) developed the Coley’s toxin in the late 19'" century as a treatment
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for cancer. The Coley’s toxin is a mixture of fever inducing bacteria that was given to
cancer patients. Until the Second World War hyperthermia was one of the most effective

cancer treatment [10].

Cancer cells are not more sensitive to the increase of temperature than normal
cell. It has been shown in wvitro that cell viability following hyperthermia treatment is
heavily influenced by both the temperature and the duration of hyperthermia. One of
the possible mechanisms behind the reduction in cell viability is protein denaturation
that is thought to affect several downstream pathways including inactivation of protein
synthesis, cell cycle progression and DNA repair [11, 12]. Furthermore, hyperthermia
can have an adverse impact on the cytoskeleton, organelles, intracellular transport, and
RNA processing [13]. Another potential contributor to reduction in cell viability is
heat-induced alterations in the plasma and subcellular organelle membranes, as well as
membrane protein [14, 15]. On the other hand, the chaotic vasculature in solid tumors,

resulting in regions with hypoxia and low pH, make them more sensitive to HT [16].

Despite the multitude of mechanisms by which hyperthermia can induce cell death,
it is not efficient as a single agent treatment, mainly due to its poor specificity and the
development of thermotolerance which may make subsequent hyperthermia treatments
less effective. However, in combination with radiotherapy or chemotherapy, hyperther-

mia can lead to improved patient outcomes [16, 17].

There are several methods to increase the temperature of tumors in hyperther-
mia, including microwaves, ultrasound, radiofrequency, laser and magnetic nanoparticles

(MNPs).

1.3 Magnetic hyperthermia therapy

Magnetic hyperthermia (MH) is a novel treatment that is induced diffusing MNPs sys-
temically to target cancer tissues by means of antibodies and applying an alternating
magnetic field (AMF) of frequencies ranging between 100 kHz and 1 MHz in the target
area. Under such conditions, magnetic nanoparticles act as very local heat sources, which
are capable of rising the temperature of cancer tissues and consequently destructing the

tumor [18-24] (see Figure 1.1).
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FiGure 1.1: Sketch showing the general procedure for the magnetic hyperthermia
treatment: (a) A patient is diagnosed with cancer, (b) antibody-targeted MNPs are
injected systemically into the human body, (c) the magnetic nanoparticles are targeted
at the tumor and (d) an alternating magnetic field is applied to induce the hyperthermia.

Magnetic hyperthermia can be dated back to 1957, where Gilchrist et al. selectively
heated the tumors by exploiting magnetic particles in the presence of an AMF[25]. With
the rise in nanotechnology, the introduction of MNPs has further evolved this approach

into a well-researched field.

In 1993, Jordan et al.[24] showed that delivering magnetic nanoparticles via direct
injection into the tumor could result in much more effective and selective heating of
tumors when compared to other heating techniques such as radiofrequency heating and
ultrasound. Since then, significant efforts have gone into the development of a clinical
AMF system [26]. In 2012, MagForce company (Berlin, Germany) obtained the Eu-
ropean Union Regulatory Approval to perform the Nanotherm® therapy to treat the
glioblastoma multiforme at the Charité Hospital in Berlin. The Nanotherm® therapy
is carried out using an AMF operating at a fixed frequency of 100 kHz and a variable

field strength of 0 - 23 mT [27-29].

Magnetic hyperthermia is also being employed as supplementary therapy to chemother-
apy or radiotherapy [16, 30]. Magnetic hyperthermia and these conventional therapies
are synergistic because the conditions contributing to radio-resistance (hypoxia, acidi-
fication, etc.) generally enhance sensitivity to heat and chemosensitizing effects occur
due to hyperthermia through several routes (intracellular drug accumulation, inhibition
of DNA repair, enhanced free radical production, etc.) [17]. Additionally, MH can also
be applied with Magnetic Particle Imaging (MPI) as it is explained below.
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Magnetic nanoparticles delivered systemically accumulate in off-target organs such
as liver and spleen, resulting in collateral heat damage to these organs when magnetic
field is applied for the treatment [31]. Therefore, the control of the position of the mag-
netic nanoparticles is vital during magnetic hyperthermia therapy. MPI is a molecular
imaging technique that directly detects and quantifies MNP by exploiting their dynamic
magnetization in frequencies between 20 kHz and 50 kHz. MPI is an non-invasive 3D
tomographic image method with high sensitivity and contrast (no tissue signal unlike

Magnetic resonance imaging (MRI)) and excellent safety profile [32].

For minimizing the heat damage to the healthy tissues, image-guided treatments
are being explored. Tay et al. [33] have developed a novel MPI-MH platform with
quantitative MPI image guidance for treatment planning and localization of MH to
selected regions (see Figure 1.2).

Step 1 Step 2 Step 3
MPI Image Scan User Selects Target MPI Heat Scan (Gradients on)

Gradient
Field Lines

Position x: 13.47 mm
2:79.47 mm

Heating
Localized to Tumor

Diagnostics Localized Therapy

FIGURE 1.2: Step 1: MPI scan enables clear visualization with high contrast of the

MNPs biodistribution in regions of pathology (tumor) and also in healthy clearance

organs (liver). Step 2: User selects a region, in this case the tumor, to localize the MH.

Step 3: MH is performed while the MPI gradients are on and held in the target position.

Heating is experimentally localized centered at tumor while minimizing collateral heat
damage to the liver. Figure taken from Tay et al.[33].

During MH treatment, eddy current effects generated by AMF produce a non-
specific heating in the body that can affect negatively healthy tissues of potential human
patients. The strength of these eddy currents depends on the product of the magnetic
field intensity and frequency, H - f, so different safety limits for the maximum acceptable

(H - f) have been proposed. For several years, the so-called Atkinson-Brezovich criterion

[34, 35], (H - f) fixed to 4.85 x 108 Am™'s! was considered as the acceptable threshold
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for the safe clinical use. However, experiments and analysis performed have shown that
H - f should be much larger than the Atkinson-Brezovich limit. For instance, Hergt
proposed a new limit of 5 x 10° Am™'s! [36] whereas Mamiya fix the new limit up
to 18.7 x 10 Am st [37]. There is still ongoing discussion of this matter, so further

experiments are needed to set the truthful safety limit.
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Chapter 2

Magnetic nanoparticles and

metrology tools

2.1 Magnetic nanoparticles

The potential of MNPs as magnetic hyperthermia agents arises from their unique size-
dependent physical, chemical and biological properties. The major benefit of the small
size of magnetic nanoparticles, from a biological point of view, is that they are capable
of interacting with living cells and organisms. Figure 2.1 shows a size scale for different
nanoparticles ranging from 1 to 100 nm. As it can be appreciated the MNPs have a
size comparable to proteins, DNA and viruses. Therefore, they are able to move across
the blood stream, and even cross the blood barrier, that allow them to penetrate and
distribute more homogeneously inside the tumor, provoking a heat diffusion that would

kill a bigger number of neighboring tumor cells [1].

Iron oxide magnetic nanoparticles, like magnetite (Fe3O,4) and maghemite (vy-FesOs3),
are considered to be one of the best candidates for biomedical applications due to their
biocompatibility, accessibility, facile synthesis and magnetic behavior [3]. Currently Mn,
Ni, Co or Zn doped iron oxides MNPs are also being explored as new magnetic hyper-

thermia agents [4, 5].

15
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FIGURE 2.1: Size scale for different nanoparticles (bottom) as compared to other mate-

rials (top). The comparable size of nanoparticles to some biological entities, like virus,

DNA and proteins, makes them ideal candidates for biomedical applications. Figure
modified from Hulkoti et al.[2].

2.1.1 Synthesis methods

The synthesis method of the nanomaterials represents one of the most important chal-
lenges that determines the shape, size distribution, particle size, surface chemistry of the
particles, and consequently their magnetic properties. In the last decades, three main

synthesizes routes have been developed: chemical, physical, and biological.

Chemical methods, especially co-precipitation and thermal decomposition, are the
most widely used routes to synthesize iron oxide magnetic nanoparticles due to their
simple procedure and capabilities to more effectively control the size, shape, and com-

position of the nanoparticles [5].

Coprecipitation method is a classical and perhaps the simplest approach for syn-
thesizing iron oxide nanoparticles. Basically, this process involves the precipitation of
Fe?™ and Fe?! salt aqueous solutions by addition of a base (e.g., NaOH). The size,
morphology, and composition of the as-prepared nanoparticles can be controlled by a
series of experimental parameters, like the precursors type, precursors ratio, the reac-
tion temperature, and the pH [6]. One of the main advantages of this method is that
it can directly obtain water-soluble nanoparticles with high yields in a simple process.
Nevertheless, a few challenges still limit this method such as the control of the particle

size and crystallinity [7].

Thermal decomposition methods involve the thermolysis of organometallic complex

precursors (e.g., Fe(acac)s and Co(acac)s) in boiling organic solvents in the presence
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of surfactants (e.g., oleic acid and oleylamine) to synthesize nanoparticles of various
materials. To control the size and morphology of the resulting nanoparticles, the con-
centrations of precursors and surfactants, the solvent and the experimental parameters
like heating rate, heating temperature, and heating time are usually regulated. One of
the main advantages of the thermal decomposition methods is that magnetic nanoma-
terials with high crystallinity, controllable morphology, and narrow size distribution in
a high yield can be synthesized. However, the magnetic nanomaterials prepared by this
method are usually coated with hydrophobic surfactants to prevent the particles from
aggregation and rapid oxidation. This makes them water insoluble and therefore, a fur-
ther surface modification step is required to render these nanoparticles water-soluble for

biomedical applications [8].

Physical methods that combine lithography with a materials deposition technique
(e.g., sputtering or thermal evaporation) allow to synthesize nanoparticles with well-
determined particles’ size, morphology and composition [9]. However, they usually are

high cost techniques with high amount of waste and difficult size and shape tunability.

Finally, biological methods use various microorganisms such as bacteria [10], fungi
[11], plant extracts [12] and waste materials [13] to synthesize different magnetic nanopar-
ticles. This approach has advantages over other chemical and physical methods as this
is greener, energy saving and cost effective [14]. The biological methods lead to the
designing of magnetic nanoparticles with interesting morphologies and varied sizes. Ad-
ditionally, the coating of biological molecules on the surface makes them biocompatible in
comparison with the magnetic nanoparticles prepared by chemical methods. As example,
magnetotactic bacteria (MTB) are aquatic microorganisms that internally biomineralize
chain of magnetic nanoparticles, called magnetosomes, that use as a compass to reorient
the whole bacteria along external magnetic field lines. Among all the MTB species,
Magnetospirillum gryphiswaldense strain MSR-1 is frequently used as a model strain of

MTB due to its ease of cultivation in the laboratory [15, 16].

The magnetosome chains synthesized by MSR-1 bacteria present an helical shaped
structure and contain a variable number of ~ 40-45 nm sized cuboctahedral magnetite

magnetosomes (see Figure 2.2)
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FIGURE 2.2: Transmission electron microscopy (TEM) image of Magnetospirillum
gryphiswaldense showing the chain of magnetosomes inside the bacteria. The mag-
netosomes have cuboctahedral morphology and size of about 40-45 nm.

2.1.2 Surface modification

The colloidal stability of the MNPs under physiological conditions is an important issue,
which needs to be addressed to use MNPs for any biomedical application. As mentioned
before, the synthesis of monodisperse and highly crystalline nanoparticles requires non-
hydrolytic synthetic routes and the use of hydrophobic surfactants that efficiently cover
the particle surface. Therefore, as-synthesized hydrophobic nanoparticles are insoluble
in water, and a direct application of these unmodified particles into aqueous solutions

would inevitably lead to particle aggregation and precipitation [17].

To convert the hydrophobic magnetic nanoparticles into water stable colloidal,
MNPs are coated with amphiphilic polymer, such as, poly(maleic anhydride-alt-1-octade-
cene) (PMAO). This coating provides a surface with uniformly distributed carboxyl
groups and causes electrostatic repulsion between MNPs in water, counteracting the

magnetic dipolar interactions [18].

However, when PMAO covered MNPs are placed in physiological media the salt
ions screen the surface charges provoking instantaneous aggregations. Furthermore,
MNPs-PMAO are prone to opsonization, a defense process initiated by the innate im-

mune system, in which certain serum proteins attach to the particle surface and initiate
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phagocytosis. One way to achieve an enchantment stability in physiological media and
to prevent opsonization is to modify the surface of MNPs with an amphiphilic copoly-
mer that contains long poly(ethylene glycol) (PEG) tails, such as PMAO-grafted PEG

copolymers [19, 20].

The addition of targeting ligands into the surface of the magnetic nanoparticles
increase selective cellular binding and internalization by receptor mediated endocytosis.
These receptors are molecular structures or antigens that are overexpressed at the tumor
site. Without the incorporation of targeting ligands, nanoparticles rely on non-specific
interactions with cell membranes, which can be low when magnetic nanoparticles are
covered only by PEG polymers, decreasing the efficiency of the treatment. Therefore,
targeting increases the uptake of nanoparticles and their cargo into the tumor cells. A
variety of different molecules have been used for biofunctionalization of nanoparticles by
active targeting including antibodies, affibodies, peptides, aptamers and carbohydrates

21].

2.2 Magnetism of magnetic nanoparticles

Magnetic nanoparticles are composed of materials that show ferromagnetic properties
in bulk scale. However, at nanometric scale special magnetic properties are originated

by the reduced dimensionality of the materials.

In ferromagnetic materials, multiple magnetic domains exist as a result of the bal-
ance between the exchange interaction energy that favors the parallel alignment of neigh-
boring atomic moments and the magnetostatic interaction energy that tries to break

them into smaller domains, orientated antiparallel to each other.

With decreasing the size of the ferromagnetic material, there is a critical value, D,,
below which the magnetostatic energy no longer allows for the breaking of the system
into smaller domains, and so, the system is composed of single domains [22, 23] (see

Figure 2.3 (a)).
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FIGURE 2.3: (a) Relationship between coercive field, H., and magnetic particle size.
When the size of the particles decreases below a critical value, D., the domain wall
disappears, and so, the particles are composed of single domains. When the particle size
is further decreased, D, thermal energy overcomes magnetic anisotropy energy and, as
a result, the particle switches from ferromagnetic to superparamagnetic regime. Figure
adapted from [24]. (b) Angle distribution showing the direction of magnetization,
magnetic field, and easy axis of a single domain MNPs with unixial anisotropy. The red
arrow presents the magnetization of the particle, 6 the angle between the magnetization
and the easy axis and ¢ the angles between magnetic field and the easy axis. Figure
adapted from [25].

The magnetic moments of single domain MNPs are parallel to each other. Assuming
the coherent rotation of the magnetic moments the particle can be characterized by its

total magnetic moment:

=MV (2.1)

where M, is the saturation magnetization and V the particle volume. In general,
1 is pinned along well defined direction, that is, along magnetic anisotropy axis. Mag-
netic anisotropy of the MINPs depends on several contributions, such as, surface, shape,
magnetocrystalline and dipolar interactions [26]. These contributions have neither the
same symmetry (cubic versus uniaxial) nor the same direction. The effective magnetic
anisotropy results from the superposition of different effects. However, one of these

contributions dominates and determines the first order contribution.

Spherical magnetite nanoparticles, that are generally used as magnetic hyperther-
mia agents, present a cubic magnetocrystalline anisotropy [27]. However, in real cases

perfectly spherical particles are hard to synthesize and shape anisotropy should also
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be considered. Due to the comparatively small magnetocrystalline anisotropy of mag-
netite, small deviations from the spherical shape renders an effective magnetic anisotropy

of uniaxial or quasi-uniaxial sort rather than cubic anisotropy [28, 29].

When an external magnetic field is applied over ferromagnetic single domain nanopar-
ticles with uniaxial magnetic anisotropy, it tries to align their magnetic moments along
its direction. The orientation of the magnetic moment is then governed by the compe-
tition among anisotropy energy (uniaxial and non-interacting in the present case) and

Zeeman energies, E4 and Ey , respectively [25, 30]:

E=Fp+ Ez = Kop;Vsin®0 — oMV Hypgy cos(6 — ¢) (2.2)

where 0 is the angle between easy axis and the magnetization, K.r; the effective
uniaxial anisotropy, H,.. the external magnetic field and ¢ the angle between the easy

axis and the magnetic field (see Figure 2.3 (b)).

The influence of the external field in the orientation of the magnetization of a ferro-
magnetic single domain MNP assembly can be described by the Stoner-Wohlfarth model
[30] (see Appendix B). By ignoring thermal effects, the problem is solved from minimal
energy arguments. This model predicts an open hysteresis loop for ferromagnetic single

domain MNP (see Figure 2.4 (a)).

(a) " " (b) M

Mr

FIGURE 2.4: (a) Hysteresis loop of non-interacting, randomly oriented, uniaxial sin-

gle domain MNPs and (b) Magnetization curve, M(H), of superparamagnetic MNPs.

My is the saturation magnetization, H. is the coercive field and My the remanence
magnetization.
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However, thermal effects play an important role in the magnetic behavior of single
domain MNPs. As the size of the particle decreases, there is a critical value, Dy (see Fig-
ure 2.3 (a)), below which the thermal energy, kg7, is much larger than the anisotropy
energy, K.rsV, and so, the magnetic anisotropy plays a negligible influence on the
orientation of the magnetic moments of the particles, which fluctuate freely with tem-
perature. This thermal equilibrium regime is called single domain superparamagnetic
state. In this state, the orientation of the magnetization corresponds to a probability
distribution rather than to a discrete set of values and the averaged magnetization fol-
lows approximately the Langevin curve (see Equation 2.3), with null coercive field and

zero magnetization in the absence of an external magnetic field (see Figure 2.4 (b))[24].

,U,QH kBT
M =M th| —— ) — —— 2.3
’ [CO (k’BT) MOH] (23)

The limit between single domain ferromagnetic and superparamagnetic state is de-
termined by the time, called relaxation time, that the magnetization needs to reach
the thermal equilibrium. Thermal activation of the magnetization over the anisotropy

barrier is given by the Néel relaxation mechanism that is characterized by the Néel

KepfV
TN:ToeXp( k:;) (2.4)

relaxation time, 7 [31]:

where 7p is the attempt time, whose values are in the range 10" — 107 s.

However, in stable MNPs colloids there is a second relaxation mechanism called
Brown relaxation, which is caused by the rotation of the particle inside the fluid. Brown

mechanism is characterized by the Brown relaxation time, 75 [32]:

3InVy
7’ =
B = kpT

(2.5)

where 7 is the viscosity coefficient of the medium and Vi the hydrodynamic volume
of the MNPs. Because Brownian and Néel processes take place in parallel, the resulting

relaxation time 7 is given by the Equation 2.6:

TN + 7B
TN *TB
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The relaxation time is an important parameter that characterizes the dynamic mag-
netization of the MNPs. When the measurement time, 7,,, is much larger than the
relaxation time of the system, the magnetization will have enough time to follow the
applied magnetic field changes and it will be described by the Langevin curve, that is,
a null loop with null coercive field. On the contrary, when the measurement time is
shorter than the relaxation time, the magnetization will not be able to fully follow the

applied magnetic field changes, resulting in an open hysteresis loop.

As mentioned before, for a given temperature, T', there is a particle size, Dy, be-
low which the single domain particle switches from ferromagnetic to superparamagnetic
behavior. On the other hand, for a certain particle size, there is a critical tempera-
ture, called blocking temperature, 15, above which nanoparticles have a transition from

ferromagnetic to superparamagnetic regime.

2.3 Specific Absorption Rate (SAR)

The indispensable initial step for designing a successful hyperthermia therapy is to de-
termine the specific absorption rate (SAR) of the MNPs. This parameter is defined as

the absorbed energy per unit of nanoparticle mass under an AMF.

SAR greatly depends on the physicochemical properties of the nanoparticles such
as composition, size, shape, crystallinity, saturation magnetization, etc. [33, 34]. Addi-
tionally, interparticle magnetic interactions also affect the heating performance of MNPs
[35], generally, decreasing the heating efficiency. However, some arrangements formed
by dipolar magnetic interactions, like chainlike structures, have shown to possess high
heat performance due to their ability to mechanically orient along the field lines [36].
The particles’ mechanical alignment with the magnetic field is usually highly suppressed
within biological environments, so the MNPs dispersion media also plays an important
role in the heating performance. It is essential to count for MNP system with optimal
SAR values, but even more fundamental is to gain knowledge about what characteristics

of the system are really significant in order to score the optimal values.

There are two different methods to evaluate the SAR: calorimetry and AC mag-
netometry. Calorimetry method is the most widely used approach to determine the

SAR. This technique consists on measuring the increase of temperature of the MNPs
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under an AMF [37-39]. The experimental value is then calculated from the thermal
model describing the system. If the process is adiabatic and no physical or chemical
changes occur in the sample, except heating, then the SAR can be explicitly related to

the measured heating by Equation 2.7:

Cps AT

SAR = —
mynp At

(2.7)
where T' is the measured temperature, ¢ is the time elapsed, C), s is the heat capacity
of the sample (i.e. nanoparticles and suspending medium), and my/yp is the mass of

the MNPs.

The adiabatic condition criterion is fundamental to calculate the SAR value using
Equation 2.7. However, systems that work in adiabatic conditions are technologically
complex and at the present only one adiabatic magneto-thermal set-up is reported in

literature [40].

Consequently, almost all reported works on magnetic hyperthermia are performed
on non-adiabatic apparatus. The heat losses produced by these set-ups cause the heating
trend to downward as temperature increases. Therefore, heat losses have to be consid-
ered when calculating SAR from thermal models. However, choosing a thermal model
that correctly fits each particular experimental system can be difficult, since it includes
many thermal parameters of both, the samples and its environment, which varies with
time and space [41, 42]. Thus, calculating SAR accurately using non-adiabatic system

can be challenging.

On the other hand, AC magnetometry method is based on the measurement of
dynamic magnetization, M (t), of MNPs when they are excited by an AMF, H(t). In
this approach, the SAR can be calculated directly from the AC hysteresis loop’s area

(A), as it can be observed in Equation 2.8:

SAR (Wg™') = %A = iMOfMdH (2.8)

where f is the frequency of the AMF and c is the sample concentration (MNPs mass

per sample volume).
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AC magnetometry arises as a robust, reproducible, fast and reliable method. In gen-
eral, calorimetry and AC magnetometry are highly complementary techniques [43, 44].
Moreover, AC magnetometry provides additional and very valuable magnetic informa-
tion that is not directly accessible by calorimetry alone. The complete determination of

the AC hysteresis loop contains much more information than simply the SAR value.

For instance, collective phenomena of MNPs, related to the type of assembling,
disordered or forming well-defined structures, are easily detected from the AC hysteresis
loop [36, 37, 45-47]. AC magnetometry also has allowed to correlate the shape of the
MNPs and their hyperthermia performance [48], or to clarify why the heating power of

MNPs tends to fall in cellular environments [49].

2.4 Magnetometry tools

In order to explore the potential of magnetic nanoparticles the magnetic properties have
to be measured at magnetic field intensities and frequencies relevant for their application.
In recent years, several home-made AC magnetometers, have been developed in order
to measure the magnetic response of magnetic nanoparticles. As it can be observed
in Table 2.1, the first reported three AC magnetometers [50-52] works in frequencies
lower than 100 kHz (frequency employed in Nanotherm® therapy) which limits the
analysis of the heating behavior of the MNPs for a clinical hyperthermia application.
In 2012, Gudoshnikov et al. [53] reported the first AC magnetometer that works above
100 kHz, however, its working range above this frequency is narrow (100-200 kHz) and
the magnetic field intensity is low (20 mT) at these frequencies. In 2013, Bekovic et
al. [54] developed an AC magnetometer that works in a wide frequency range of 100-
600 kHz, but, with a very low magnetic field intensity (18-7 mT). It is also worth
highlighting the set-up that Garaio et al. developed at the University of the Basque
Country (UPV/EHU) in 2015 [43]. This device was the first AC magnetometer in the
world that works in a wide magnetic hyperthermia frequency range of 149-1030 kHz
with magnetic field intensities: up to 46 mT at lower frequency limit and up to 28 mT
at upper frequency limit. Recently, in 2018, Lenox et al. built a AC magnetometer that

works at high magnetic field intensities (160 mT), however, the working frequency is
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fixed at 45 kHz, that makes it more appropriated to characterized MNPs for MPI than
for MH.

Device Magnetic filed
Ref Frequency (kHz) Intensity (mT)
Veverka et al. [50] 50 35
Kobayashi et al. [51] 50 30
Mehdaoui et al. [52] 56 23
Gudoshnikov et al. [53] [10-200] [60-20]
Bekovic et al. [54] [100-600] [18-7]
Gudoshnikov et al. [55] 80 40
Veverka et al. [56] 100 18
Connord et al. [57] [7-95] [80-46]
Garaio et al. [43] [149-1000] [46-28]
Cabrera et al. [49] [25-100] [37-30]
Avugadda et al. [58] [30-200] 30
Lenox et al. [59] 45 160

TABLE 2.1: AC magnetometers developed until 2020 with their maximum attainable
magnetic field intensity for each working frequency.

2.4.1 AC magnetometers architecture

Despite differing approaches toward dynamic magnetization measurements, most AC
magnetometers’ hardware architecture designs and implementations are remarkably sim-
ilar. As it is shown in Figure 2.5, an AC magnetometer consists on an AMF generator
that produces a sinusoidal time-varying homogeneous and intense magnetic field and a
dynamic magnetization detector system to record the magnetic response of the MNPs

when they are exposed to the AMF.

2.4.1.1 Alternating magnetic field generator

Different strategies can be followed to create a homogeneous and intense AMF. The
most widely used way to generate an AMF over a limited volume is to produce an AC

current across a solenoid air coil.

A simple air coil can be electrically modeled with an inductance, L, in series with a

resistor, Ry, and in parallel with a capacitor, Cr. The resistor arises from the resistive
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F1GURE 2.5: Electrical scheme of a conventional AC magnetometer. The device con-

sists on an AMF generator and a dynamic magnetization measurements system. The

AMF is created using a main coil that is part of a resonant circuit and the dynamic

magnetization is measured with an oppositely wounded pick-up coil system. The AC

current to excite the main coil is produced by a signal generator and amplified by a
power amplifier (PA).

losses of the inductance and the capacitor from the electrical coupling between the
windings of the coil (see Figure 2.6). The self-resonance frequency, f,, of the main coil

is given in the Equation 2.9:

1

Jr= 97/ L

(2.9)

If the working frequency of the magnetic field, f, is below the self-resonance frequency

of the air coil the capacitance C can be neglected.

L R,

FIGURE 2.6: Equivalent electrical circuit of an air coil. The resistor, Ry, arise from
the resistive losses of the coil and the capacitor, C, caused by the electrical coupling
between the windings of the coil.

When using AC currents, the resistance Rj becomes critically enhanced at high
frequencies by a pair of very well-known electromagnetic phenomena: the skin and

proximity effects.
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In literature, coils of different material and geometries can be found. Currently,
most of the AC magnetometers use Litz-wires as coils’ conductor to reduce the skin
and proximity effects [49, 57, 59]. However, Litz-wires have limitations in both, current
intensity and frequency. Thus, the most suitable coils’ conductors to produce AMF in

magnetic hyperthermia frequencies are the copper pipes [43].

To generate the necessary high AC current to create high AMFs, the main coil has to
be fed by a power amplifier (PA). To match the main coil to the power amplifier different
approaches are used. Matching capacitors that form a resonant circuit with the main
coil, is the most widely employed method. For this purpose, different resonant circuit
configurations, like LC-C parallel or LCR series networks, can be designed [49, 59]. The
capacitors’ values have to be chosen in such a way that the resonant frequency of the

circuit is close to the desired frequency of operation.

Multifrequency AC magnetometers enable to study the behavior of magnetic nanopar-
ticles versus frequency, that is crucial for designing suitable magnetic nanoparticles for
treatment. Multifrequency AC magnetometers are implemented using resonant circuits

with variable capacitors [43].

2.4.1.2 Dynamic magnetization detector system

The dynamic magnetization of the sample, M (t), is measured with pick-up coils systems,
where M (t) is induced as a voltage signal according to Faraday’s law of induction (see

Equation 2.10).

| 9%z S-9B S-O(H + M))
Vpick—up = =N=57 = =N=5= = =Npo=—"5—

(2.10)

where N is the number of turns, S the section of the pick-up coil and ®p the

magnetic field flux.

The voltage coming from a single pick-up coil that surrounds the sample includes
both the time-varying particle magnetization signal and the simultaneous, but unde-
sirable, time-varying excitation magnetic field signal. Unfortunately, it is not possible

to subtract the MNPs magnetization signal from the excitation magnetic field signal
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because they share the same fundamental frequency. Moreover, the signal at the funda-
mental frequency of the excitation magnetic field is several orders of magnitude larger

than the one coming from MNPs signal (see Figure 2.7).

(a) (b)
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magnetic  MNPs  magnetization —~ Excitation
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e | — - . |
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FIGURE 2.7: (a) Simplified block diagram of the AC magnetometer where excitation
of the main coil and reception in the pick-up coils occur simultaneously. (b) Frequency
spectrum of the signal detected in the pick-up coils. The signal of the magnetic field and
particles magnetization share the first harmonic of the pick-up coil frequency spectrum.

In order to remove the excitation magnetic field signal, some authors proposed
the use of two coils wound oppositely in such a way that one of the pick-up coil’s
surrounds the sample and measure its signal and the other (compensation coil) removes
the excitation signal [43, 52, 53, 55-57]. With this configuration, ideally, there is no
excitation magnetic field signal when a homogeneous magnetic field is applied, allowing
the subtraction of the MNPs sample signal. However, that cancellation of the excitation
signal cannot be perfect due to magnetic field inhomogeneities and small geometrical
differences between pick-up coils. The remaining signal, called feedthrough, can be
minimized with a very careful vertical positioning of the pick-up coil system inside the
main coil. Additionally, a third coil can be used in order to remove the excitation
signal in a finer way [59, 60].However, this last configuration is usually employed in AC

magnetometers working in frequencies below 100 kHz.

2.5 Motivation and goals of the thesis: structure of the

following chapters

As mentioned before, AC magnetometry is a reliable tool to analyze and understand the

parameters that affect the heating performance of magnetic nanoparticles. For designing
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MNPs with optimal heating properties for MH, it is vital to provide a comprehensive
characterization of the SAR. However, the characterization of the heating performance
is limited by the experimental working conditions of the current devices. The aim of this
Thesis is to develop a powerful AC magnetometer to improve the current characterization

technique. To accomplish this goal the Thesis is organized as follows:

The first and second chapters provide a general introduction of the magnetic hyper-
thermia treatment. The third chapter illustrates three different works to highlight the
relevancy of AC magnetometry and to show the limitations arising from the use of cur-
rent AC magnetometers. All the AC magnetometry measurements of this third chapter
are carried out using the AC magnetometer developed in Garaio et al. [43]. This de-
vice has been modified by new developments: improved pick-up coil system, replaceable
main coil and dedicated new LabVIEW program. Based on the needs observed in the
works presented in the third chapter (and many others), a new versatile and reliable AC
magnetometer for the characterization of the heating performance of MNPs has been
designed, built and optimized. The fourth chapter is devoted to the development and
characterization of the new AC magnetometer. Finally, the fifth chapter is dedicated
to illustrate the potential of the built AC magnetometer. For that, a series of measure-
ments performed at different magnetic field intensities and frequencies and dispersion
media are shown. The results will be discussed in the framework of Stoner-Wohlfarth

models for magnetic single domains MNPs.
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Chapter 3

Analyzing MNP parameters via

AC magnetometry to improve

their SAR

In order to achieve an efficient magnetic hyperthermia treatment, magnetic nanoparticles
should display the best heating properties and generate as much heat as possible, for
the clinically acceptable H - f limit, at the lowest particle content. This is especially
important in cases where direct injection of the particles into the tumor site is not
possible and the MNPs have to be delivered by intravenous injection, as it is the case

with deep or spread tumors.

Understanding the parameters that increase the SAR is vital to design MNPs with
optimal heating performance. As explained in Chapter 2, SAR highly depends on physic-
ochemical properties of the nanoparticles such as composition, size, shape, and crys-
tallinity [1-3]. In addition, arrangements formed by dipolar interactions also affect the
heating performance of MNPs. In general, dipolar interactions have been shown to hin-
der SAR [2]. However, some works in literature have reported that specific arrangement
formed by dipolar interaction, like chain-like structures, increase the heating efficacy

=

due to their ability to mechanically orient along the field lines [2, 4, 5].

On the other hand, the MNPs dispersion media also plays an important role in

the heating performance. Media with high viscosity, such as biological environment,
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leads to substantial decrease of SAR due to the enhancement of MNPs clustering or the
suppression of the rotation of the MNPs, either inside cells or within the extracellular

environment [6-8].

As mentioned before, AC magnetometry is a very valuable characterization tech-
nique due to the influence of MNPSs’ properties on the shape of the AC hysteresis loops.
Aiming to explore the potential of AC magnetometry in the development of new strate-
gies to improve the SAR, several studies carried out by different research groups in

collaboration with the author of this PhD thesis, are shown in the present chapter.

The first section aims to explain the reason behind the high heating power gener-
ated by magnetotactic bacteria (MTB)[9]. The work presented in this section has been
performed in collaboration with the group of Magnetism and Magnetic Materials of
the Department of Electricity and Electronics at the University of the Basque Country
(EHU/UPV).

The second section studies the effect of the morphology of octahedral shape MNPs
in their SAR [10]. Finally, the last section explores the influence of the coatings of
MNPs in their magnetic response and develops a new strategy to obtain MNPs with
high reproducible hyperthermia response in different dispersion media [11]. These last
works have been developed in collaboration with the Department of Inorganic Chemistry

of the University of the Basque Country (EHU/UPV).

It has to be pointed out that the objective of this chapter is not to present a deep
analysis of each work and to explain all the characterization procedures and results,
but to emphasize the importance of the AC magnetometry. That is why, only the most

relevant measurements for understanding the AC magnetometry results are exposed.

3.1 Magnetotactic bacteria as magnetic hyperthermia agent

Magnetospirillum gryphiswaldense MSR-1 is a magnetotactic bacteria (MTB) strain that
synthesizes magnetosomes chains with helical shaped structure. The high potential of
MSR-1 as magnetic hyperthermia agent has been revealed by calorimetry experiments.
However, this technique doesn’t provide any information about the reason behind their

high heating performance. In order to understand the heating mechanism of the MSR-1
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an AC magnetometry study is performed. The analysis is conducted under different
AC magnetic field and frequency conditions as well as diverse dispersion media and

alignments of the bacteria.

Figure 3.1 (a) shows the AC hysteresis loops of MSR-1 bacteria randomly suspended
in water with a magnetite concentration of 0.15 mg ml'. As it can be observed, the
AC hysteresis loops below 15 mT are narrow, with low squareness and low maximum

magnetization. However, above 25 mT, the loops broaden to a square shape.

(a)100 F (b)100 Fagar
I  random bacteria
50 | 50 |
2 o} 2 0|
£ £
< <
=-50 s.50
-100 ks L L A -100 kb
40 20 O 20 40 -40
HoH(mT)
(C) 100 F Agar (d)3000
aligned bacteria . [—e— water
o / —e— random bacteria /.,0-0‘
50 - . [ (aTig:?d bacteria .5:)’._.'.
o w2000 W
& Of s /
€ 14 B °
s < i '/ o®
=-50 - ® 1000+ / ././0’
300 kHz i Ve
-100 md | " 1 s 1 s 1 s 1 /K o
0 wpée, @0,
40 20 0 20 40 0 10 20 30 40
HoH(mT) HoH(mT)

FIGURE 3.1: AC hysteresis loops of MSR-1 dispersed in (a) water, (b) randomly in agar

and (c) aligned in agar. The measurements are carried out at magnetic field intensities

up to 40 mT and frequency of 300 kHz. Hysteresis loops of sample (a) and (c) are

highly squared while sample (b) shows titled and not saturated loops. (d) SAR versus

magnetic field intensity curve of the three samples, obtained from the AC hysteresis
loops.

As explained in Chapter 2, the SAR is calculated directly from the area of the AC
hysteresis loops. Therefore, the optimum shape of the AC hysteresis loops in order to

maximize the area and SAR is a square shape with high coercivity and remanence, just

like the one obtained with the water dispersed bacteria.

Simulations carried out by different groups suggest that aligned chain-like structures

of magnetic nanoparticles, exhibiting a well-defined anisotropy axis, could give rise to
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AC loops that resemble this square shape [12-14]. Consequently, the obtained results
suggest that the bacteria aligns itself with the direction of the magnetic field.

In order to better understand the role of the alignment of the bacteria, AC magne-
tometry measurements are carried out in agar medium using bacteria randomly dispersed
and aligned parallel to the AC field (Figure 3.2 shows the protocol followed to prepare
each sample). The agar restricts the mechanical rotation of the particles and also fixes
the bacteria in the set orientation, which allows us to study the effect of the alignment on
their heating efficiency. As it can be seen in Figure 3.1 (b) when bacteria are randomly

oriented in agar the AC hysteresis loops show different shape: titled and not saturated.

AGAR
POWDER

FiGUurRE 3.2: The following steps are performed to prepare the two samples dispersed
in agar. First row: Randomly dispersed bacteria in agar. (a) MSR-1 bacteria are dispersed into

water, (b) agar powder is added into water sample containing bacteria,(c) the sample is heated
using a laboratory heating plate (d) the sample is cooled using liquid nitrogen and (e) the agar gel
is generated with randomly dispersed bacteria. Second row: bacteria aligned parallel to the AC
field in agar. (f) MSR-1 bacteria are dispersed into water, (g) agar powder is added into water
sample containing bacteria,(h) the sample is heated while a high DC magnetic field is applied
using a magnet (i) the sample is cooled while the magnetic field is kept working and (j) the agar
gel is generated with aligned bacteria. The figure is a mere description of the methods followed by
Gandia et al in [9], for the orientation and gelling of MSR-1 bacteria.

Additionally, AC hysteresis loops of magnetotactic bacteria aligned parallel to the

AC magnetic field are practically identical to the one of bacteria dispersed in water
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(see Figure 3.1 (c)). This verifies that the AC magnetic field at magnetic hyperthermia
frequencies orients efficiently magnetotactic bacteria. The magnetization reversal in
water is driven by intrinsic dynamical processes, just like in fixed bacteria. Consequently,
mechanical rotation of the chain of magnetosomes (Brownian relaxation) plays a minor
role in the heating performance of magnetotactic bacteria. This makes sense, because
the velocity response to external fields is much lower than the one needed to follow the

applied magnetic field at magnetic hyperthermia frequencies.

In order to verify the potential of MTB as hyperthermia agent the SAR of MTB is
compared with the SAR of extracted magnetosomes (magnetosomes without bacteria).

This last data is taken from Muela et al. [15].

As it can be seen in Figure 3.3 the SAR/f values for the extracted magnetosomes
dispersed in water are clearly lower than those obtained for MTB. As explained before,
this is caused by the alignment of the bacteria with the applied AMF, giving rise to a

square shape hysteresis loops (see the inset of the Figure 3.3).
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FIGURE 3.3: SAR/f vs magnetic field intensity curves (at intensities up to 40 mT
and frequencies of 150, 300 and 530 kHz) for MTB bacteria and extracted magneto-
somes (magnetosomes data is taken from Gandia et al. [9] work). In the inset, AC

hysteresis loops are presented corresponding to the bacteria (solid line) and extracted
magnetosomes (dashed line).

On the other hand, the tendency of SAR/f vs magnetic field of both, the bacteria
and the extracted magnetosomes is very similar. At fields up to 15 mT the energy
absorbance is very limited, whereas above this limit SAR/f shows a steeply increase

tending to saturate at high fields. Finally, SAR/f of magnetosomes and MTB increase
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linearly with frequency, since the SAR/f curves measured at 150, 300 and 530 kHz
collapse in a single curve. This type of behavior fits well within the Stoner—Wohlfarth

models for single domain nanoparticles.

In conclusion, AC magnetometry enables to understand that the high SAR values
(see Figure 3.3) arise from the alignment of the bacteria with the applied magnetic
field. It is also shown that the mechanical rotation (Brownian relaxation) of the chain
of magnetosomes is not playing an important role in the obtained high SAR values.
Thus, magnetotactic bacteria will still be able to provide high heating in biological

environment.

Although AC magnetometry becomes a very useful technique in this work, it is im-
portant to remark, that the AC magnetometer maximum working field, avoids carrying
out a more detailed analysis of the heating mechanism of MSR-1 bacteria. As it can be
observed in Figure 3.1 (d), SAR vs magnetic field curves have a clear tendency towards
saturation, however, the whole saturated curve can not be obtained which limits the

theoretical study of the MTB.

3.2 Correlation between the shape of the MINPs and their

hyperthermia performance

Analyzing the influence of different parameter, such as, size and shape, in magnetic
anisotropy is crucial for enhancing the heating efficiency of MNPs. Concerning the
size, typically superparamagnetic nanoparticles (SP-MNPs) are used in magnetic hy-
perthermia due to the absence of remanent magnetization and high heating power at
low magnetic fields. However, magnetic nanoparticles with fixed magnetic moments (F-
MNPs) offer a much larger magnetic response than SP-MNPs and high heating power
at large enough magnetic fields. Nevertheless, F-MNPs tend to agglomerate due to the

strong magnetic interactions which drastically decrease the efficiency.

Thus, a significant improvement would be attainable by the production of iron oxide
F-MNPs that do not present substantial agglomeration. Consequently, the search for the
best F-MNPs involves optimizing intrinsic properties, such as shape and crystallinity, as

well as extrinsic ones, which are driven by the strong polar interactions.
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However, synthesizing F-MNPS (larger than 25 nm) with, low size and shape dis-
persity, preventing the formation of secondary phases, is still challenging. This makes
difficult to rise a clear conclusion about the link between shape and magnetic properties
and thus there is some controversy about this issue in literature [16-19]. In an effort
to explore the role of the shape F-MNPs in magnetic hyperthermia, novel magnetite
MNPs with an octahedral morphology and narrow shape/size distributions are synthe-
sized (see Figure 3.4) and their heating properties are studied by AC magnetometry
under different AC magnetic fields and dispersion media. To enhance colloidal stability
in physiological media and to avoid cluster formation generated by dipolar interactions,

the F-MNPs are coated with an amphiphilic copolymer (PMAO- grafted-PEG).
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FIGURE 3.4: Transmission electron microscopy (TEM) image of the synthesized F-
MNPS with their corresponding size distribution histogram.mThe F-MNP shows an
octahedral morphology and a narrow size distribution.

Figure 3.5 (a) shows the AC hysteresis loops and SAR curves at different magnetic
field intensities (up to 40 mT) and frequency of 300 kHz for F-MNPs dispersed in water.
As it can be observed, AC hysteresis loops present almost a square shape with a coercive
field of 18 mT and reduced remanence of approximately 0.6. In consequence, high SAR
values of 1200 Wg! are achieved at maximum magnetic field (see red curve of Figure
3.5 (d)). It is worth mentioning that the coercivity and SAR values obtained for our
octahedral F-MNPs are appreciably higher than those reported in the literature for

magnetite systems of similar sizes [2].

Square AC hysteresis loops can be observed in chain like formations with anisotropy
axis orientated in the direction of the magnetic field, such as those studies in the previous
section with magnetotactic bacteria; but also, in some particles with specific shape

anisotropy [20].
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FIGURE 3.5: AC hysteresis loops of the F-MNPs sample dispersed in (a) water, (b)

agar and (c¢) PBS. The measurements are carried out at magnetic field intensities up to

40 mT and frequency of 300 kHz. (d) The corresponding SAR vs magnetic field curves.

As it can be observed the heating efficiency of the F-MNPs remains invariable in the
three dispersion media.

In order to get a better understanding of the origin of the shape of the AC hys-
teresis loops AC magnetometry measurements are carried out in physiological media
((phosphate-buffered saline) (PBS)) and agar (see Figure 3.5 (b) and (c)). As it is done
with MTB (see Section 3.1), agar is used to eliminate a hypothetical Brownian contri-
bution to the SAR and to avoid mechanical rotation of aggregates and/or small chains
towards the AC magnetic field direction. In this way, the influence of a possible MNP

arrangement in the heating behavior can be analyzed.

As Figure 3.5 (d) shows, AC hysteresis loops and SAR versus magnetic field curve of
F-MNPs dispersed in water, physiological media and agar are almost identical. Relevant

information can be obtained from this data: First, the mechanical rotation of particles is



Chapter 3 Analyzing MNP parameters via AC magnetometry 47

not playing a significant role in the hyperthermia performance. Second, magnetic prop-
erties are mostly correlated to particles’ shape and not to their aggregation state. Third,
the squaring of the loops (with reduced remanence higher than 0.5) should be related
to the particular morphology of these octahedral particles and not to the orientation of
any chain formation, as it happened with the MTB. And fourth, the magnetic response

of the octahedral shape F-MNPs maintains invariable in different dispersion media.
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FIGURE 3.6: (e) Experimental (orange dots) and simulated SAR vs magnetic field
curves. Simulations are carried out by solving dynamical Laudau-Liftshitz—Gilbert
equation considering: non-interacting particles with uniaxial anisotropy (red solid line),
non-interacting particles with biaxial anisotropy (black solid line) and interacting par-
ticles with biaxial anisotropy (green solid line).(b) Morphology of the sample employed
in this work approaches an ideal octahedron. (c¢) Energy surface of magnetocrystalline
anisotropy of magnetite. (d) Energy surface of the proposed shape anisotropy of octa-
hedra with an orthorhombic symmetry. (e) Energy surface of the resulting anisotropy
energy of octahedral magnetite particles: biaxial anisotropy.

Finally, in order to analyze how octahedral shape influences the magnetic anisotropy,
dynamic hysteresis loops and SAR curves are simulated using a model based on the
Laudau-Liftshitz—Gilbert equation [21]. As it can be easily deduced from the Figure
3.6 (a), a model considering non-interacting MNPs system with uniaxial anisotropy (red
solid line) is very far from the experimental results (orange dots). Thus, for the successive
simulation the effects of both monocrystalline and shape anisotropies are considered. As
it can be observed in transmission electron microscopy (TEM) images, the octahedral
shape is not completely perfect, so, an orthorhombic shape anisotropy is proposed. In
this way the resulting anisotropy is biaxial (see Figure 3.6 (b)-(e)), with a remanent

magnetization larger than the expected one in uniaxial systems.

However, simulations carried out with non-interacting MNPs with biaxial anisotropy
(black solid line) show certain discrepancy with the experimental SAR curve. Note that

it is not very realistic to consider completely non interacting F-MNPs. Thus, for fitting
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SAR curve the influence of dipolar interactions needs to be taken into account. With
these implementations the calculations are very consistent with experimental data as it

is observed in Figure 3.6 (a) (green solid line).

It can be concluded that AC magnetometry allows to uncover the origin of square
shape AC hysteresis loops and high SAR values of the octahedral shape MNPs employed
in this work. In this case, the squaring of the loops is mostly associated with the MNPs
morphology and not from MNPs arrangements (as it happened with magnetotactic bac-
teria), consequently their behavior in cell environments is not diminished, which make

them ideal candidate for magnetic hyperthermia treatment.

However, it should be mentioned that SAR(H) curves are not saturated. Thus,
although the AC magnetometer employed in this work leads to very useful information to
study the magnetic anisotropy of the octahedral shape F-MNPs, the provided anisotropy

values are less accurate than those that would be obtained from saturated curves.

3.3 Development of new strategies to keep constant the
heating performance of MINPs in media with different

viscosities

F-MNPs present intense magnetic dipolar interactions and tend to form large agglom-
erations that provoke a significant reduction of SAR. To minimize chaotic dipolar in-
teractions of F-MNPs, prevent the formation of large clusters and keep constant their
heating performance in biological environments a novel polymeric (PMAO-PEG) coat-
ing protocol is developed. The new protocol is carried out analyzing the effect of dif-
ferent parameters of the coating procedure (amount of monomers that are added per
nm? of MNP surface, concentration, solvent used in the initial F-MNPs colloids and
PMAO-PEG solutions, and so forth) on the aggregation degree of the MNPs through

AC magnetometry.

The PMAO-PEG coating effect on Fe3O4 MNPs of different sizes (23 + 2 nm (sam-
ple A) and 29 + 3 nm (sample B)) is analyzed. But firstly, and for simplicity, the
coating protocol is refined using the smallest F-MNPs (23 nm, sample A). Table 3.1
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summarizes the most representative preparations, in which one coating parameter at a

time is modified.

Preparation Monomers/nm? [PMAO-PEG] Solvent of the Mixing strategy SAR
name (mgpmao/ml) PMAO-PEG (F-MNPs (Wgl)
stock + PMAO-PEG)

1 100 0.5 CHClg pouring 280

2 50 0.5 CHCl; pouring 490

3 50 0.5 CHCl3:EtOH pouring 405

4 50 0.5 CHCl3:Hexane pouring 365

5 50 0.5 CHCl3 dropwise 570

6 50 5 CHCl3 dropwise 670

TABLE 3.1: Summary of the parameters used in the coating procedure of some represen-
tative preparations: PMAO monomers added per nm? of MNP surface, concentration
of the PMAO-PEG copolymer, solvent of the PMAO-PEG stock solution, strategy used
to mix the F-MNPs with the PMAO-PEG and the corresponding SAR value obtained

in the final sample A.
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FIGURE 3.7: (a)-(f) AC hysteresis loops of preparation 1-6 shown in Table 3.1. TEM
micrography of (g) preparation 1 and (h) preparation 6. Inset: negative staining mi-
crographs.

The agglomeration degree of the F-MNPs in these preparations can be deduced from
the dynamic hysteresis loops shape (see Figure 3.7 (a)-(f)) and the corresponding SAR
value (see Table 3.1). From a qualitative point of view, when clustering and interactions
are playing an important role the AC hysteresis loops are narrow and tilted, whereas
they became wider and less tilted when particles do not form significant clusters (with
the exception of chain like formations analyzed in the previous sections). Thus, it can

be deduced, that preparation 1 (see Figure 3.7 (a)) which shows narrow and tilted AC
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hysteresis loops forms big cluster, while, preparation 6 (see Figure 3.7 (f)) with wider
and more square hysteresis loops present individual coatings. The different coating
structures deduced from AC hysteresis loops can be clearly observed in the negative
staining TEM micrography (see Figure 3.7 (g)-(h)): collective coating in preparation 1

and quasi individually coating in preparation 6.

From the monitorization of the AC hysteresis loops of all the preparations, it is
deduced that the coating parameters employed in the preparation 6 are the optimum
ones for obtaining individual coatings. It is found that the mixing strategy of the MNPs
with PMAO-PEG copolymer is critical to avoid large clusters. MNPs added dropwise
to the PMAO-PEG polymer solution result in an individual or quasi-individual coating

showing wider AC hysteresis loops.

Thereby, thanks to AC magnetometry technique an optimization of the coating

protocol is achieved, attaining individually or quasi-individually coated F-MNP formu-

lations.
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FIGURE 3.8: AC hysteresis loops of sample A (a) PEG 5kDa (b) PEG 10kDa (c)

PEG20kDa and sample B (e¢) PEG 5kDa (f) PEG 10kDa (g) PEG 510Da. SAR ver-

sus magnetic field curve of (d) sample A corresponding to (a)-(c) and (h) sample B
corresponding to (e)-(f).

On the other hand, in order to understand how the molecular weight of the PEG
copolymer affects the heating performance of the systems, AC hysteresis loops and the
corresponding SAR versus magnetic field curve of sample A and sample B coated with
three copolymers of different molecular weights (5, 10 and 20 kDa) are obtained following

the optimazed protocol (see Figure 3.8). From the displayed data it can be deduced that
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AC hysteresis loops and SAR versus magnetic field curves of sample A don’t reveal a
significant difference among the three PEGs (see Figure 3.8 (a)-(c)). However, sample
B does not turn out equally successful with PEG of different molecular weights (see
Figure 3.8 (e)-(g)). The tilting of the AC hysteresis loops clearly reflects the influence of
increasing interparticle interactions when the coating intensity is reduced. This behavior
can also be observed in SAR vs magnetic field curve: 20 kDa PEG shows SAR values of
800 Wg! at maximum field which diminishes to 350 Wg™! and 300 Wg™! with 10 kDa
and 5 kDa PEG, respectively. Thus, when the size of the F-MNPs increases, PEG with
higher molecular weight are necessary to keep magnetic cores far enough and prevent

particle agglomerations.

In summary, AC magnetometry enables to develop a new quasi-individual coating
protocol, adjusted to different MNP sizes, which avoids MNP agglomerations. It is
shown that larger MNPs require longer PEG molecules (20 kDa) to keep the magnetic

particles far enough to each other.

Although, SAR vs magnetic field curve has a tendency of saturation at maximum
available magnetic field, the saturation regime is outside the working span of the AC
magnetometer employed in the measurements. This behavior is also observed in the
works analyzed in the previous sections. As mentioned before, an unsaturated SAR(H)

curves provides less accurate effective anisotropy value from simulations, among others.

3.4 Conclusions

As it has been demonstrated, SAR measurements over a wide AMF amplitude and fre-
quency range provides critical information to design MNPs with high SAR values. One
important limitation of the current AC magnetometers is the maximum available AC
magnetic field intensity. Very often, these magnetic fields are in fact unable to approach
magnetic saturation in most samples, particularly, when magnetic anisotropy turns to
be significant (as it is common for the most beneficial MNPs), and dipolar interactions
play an important role [22, 23]. This issue can be easily detected in the works presented
in this chapter: Although most of the SAR(H) curves showed a tendency to saturation

at the highest magnetic field, the saturation region is outside the experimental limits.
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Minor hysteresis loops measurements limited to magnetic fields far below saturation al-
ways provide incomplete information about the magnetization dynamical properties. In
consequence, the powerful set of theoretical models developed in recent years cannot be
properly checked, so reducing our understanding of the factors that improve or degrade
the heating performance of MNPs. Additionally, obtaining major hysteresis loops is the
only way of calibrating the magnetic moment with some level of confidence. Thus, the
goal of Chapter 4 is to develop a high field intensity AC magnetometer that works in a

wide magnetic hyperthermia frequency range.

In recent years, an increasing number of works have been published analyzing the
MNPs properties that really influence their heating performance. However, the possible
physical effects caused by magnetic fields, such as chain formation or mechanical rota-
tion of MNPs are in many cases overlooked. Consequently, it is unclear if some high
SAR values reported in the literature [24, 25] rely entirely on MNP properties (as the
composition, size or shape) or maybe on the way in which these particles are assembled
together in a liquid. As it has been seen in the previous works, arrangements’ effect
can be easily detected from dynamic hysteresis loops. So far, this behavior is analyzed
by comparing the AC hysteresis loops of liquid and agar MNPs solutions. However,
an easier way to eliminate these mechanical effects is to perform measurements of the
sample above and below the freezing point of the dispersion medium, without the need
of additional sample handling. With this purpose, the second objective of the following
chapter is the incorporation of a temperature control system to the high field AC mag-
netometer that allows obtaining AC hysteresis loops in a wide range between 220 K to

380 K in a continuous way.

The reproducibility is a very important premise for obtaining accurate measure-
ments in any experimental technique. In literature, no details are provided with respect
to the reproducibility of the AC magnetometers. Moreover, the measurements presented
by some authors show results with high standard deviation when using high magnetic
fields [26]. The magnetic thermal effects originated by the self-heating of samples and
pick-up coils during the hysteresis loop measurements are the main reason of the de-
crease of accuracy. One solution can be to extract the background signal for each field
measurements in really short time intervals. However, in current devices the sample
is introduced manually, so it is impossible to improve the accuracy using the approach

mentioned before. With this goal, the third objective of the following chapter is the
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automatization of the positioning of the sample in a short time lag using an automatic
positioner system. Additionally, the temperature system mentioned in the second ob-
jective is going to be the key element to maintain the isothermal conditions during the
measurements for decreasing magnetic thermal effects and consequently increasing the

accuracy.

On the other hand, the improvement of the feedthrough is another important chal-
lenge to address in AC magnetometers [27, 28]. The minimization of the feedthrough
signal is limited by the minimum achievable movement of the pick-up coil inside the
main coil. To approach this challenge, the fourth objective of the following chapter is

the study of different shift mechanisms to fine-tune the position of the pick-up coil.
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Chapter 4

Design and implementation of a
high field, high frequency and
temperature adjustable AC

magnetometer

Taking into account the limitations of the current AC magnetometers, we have developed
a versatile AC magnetometer able to work in a large range of frequencies (50 kHz - 1MHz)
that are relevant for magnetic hyperthermia and capable of applying remarkably higher
field intensities that those existing so far. Additionally, the instrument incorporates a
variable temperature device to measure AC hysteresis loops in a continuous temperature

range between 220 K and 380 K [1].

In this chapter we present a complete theoretical and experimental description of
the developed device. Before getting in the design process of each component a brief
overview of the system is presented (see Figures 4.1 and 4.2). The AC magnetometer
consists on a solenoid coil (main coil) that generates a homogeneous AMF within a
volume inside the coil in which the sample is placed [2, 3]. The main coil is part of a
variable parallel LCC resonant circuit that generates magnetic fields at thirteen differ-
ent frequencies in the range 50 kHz - 1 MHz with large field intensity: up to 90 mT in
the low frequency side and up to 35 mT in the high frequency side. The AC sinusoidal
signal to excite the LCC resonant circuit is produced by a signal generator-oscilloscope

59
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(KEYSIGHT DS0OX3024T) and amplified by a linear power amplifier (Model Electron-
ics and Innovation 1140LA) of 1 kW maximum power. The excitation magnetic field
generated by the main coil is measured with an electrically separated coil, called the
control coil. The dynamic magnetization detector system, which is integrated inside the
main coil consists in two oppositely wound pick-up coils. The position of the pick-up
coils inside the main coil is adjusted using a motorized xyz translation stage to min-
imize the feedthrough signal. A complementary motorized z axis stage translates the
sample inside each pick-up coil. For measuring the MNP magnetic response, a small
polycarbonate cylinder container of 100 pul of capacity, 11 mm long and 4.9 mm wide
is used as sample holder. The induced signal of the control coil and pick-up coils are
recorded simultaneously by an oscilloscope (KEYSIGHT DS0OX3024T). Additionally,
the instrument incorporates a variable temperature system to control the temperature of
the sample container during the measurements in a continuous range between 220 K and
380 K. Finally, all the measurement procedure, from the control of the instruments to
the data processing, is automated using a home-made program under Labview software

from National Instruments.

Sample z
translation stage

LCC Resonant
circuit

Liquid nitrogen tank

FI1GURE 4.1: Picture of the whole AC magnetometer system developed in this thesis.
Each instrument used in the AC magnetometer is explained in the text.



Chapter 4 Design and implementation of an AC magnetometer 61

LCC resonant circuit )
Oscilloscope

‘ Control Computer
/ coil
Temperature system l _— e o s
Sample coil o
<
/ E‘an

Fiber optic
thermometer .

a q L
pH (mT)
[

" Power amplifier

B

Capacitors

_ﬂ‘lﬂ

FIGURE 4.2: Detailed scheme of the AC magnetometer system. This picture is a guide
to follow the descriptions presented in sections 4.1, 4.2 and 4.3.

!

4.1 Alternating magnetic field generator

4.1.1 Main coil

The main coil to generate the magnetic field consists of a copper pipe formed around a
thermoplastic cylinder. Water is circulated through the copper pipe with a chiller that

keeps the conductor temperature constant.

It is obvious that the same amount of input power can generate larger magnetic
fields in smaller volumes. Therefore, the first step for designing a high field main coil is
to reduce all its dimensions up to a fair use volume limit. This volume is constrained by
several factors: (1) The sample holder size used in the experiments, (2) the sensitivity
of the pick-up coil that should be located within the working area, (3) the dimensions
of the conductor material which is used to fabricate the wounding coil, (4) the space
between the sample holder and pick-up coils for allowing the flowing air to control the
temperature of the sample and (5) the homogeneity requirements over the pick-up coil’s
length (less than 3.5%). For this reason, a good design of the inductor coil needs to

maximize its efficiency at the frequencies employed in the hyperthermia experiments.

If the coil has not ferromagnetic components, the magnetic field generated by the

coil is proportional to the AC electrical current:

Happ(7) = T(7) Lac (4.1)
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where II(7) is a position dependent geometrical factor, I4¢ is the current that flows
along the coil and H,p,(7) the magnetic field. On the other hand, the power dissipated
by the coil is given by:

1 1 _ H?
P=-RI2 .= app 4.2
2R ACT 9T I(7)2 (4.2)

where P is the available power and R the equivalent series resistance of the coil (see

Figure 2.6).

The maximum applicable magnetic field for a certain P becomes:

2112

Therefore, in order to build energetically efficient electromagnetic applicators, the
ratio given by /2112 /R should be maximized. Thus, we define a parameter, what we

call efficiency, Fy, which depends on coil’s geometry.

2112
Er =1 — 4.4
f 7 (4.4)
Since the sample is placed at the position where the magnetic field is maximum,
the proportional constant II(7) should be calculated at this point. Note that II(#) and
the resistance R are not actually independent variables: coil diameter and number of

turns affect the total resistance of the coil. However, for a given geometrical factor, R

becomes critically enhanced at high frequencies due to the skin and proximity effects.

The skin effect is the tendency of an AC electric current to flow mainly near the
surface of the conductor, thus reducing the effective cross section of the conductor and
causing the effective resistance to increase. The so-called skin depth marks the level
under the outer surface below which the electrical current is pushed out, which is given

by Equation 4.5:

5= \/ﬁ (4.5)
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where f is the frequency of electromagnetic waves and ¢ and p are the conductivity
and permeability of the material, respectively. The electromagnetic interaction between
nearby conductors prompts one additional constraint to the current flowing through
them that is usually called proximity effect. This phenomenon can be particularly
significant within closely wound wires, such as those of the inductor coil used in this
case.

Symmetry axis

1
Y
x

(a) (b)

(c)
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10

r (rsnm) r (;nm)

FIGURE 4.3: (a) Solenoid coil (b) Sliced plane of the solenoid coil. Spatial distribution

of the current density in the cross section of three-turn solenoid with: (c¢) 5 mm turn

pitch and (d) 10 mm turn pitch calculated by Finite Element Method (FEM), when
1A intensity and 10 kHz frequency circulates across the coil.

Figure 4.3 illustrates the proximity effect by comparing two identical three-turn coils

with 5 mm and 10 mm turn pitch. As can be seen in the Figure 4.3 (c¢) and (d) the
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current density is highly constrained to smaller regions when turns of the coil are closer

to each other.

It should be noted that the main limitation of using solid copper pipes lies in the
effective resistance of the coil: increasing the frequency above certain limits decreases

quite fast the efficiency and therefore the maximum achievable AC field amplitude.

In our design a 3 mm copper pipe, wound to form a 12 mm diameter and 41 mm
length coil has been fixed to fulfil the previously explained minimum fair volume lim-
itations. The number of turns and the number of winding layers have been chosen to
maximize the efficiency Ey. For it, Finite Element Method (FEM) simulations have

been carried out using COMSOL Multiphysics software.
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FIGURE 4.4: (a) Energy efficiency as a function of the number of turns, N, calculated

by FEM for 1, 2 and 3 winding layers coils. The simulations are performed supplying

the coil with a 1 kW power amplifier and an AC current at 1 MHz frequency. (b)

Equivalent resistance of the coil as function of the number of turns for 1, 2, and 3
winding layers.

Figure 4.4 (a) shows the energy efficiency of the coil versus the number of turns for

the above mentioned coil’s geometry, calculated by FEM. In the case of the coil of one

winding layer, the curve shows a maximum at N=12 at 1 MHz.

In coils with multiple winding layers, the proximity effects (this time occurring also
between conductors of consecutive layers) degrade further the efficiency. As shown in
Figure 4.4 (a) the most efficient coil is the one with a single winding layer. The reason
for this is that when stacking more windings, the equivalent series resistance increases

faster than II(7) (see Equation 4.4) and thus the efficiency decreases.
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The energy efficiency maximum is frequency dependent due to the skin and prox-
imity effects. Figure 4.5 (a) shows the energy efficiency versus the number of turns for
different frequencies for a coil with a diameter and length of 12 mm and 41 mm respec-
tively and one winding layer. In the working frequency range of our AC magnetometer
(50 kHz-1 MHz) the maximum is located at 12 turns. Note that in the limit of very
small frequencies, the skin and proximity effects become negligible and the maximum
efficiency shifts to the maximum number of turns that fits in the given length of the coil.
Figure 4.5 (b) shows the energy efficiency versus number of turns at DC fields for coils
with different winding layers. As it can be observed the most efficient coil is the one
with the maximum number of winding layers, due to the absence of proximity and skin
effects. So, increasing the number of turns per length and/or to build additional winding

layers can be successful at lower frequencies but become inefficient at the hyperthermia

frequencies.
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FIGURE 4.5: (a) Energy efficiency as a function of the number of turns for a coil with

a diameter and length of 12 mm and 41 mm respectively, and one winding layer at

different frequencies (b) Energy efficiency as a function of the number of turns for coils
with one, two and three winding layers, for a DC current case.

As a result, the main coil that maximizes the energy efficiency in the whole working
frequency range should have only one layer and 12 turns in a 41 mm length and 12 mm
diameter coil. The main coil holder is mechanized using delrin material and the copper

pipe is wound around it.

The electrical characterization of the main coil is performed using a network analyzer
(Agilent E5071C). Figure 4.6(a) shows the real and imaginary parts of the impedance

of the coil; as it can be observed the self-resonance frequency, f,, is located at 20 MHz.
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As the maximum working frequency of the system is 1 MHz, the main coil is reduced
to an inductance L in series with a resistance R. Figure 4.6 (b) shows the resistance
and reactance of the main coil at the magnetic hyperthermia working frequencies. Both
resistance and reactance increase linearly with frequency. Thus, inductance, L, can be

directly obtained from the data and its value is 1.25 pH.
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FIGURE 4.6: Measurements of the resistive (black lines) and reactive part (red curve) of
the main coil at (a) frequencies between 10 kHz and 30 MHz and (b) working frequencies
of the AC magnetometer. As the working frequency range of the system (50 kHz
- 1MHz) is below the resonant frequency of the main coil (20 MHz), the equivalent
electrical system is reduced to an inductance L in series with a resistence R. As shown
in (b), the inductance can be calculate directly from the reactance of the main coil.

4.1.2 Resonant circuit

The signal generator (KEYSIGHT DS0X3024T) itself cannot provide the current and
voltage needed to produce the required magnetic field for the AC hysteresis loops char-
acterization. For this reason, the signal generator is connected in series with a power
amplifier (Model Electronics and Innovation 1140LA with a real output impedance, Ry,
of 50 ) that amplifies the voltage reference signal, and supplies the needed current to

the main coil.

To match the main coil to the power amplifier, a variable capacitor matching is
added in LC1Cy configuration (see Figure 4.7). For calculating the appropriate C; and
C5 values to work within the magnetic hyperthermia frequency range using the designed
main coil, frequency-domain circuit simulations are carried out using Advanced Design
System (ADS) software. The values of the inductance and resistance of the main coil

used in the simulations are those measured before.
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FI1GURE 4.7: Equivalent electrical circuit of the AC magnetometer. Vg is the generator’s
voltage signal, PA the power amplifier, C; and C5 are the variable capacitors and L
and R the main coil’s inductance and resistance.

The calculated values of C'y and C5 can be fixed by connecting different capacitors
in different series or parallel configurations using mechanical switches. This connection
technique permits to vary the working frequency rapidly and easily without any addi-
tional assemble. In our case, seven power capacitors of 170 nF (Models CPS 150/400
from Celem Power Capacitors) are used to implement the multifrequency AC Magne-
tometer. As an example, the configuration for setting 272 kHz is shown in Figure 4.8.

c, c, Main coil

VS@

= 0

F1GURE 4.8: The switching configuration of the resonant circuit elements for setting

272 kHz working frequency. The values of C; and C5 calculated from ADS simulations

(510 nF and 680 nF, respectively) are obtained connecting the seven capacitors in the
configuration shown.

Among all the possible pair of capacitor values (C7, C3), the ones that approximately
fulfill the maximum power transfer condition ( Prc,c,/Ps ~ 1 ) between the power
delivered to the resonant circuit, Prc,c,, and the power that can be delivered by the
amplifier, Py, are selected using a network analyzer (Agilent E5071C) (see Appendix A).
Each pair of capacitors value corresponds to a single frequency, that are the working

frequencies of the system. Ten frequencies in the range 100 kHz-1 MHz are selected.
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Alternatively, the resonant circuit can also work in three frequencies between 50
kHz and 100 kHz by replacing manually three capacitors of 170 nF by three of 2200 nF.
However, the resonant circuit needs to be improved to work in these last frequencies

under maximum power transfer conditions.

4.1.3 Magnetic field calibration

To measure accurately the AC hysteresis loops of the MNPs and the SAR it is crucial
to have a well-known field amplitude at sample’s position. Most commercial fluxmeters
measuring AC magnetic fields at frequencies higher than 5 kHz are expensive and their
dimensions do not fit in our designed prototype. Therefore, in order to characterize the
magnetic field intensity generated by the main coil a home-made AC probe is built and
calibrated. The AC probe consists of a two-turn circular coil with 8 mm diameter. The
normal vector to the section of the AC probe is perpendicular to the zy plane of the
main coil allowing us to determine the magnetic field along the z axis (see the reference

system in Figure 4.3). All the parts of the AC probe are 3D printed (Form 3, FormLab)

to avoid any distortion of the magnetic field.
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FIGURE 4.9: (a) The system employed for the calibration of the home-made AC probe,
used to measure the magnetic field generated by the main coil. For the calibration, the
voltage of the AC probe (placed in the geometrical center of a commercial Helmholtz
coil) is recorded while an AC magnetic field is generated with the Helmholtz coil. From

the resulting data and applying Faraday’s law of induction the section constant, SC,
is calculated. (b) The section constant as function of frequency.
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For characterizing the magnetic field, the voltage induced in the AC probe, Vac propes

is measured and the Faraday’s law of induction is applied:

VAC Probe = 27rSCmeain coil (46)

where SC' is the section constant of the AC probe, f the magnetic field frequency
and Bynein coil the magnetic field generated by the main coil. In order to measure the
magnetic field accurately SC' of the AC probe is calibrated using a commercial Helmholtz
coil that generates 2.371 mTA™!. For the calibration experiments, the AC probe is placed
in the geometrical center of the Helmholtz coil as it can be observed in Figure 4.9 (a)
[4]. The calibration consists in generating an AC magnetic field in the Helmholtz coil,
while the voltage induced in the AC probe is recorded for different frequencies. From
the resulting data, the section constant, SC, of the AC probe is calculated (see Figure
4.9 (b)).

For the characterization of the magnetic field, the AC probe is moved along z axis of
the main coil and measurements are taken in steps of about 3 mm. In each measurement,
the voltage induced in the AC probe is monitored with an oscilloscope (KEYSIGHT
DS0X3024T) and the magnetic field is calculated.
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FIGURE 4.10: (a) The ratio of magnetic field intensity to current intensity in the z axis

of the main coil measured experimentally (dots) and simulated by FEM (solid line) at

515 kHz. (b) Spatial distribution of the magnetic field simulated by FEM at 515 kHz
and 1A.
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The variation of the magnetic field intensity along the z axis of the working area
(10 mm above and below the center of the coil) is less than 3.5 % as it can be observed
in Figure 4.10 (a). The magnetic field in the z axis is simulated by FEM and compared
with the experimental data. The measured value of the AMF intensity is 4 % bigger than
the one predicted from simulations, which is an acceptable error. Figure 4.10 (b) shows
the spatial distribution of the magnetic field simulated by FEM. In working volume,
the field variation is less than 3.5%, what is a good value for magnetic hyperthermia

experiments.

As important as the characterization of the magnetic field inside the main coil for
an accurate measurement of the SAR and AC hysteresis loops it is the control of the
magnetic field during the experiments. Our device incorporates an external coil, called
control coil, that is electromagnetically coupled with the main coil. The control coil and
the previously described AC probe, are placed outside and in the center of the main
coil, respectively. Then, the relation between signals for both coils is measured using an
oscilloscope (KEYSIGHT DS0OX3024T) (see Figure 4.11). From this data the intensity
of the magnetic field can be controlled during the measurement only by the external

control coil.
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VControl coil (V)
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F1GURE 4.11: Control coil signal versus the signal induced in the AC probe. These
measurements are obtained placing the control coil and the AC probe outside and in
the center of the main coil, respectively. From this data, the magnetic field can be
calculated during the AC hysteresis loop measurements by using only the control coil.
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Finally, the maximum achievable magnetic field at each working frequency is mea-
sured using the control coil. As it can be observed in Figure 4.12, the maximum achiev-
able magnetic field at 50 kHz is 90 mT and it decreases with frequency due to the

increment of the equivalent electrical resistance with increasing frequency.
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FIGURE 4.12: Maximum achievable magnetic field at each working frequency. The
maximum magnetic field value decrease with frequency due to the increase of the resis-
tance of the main coil with frequency (see Figure 4.6(b))

4.2 Temperature system

To change the temperature of the sample during the measurement, a cooling-heating

circuit is added to the setup. Figure 4.13 shows the scheme of the temperature system.

An air flow stream is introduced inside the delrin cylinder located within the main
coil. The temperature of the sample is measured with a non-resistible fiber optic ther-
mometer (Model OTG MPK5 from OpSens), placed near the sample and inside the
delrin cylinder in contact with the airflow. The incoming air flow can be heated up
to the desired temperature with an air heater resistance to change the temperature
of the sample (Air heater Model 8607198 from RS Pro). When low temperatures are
required, the pre-heating temperature of the system can be lowered by the incoming

air flow through a winding copper coil immersed in liquid nitrogen before reaching the
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heater. The temperature of the out coming air flow close to the heater output is under a
feedback Proportional Integral Derivative Controller (PID) temperature control (Model
3216 from Eurotherm) with a k type thermocouple sensor (Model K-M-1-3-25-1/4NPT-
GS-1 from Omega). But in order to further keep the sample temperature as stable as
possible a second feedback loop acts over the controller set point in response to changes
of the fiber optic sensor located very close to the sample. Note that the sample always
heats up during the AC application, so, isothermal conditions means in this case that
the temperature of the air flow at the sample location must be kept constant during the

experiment and being high enough to remove the extra heat induced by the AC field in

the sample.
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Fiber optic therm. ’ N(I;%IirII Temperature tank
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ry air

Liquid
nitrogen

FIGURE 4.13: Scheme of the temperature system of the AC magnetometer. The role
of each instrument is analyzed in Section 4.2.

4.3 Dynamic magnetization detector system

The dynamic magnetization detector system is composed of two identical oppositely
wound pick-up coils connected in series. Each pick-up coils consists of 5 turns and they
are separated by 10 mm. The pick-up coils are made of 36 AWG phosphor bronze
wire and they are wound around a photopolymer resin cylinder in 8 mm of diameter
manufactured with a 3D printer (Form 3, FormLab). The pick-up coil holder fits inside
the main coil cylinder and it is hollowed to allow the flow of the air of the temperature

system.

As it is explained in the Chapter 2 the two oppositely wound pick-up coils connected
in series is a technique used to remove the undesirable excitation magnetic field induced

signal in the pick-up coil surrounding the sample [5-8]. However, the cancellation of
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the excitation signal cannot be perfect because of the small phase shift and geometry
difference existing between pick-up coils and also due to field inhomogeneities inside the

main coil.

4.3.1 Feedthrough

To reduce the remaining signal, called feedthrough, a pick-up coil shift mechanism is
used. As it will be shown in set of figures 4.17, 4.18 and 4.19 the pick-up coil and its
holder are stuck to a platform which is installed on a zyz translation stage (Thorlabs,
PT3/M series). This stage is fitted with a micrometer that is able to shift the pick-up
coils system in steps of 10 pum in 3-axis inside the main coil. This method permits a
simultaneous feedback of the pick-up coils performance during the adjustment to choose
the optimal position to minimize feedthrough. The use of the translation stage is key
because the pick-up coils can be moved externally. The attenuation of the feedthrough

of each pick-up coil set is calculated applying the Equation 4.7.

%
attenuation(dB) = 20 log <V2> (4.7)

1
where V7 is the signal measured in the case of having an individual pick-up coil
and V5 by a set of two oppositely wound pick-up coils. As the two wound pick-up coils
cannot be separated to measure each Vi, FEM simulations are carried out to obtain the

V1 value of each one of them. On the one hand, the V5 signal in z, ¥y and z axes is

obtained following the steps explained below:

(A) The pick-up coil holder is placed in the geometrical center of the main coil using

the zyz manual translator stage.

(B) The pick-up coil holder is moved in z axis in steps of 10 pum while V5 signal is

recorded in each position.
(C) The feedthrough attenuation in z axis is calculated applying Equation 4.7.

(D) The position of the minimum attenuation is obtained and the pick-up coil holder

is fixed.
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(E) Finally, the V5 signal is measured in z and y axes in steps of 50 pym and the

attenuation is calculated.
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FIGURE 4.14: The black curve represents the feedthrough attenuation of the pick-up

coils calculated by applying Equation 4.7, as function of the position in the axes (a) z,

(b) z, and (c) y. The red curve shows the phase between the pick-up coil, V5, and the

control coil, Veontrol coit- As it can be observed at minimum feedthrough position the
two signals are in quadrature.

Figure 4.14 shows the attenuation of the pick-up coils in z, y and z axes. As it
can be seen in Figure 4.14 (a) the minimum attenuation value at 134 kHz is around
-46 dB. It is worth mentioning that whereas the variation of the attenuation is 50 %
when pick-up coil system is moved 2 mm along the z axis, it almost remains constant

in the same position variation in x and y axes. Figure 4.14 also represents the phase
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between Vo and Viontrol coii- INote that at minimum attenuation position both signals

are in quadrature.
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FIGURE 4.15: Voltage induced in the pick-up coil, Vo (red line) and phase between

Vo and Viontrol coir @s function of temperature. The variation of V5 with temperature

influence the feedthrough, so for each temperature the minimum feedthourgh position

needs to be fixed.

When varying the temperature of the air flow thermal effects emerging in the pick-up
coils highly influence the value of the feedthrough (see Figure 4.15). Consequently, for
measuring the dynamic signal of MNPs correctly the feedthrough has to be minimized at
each temperature. To solve this issue, the micrometer of z axis of the zyz manual trans-
lation stage is replaced with a motorized actuator (Thorlabs, Z825B actuator control by

KDC101 controller) that shifts the pick-up coil set in steps of 50 nm. This enables to

find the minimum feedthrough accurately and automatically at each temperature.

Although the positioning of the pick-up coil inside the system using the zyz transla-
tion stage minimizes the feedthrough it is impossible to remove completely this undesired
signal. In order to eliminate the remaining feedthrough signal, the following procedure

is performed:

Vlower pick—up (t) )

(A) The induced signal is measured in the lower pick-up coil (V ample

SRl (3)

(B) The induced signal is measured in the upper pick-up coil (
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(C) The sample signal is extracted by averaging the vector subtraction of the sample

signal measured with both pick-up coils:

V() = (Vim0 = Va7 (1)) /2
However, for removing the feedthrough, it is important to measure the signal induced
in each pick-up coil for small time lags. With this aim, the sample is positioned in each
pick-up coil using an additional motorized z axis stage controlled with an Arduino Uno

SMD microcontroller (see Figure set 4.17, 4.19 and 4.18).

Finally, as previously done with the main coil, the pick-up coil system is electrically
characterized using a network analyzer (Agilent E5071C). Figure 4.16 shows the real and
imaginary parts of the impedance of the pick-up coils with a self-resonance frequency of

32.7 MHz.
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FIGURE 4.16: Measurements of the resistive (black curve) and reactive part (red curve)
of the pick-up coil system in frequencies between 10 kHz and 70 MHz
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F1GURE 4.17: 3D model of the AC magnetometer designed using Autodesk Maya
software. By scanning the QR code inside the picture a video animation of the AC
magnetometer will be shown.
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FIGURE 4.18: Pick-up coil set, pick-up coil holder and zyz translation stage used

to shift pick-up coils inside the main coil in order to find the minimum feedthrough

position. The pick-up coil holder is composed by a 3D printed part (gray tube) that is
attached to a carbon fiber tube (brown tube).
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FIGURE 4.19: Sample holder and motorized translation stage used to locate the sample
in the upper and lower pick-up coils. The sample holder is attached to a carbon fibre
rod.
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4.3.2 Magnetization calibration

The calibration of the magnetization in AC magnetometers is an import issue that is not
deeply analyzed in literature. Some authors, as Garaio at al. [9], calibrated the magne-
tization by solving the Faraday’s law of induction using FEM simulations. However, the
analytical expression used in the simulations does not consider any depletion that may

occur in the pick-up coils due to different phenomena such as deformation over time.
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FI1GURE 4.20: DC and AC hysteresis loops of the pattern sample used to calibrate the
magnetization of the AC magnetometer.

Commonly, Vibrating Sample Magnetometers (VSM) are calibrated by using pattern
samples. In this approach, the saturation magnetic moment of the pattern sample is
known and the voltage induced in the detector coils is measured. From the obtained
data, the calibration constant of the pick-up coils for a given sample holder dimension

can be calculated.

For applying this calibration methodology in AC magnetometers they need to gen-
erate magnetic fields high enough to saturate the magnetic nanoparticles. Thus, the
high field AC magnetometer developed in this Thesis becomes an important instrument

for calibrating the magnetic moment with some level of confidence.

The magnetization of the AC magnetometer is calibrated using iron oxide magnetic

nanoparticles dispersed in water. The DC hysteresis loop of the sample is recorded
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in a well calibrated VSM saturating the magnetic nanoparticles. Then, the major AC
hysteresis loop of the sample is measured in the built AC magnetometer applying a mag-
netic field of 90 mT and 134 kHz. Finally, the amplitude of the dynamic magnetization
is scaled up to match the calibrated saturation magnetization measured with the VSM.
From this data, the conversion factor to switch from the integrated pick-up voltage to

magnetization units is calculated experimentally (see Figure 4.20).

4.4 Measurement protocol

A LabVIEW project is developed to automatize the AC hysteresis loop measurements.
The built program controls the instruments used in the AC magnetometer (Oscilloscope,
fiber optic thermometer, temperature controller, motorized actuator and Arduino Uno
microcontroller) by RS 232, GPIBa and USB communication protocols and also pro-
cesses all the data. Although the lower programming subroutines of the project can be
complex, the final interface is user-friendly, which allows any researcher with some basic

training to use it.

4.4.1 AC hysteresis loop measurements and SAR calculation

The followed step to measure AC hysteresis loops and calculate SAR values are outlined

below:

1. Introduction of working parameters: The working parameters are inserted in the

LabVIEW program: Maximum magnetic field intensity and frequency, number of
measurements, temperature range, etc. and the desired working frequency is fixed

by setting the suitable capacitor configuration (see Section 4.1.2).

2. Magnetic field generation: The magnetic field generated by the main coil is es-

tablished using a closed-loop control system. First, the reference voltage, V,..r, is
determined converting the introduced initial magnetic field into a voltage signal
using the calibration constant calculated in Section 4.1.3. Then, a PID controller
sets an output voltage, Vyen, to the signal generator that excites the main coil via

the power amplifier. The control coil detects the magnetic field and outputs it as
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a voltage signal V_.g,4-0; that is recorded by means of an oscilloscope. This volt-
age is fed into the PID controller closing the loop. Finally, the measured control
signal and reference signal are compared and the procedure is repeated increasing
Vgen value until both signals converge. The value of Vi, for obtaining the desired
maximum magnetic field is stored. To measure AC hysteresis loops at different
magnetic fields an array of Vi, values is created taking into account the number
of measurements set by the user at the first step. Finally, the magnetic field is
switched off in order to avoid heating of the pick-up coils. The block diagram of
the close-loop control system is shown in Figure 4.21.
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FI1GURE 4.21: Close-loop control system used to generate the set magnetic field.

3. Temperature stabilization: An air-flow is introduced inside the main coil and its

temperature is varied until the desired temperature in the sample is obtained.
This procedure is done using the temperature system and the PID described in

the Section 4.2.

. Minimum feedthrough position establishment: The minimum feedthrough posi-

tion is determined using an additional software PID designed in the LabVIEW
program. In this case, the signal of the control coil, Veontrol—coit(t), and the pick-

up coil in the absence of sample, V<" ty (t), are recorded simultaneously along

pick—up
the z axis of the main coil by moving the pick-up coil with the motorized zyz
translation stage in steps of 50 nm. As it is shown in Figure 4.14, the control
coil and pick-up coils’ signal are in quadrature at minimum feedthrough position.

Taking this condition as reference, the phase difference between the control coil

and pick-up coil signal is recorded. The measured phase difference and reference
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condition (quadrature) are compared and the position of the pick-up coil is in-
creased until both conditions converge. Finally, the magnetic field is switched off

and the position of the pick-up coils is recorded.

5. AC hysteresis loop measurements: Once the temperature is stabilized and the

pick-up coil position with minimum feedthrough is fixed, AC hysteresis loop mea-
surements are carried out. The signals of the control coil and the pick-up coil in
the presence of the sample are recorded simultaneously following the procedure
explained in Section 4.3.1. After, the fast Fourier transform (FFT) is applied to
the resulting time varying signals, V%€ () and Vonsror(t), generating frequency-
domain spectra. With the aim of filtering both signals, the fundamental harmonic
of the control coil signal and the fundamental and odd harmonics of the sample
voltage signal are considered. The time domain voltage is then reconstructed us-
ing the inverse Fourier transformation and integrating the harmonics. After, using
the calibration constants calculated in Section 4.1.3 and Section 4.3.2 the magnetic
field and dynamical magnetization are obtained. Finally, the AC hysteresis loops
are acquired by plotting the dynamic magnetization, M(t), as a function of the
magnetic field, uoH (t) (see Figure 4.22). In order to measure the AC hysteresis
loops at different magnetic fields this procedure is repeated for all the element of

the Ve, array calculated in the second step.

6. SAR calculation:The specific absorption is extracted by computing the area, A,

enclosed by the hysteresis loops, multiplied by the number of loops per second
(frequency) and normalized by the sample concentration (mass per unit volume of

the colloidal sample) [10]:

SAR (Wg™') = %A = {Mo 7{ MdH (4.8)

The minimum feedthrough position establishment, AC hysteresis loop measure-
ments and SAR calculation are repeated for all the sample temperatures set by

the user in step one.
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FIGURE 4.22: Procedure followed to measure AC hysteresis loops. Red rectangles indicate steps involved in the measurement of signals and the
green rectangles data processing.
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4.5 AC magnetometer sensitivity and SAR error

General view of the programmed software for the control and acquisition of the mea-

surement.

Figure 4.23 shows the AC hysteresis loop measured in water following the protocol
explained before at 90 mT and 134 kHz. This measurement corresponds to the back-
ground arising from the feedthrough signal. The sensibility of the AC magnetometer
can be extracted from the displayed data considering that the amplitude of the mag-
netization is 1.24 Am?kg™! and the volume of the sample is 100 pl. This results in a

sensitivity of 1.24 107 emu.
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F1GURE 4.23: AC hysteresis loop of water sample measured at a magnetic field of 90
mT and 134 kHz.

On the other hand, to estimate the error of the SAR measured with the developed
AC magnetometer the same measurement is performed 15 times using the sample of
Section 4.3.2. From the obtained data the relative error of the area is calculated: % =

0.011= 1.10 %. However, the concentration also introduces an error in the SAR that it

has to be taken into account. !

!This error is related with the instruments that are used when estimating the value of the concentra-
tion and it is previously set in the laboratory at % = 0.050 = 5 %. Note, that the error of the area comes
from the AC magnetometer, whereas the error of the concentration arises from additional techniques;
however, both of them influence the SAR value’s error. Thus, applying the error propagation rule the
SAR relative error is obtained: %:0.051. This result indicates that the main error in obtaining SAR
values with the present setup relies on colloidal concentration measurement error.
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4.6 Conclusions

A versatile AC magnetometer able to work in a large range of frequencies (50 kHz-1
MHz) that are relevant for magnetic hyperthermia experiments, and capable of applying
remarkably higher field intensities than those existing so far is developed. With a power
amplifier limited to 1 kW, the geometry of the coil is carefully designed to reach 90
mT at 50 kHz and 30 mT at the maximum frequency of 950 kHz. The homogeneity in
the working area (pick-up coil included) of 20 mm is 3.5 %. It has been demonstrated
than skin and proximity effects strongly constrain the optimal number of turns as well
as the use of more winding layers. The best geometry for a coil of 12 mm in diameter
and 41 mm in length corresponds to a single layer coil with 12 turns. Additionally,
our device incorporates a variable temperature system for continuous measurements
between 220 and 380 K. The dynamic magnetization measurement system that consist
of two oppositely wound pick-up coils is implemented. The position of the pick-up coils
inside the main coil is adjusted using a motorized xyz translation stage to minimize
the feedthrough signal in each working temperature. An additional motorized z axis
stage translates the sample inside each pick-up coil for every measurement to obtain the
magnetization more accurately. The magnetic field generated by the main coil and the
magnetization are calibrated. Finally, a homemade LabVIEW program is designed to
control the measurements and process the data. In the next chapter the potential of the
built AC magnetometer will be analyzed. With this aim, SAR measurements of several

MNPs are performed with the built device.
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Chapter 5

Experimental AC magnetometry
measurements via high field, high
frequency and temperature

adjustable AC magnetometer

So far, the magnetic saturation was an unexplored region by AC magnetometry. Non
saturated hysteresis loops, i.e. minor loops, provide incomplete information about the
magnetization dynamical properties. With the aim of investigating the saturation region
of MNPs, the high field, high frequency and temperature adjustable AC magnetometer

is used.

In this chapter, the potential of the AC magnetometer is explored by analyzing
the obtained experimental data that has not been available until now. These analyses
will enable us to shed light in some of the issues that rise in magnetic hyperthermia
experiments: First, the relation between the magnetically saturated AC hysteresis loops
and the saturation of the SAR. Second, the influence of the excitation intensity, frequency
and particle size on the area of the hysteresis loops. Third, the contribution of mechanical
rotation of particles and particle assemblies to experimental SAR in viscous media.
Finally, the optimal magnetic field excitation parameters (intensity and frequency) for
maximizing SAR within the human safety limit for hyperthermia experiments is also
addressed. Aiming to address some of the previous issues, the major hysteresis loops

89
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of the studied MNPs are discussed in the framework of Stoner—Wohlfarth model based

theories (SWMBTSs) of uniaxial single magnetic domains [1].

5.1 Inorganic iron oxide MNPs

The samples presented in this chapter have been prepared by the Department of Inor-
ganic Chemistry at the University of the Basque Country (EHU/UPYV). Four different
samples of magnetite (Fe3O4) nanoparticles with sizes ranging from 16 nm to 29 nm
are synthetized following the method developed in Castellanos et al. [2]. The samples
are coated with poly(maleic anhydride- alt-1-octadecene) (PMAO) to enhance colloidal
stability in water. This range of particle size (16-29 nm) is usually considered as a good
choice to maximize the SAR value. The samples are labelled as sample A (16 + 2 nm),
sample B (19 £ 1 nm), sample C (21 + 2 nm) and sample D (29 £ 3nm) (see Table
5.1).

5.2 Characterization of samples

5.2.1 Structural and magnetic characterization

TEM images are taken to determine shape and size distribution of the particles. The
MNPs present a cuboctahedral shape and a narrow size distribution of roughly Gaussian
shape. As it can observed in Figure 5.1, clustering effects are not severe in the studied
samples. However, the largest particles (sample D) shows a clear chaining tendency

(Figure 5.1 (d)).

Sample Crystalline TEM

size [nm] size [nm)]
A 15(1) 16(2)
B 18(1) 19(1)
C 23(1) 21(2)
D 29(2) 20(3)

TABLE 5.1: Parameters obtained from the deconvolution of (311) XRD peak corre-
sponding to magnetite and crystalline size obtained using Scherrer equation. The last
sizes are compared with the sizes measured by TEM microscopy.
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FIGURE 5.1: TEM images of samples (a) A, (b) B, (c) C and (d) D together with their
corresponding size distributions. Scale bar 50 nm. Sample D shows a tendency to form
chains.

The crystallite sizes of samples A—D are obtained by X-ray diffraction (XRD) on
powder samples from the deconvolution of the main diffraction peak of magnetite (311)

using the Scherrer’s equation [3].

As it can be observed in Table 5.1, the sizes of the crystalline domains are very
similar to the ones measured by TEM microscopy. Therefore, it can be concluded that

the studied nanoparticles are single crystals.

DC magnetization measurements as a function of the magnetic field, M(H) and
temperature M(T) are carried out using a SQUID magnetometer (MPMS3, Quantum
design). The measurements of samples A-D are performed in diluted samples, prepared
by depositing a drop of the colloidal dispersion on a laboratory blotting paper to prevent

fast diffusion and agglomeration of colloidal particles.

Figure 5.2 shows the thermal dependence of magnetization, M(T), obtained upon
zero field cooling and field cooling (ZFC and FC) conditions, between room temperature
and 5 K, at a constant field of 1 mT. The derivative of the ZFC curves (red solid line)
presents a sudden maximum when crossing 80-100 K temperature range. In magnetite,
this maximum corresponds to the Verwey transition and it is located at 110 K. Shift-
ing of the Verwey transition to lower temperatures corresponds to non-stoichiometric

magnetite particles [2, 4].

Figure 5.3 (a)-(d) shows DC M(H) hysteresis loops at 5 K (red solid line) and
300 K (black solid line) for samples A-D. The low temperature hysteresis loops shown

in Figure 5.3 (a)-(d) (red solid line), where thermal fluctuations are damped down,
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FIGURE 5.2: ZFC-FC curves (black solid line) together with derivatives of ZFC mag-
netization (red solid line) for samples (a) A, (b) B, (c) C and (d) D.

are characteristic of uniaxial single domains MNPs oriented at random according to
SWMBT, with remanence (M, /M;) approaching 0.5 and coercive field values, poH,,
ranging from 40 to 50 mT. This does not necessary mean that our MNPs are magnetically
isolated. However, at least, we are certain that particles are not forming large and chaotic
clusters where dipolar interactions would favor antiparallel configuration of particles’

magnetization and then a remarkably decrease of the reduced remanence.

Thermal fluctuation effects become strongly significant at room temperature (Fig-
ure 5.3 (a)-(d) (black solid line)), to the point of almost removing the hysteresis loop
(remanence and coercivity) in two of the samples with sizes of 16 and 19 nm. The two
smallest samples show clear blocking effect below room temperature whereas in the two

largest, 21 and 29 nm, thermal effects are small (see insets of Figure 5.3).

Additionally, saturation magnetization values have been obtained by measuring
dried powder samples up to high DC field. The total magnetic moment can be cor-

rectly normalized by subtracting the organic contribution to the total mass, which is
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FIGURE 5.3: DC hysteresis loops at 5 K (red solid line) and at 300 K (black solid line)
for samples (a) A, (b) B, (¢) C and (d). In the inset, a zoom of AC loops at 300 K in
the origin is presented.

determined by means of a Thermogravimetric Analyzer (TGA). The single domain mag-
netization values obtained from high field DC measurements (up to 2 T, see Figure 5.4)
range from 80 to 89 Am?kg™!. These values are rather close to that of pure magnetite
(92 Am?kg™!), confirming the high purity of the crystalline phase. In any case, magneti-
zation variations from sample to sample are not very significant, so, we take an average
of 86 Am?kg™! (or conversely 450 kAm™) for the hysteresis loop simulations that will be

discussed later.

Therefore, we can conclude that the selected samples are magnetite phase single

crystals showing weak interparticle interactions.
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FI1GURE 5.4: DC hysteresis loops of dried samples measured at room temperature.
Saturation values for samples A-D range from 80 to 89 Am?kg™.

5.2.2 AC magnetometry characterization

The AC hysteresis loops of samples A-D dispersed in water are recorded at different
magnetic field intensities up to 90 mT at 134 kHz and room temperature (RT). As
observed in Figure 5.5 (a)-(d) the magnetization of all the samples saturates at fields
higher than 50 mT and hysteresis area remarkably grows with the particles’ size. It is
noteworthy that the loop of the largest sample has a highly squared shape, with a large

remanence close to 80 Am?kg!.

Obviously, given that samples are in aqueous solution, the colloidal magnetic parti-
cles are able to mechanically rotate during the experiments. It happens due to different
mechanical effects that potentially exist in a liquid medium: (1) the rotational Brown-
ian motion of small colloidal particles, (2) the mechanical rotation of magnetic particles
towards the magnetic field direction due to the magnetic torque and (3) the potential
space rearrangement of particles in chains, either preexisting in the colloidal sample due
to dipolar interactions or induced by the applied AC magnetic field during measure-
ments. In order to avoid the potentially complex problem of understanding a mix of
different physical mechanisms happening at the same time and to discriminate the effect

of physical rotation, AC loops can be directly measured below the freezing point of the
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FIGURE 5.5: AC hysteresis loops of samples (a) A, (b) B, (c) C and (d) D measured at

room temperature under a maximum magnetic field of 90 mT at 134 kHz. Note that

all the samples saturate almost at 50 mT. As the size of the sample increases, the loop
broadens obtaining a squared shape loop in the case of sample D.

solvent, water in this case. Figure 5.6 shows the AC hysteresis loops at 253 K (-20 °C),
corresponding to a maximum magnetic field of 90 mT at 134 kHz, in the four studied
samples after freezing them. These hysteresis loops (red solid lines) are compared with
those obtained in liquid samples (black solid lines). In these experiments, the temper-
ature of the air flowing through the sample chamber is kept constant at 253 K, low

enough to freeze the water solvent completely.

As can be observed in Figure 5.6 (a) hysteresis loops of sample A remain approxi-
mately unchanged after freezing. Considering that the Brownian contribution becomes
less important with decreasing the size of MNPs it is reasonable that the immobiliza-

tion effect produced in frozen medium doesn’t affect the behavior of sample A. On the
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FIGURE 5.6: AC hysteresis loops of samples (a) A, (b) B, (¢) C and (d) D under a
maximum magnetic field of 90 mT at 134 kHz in room temperature/liquid state (black)
and frozen state (red).

contrary, the AC hysteresis loops in water and frozen medium of sample D show dif-
ferent shape. In water the shape of the AC hysteresis loop becomes squared with high
remanence magnetization. However, when particles are dispersed in frozen medium they
show tilted AC hysteresis loops with smaller remanence magnetization. A possible ex-
planation of this relies on the ability of sample D to form chains and align them along
the magnetic field. Finally, samples B and C (Figure 5.6 (b)-(c)) stands in the mid-
way between the behavior of samples A and D. Figure 5.7 shows the experimental SAR
curves built after computing the hysteresis loop area as function of the external field

amplitude in liquid and frozen states.

It is to note that, in the samples with the largest particles’ size (samples C and D),

SAR increases with field in a strongly non-linear way, saturating with field amplitudes
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FIGURE 5.7: SAR versus field intensity curves obtained from the area of AC hysteresis
loops under the field frequency of 134 kHz at liquid (solid dots e) and frozen state
(empty dots ®).

above the threshold of 50 mT. The slope changes of SAR versus pugH curve presented in
Figure 5.7 are less pronounced in the smallest particles (samples A and B). Remarkable
differences between liquid and frozen samples are very visible in Figure 5.7. Sample D
(largest particles) shows much less hysteresis area in the frozen state. This is basically
due to the much smaller value of the remanence magnetization, while the coercive field
remains almost unchanged. In consequence, the maximum SAR value of sample D in
the frozen state is reduced by a factor of 0.6 relative to the liquid case (540 Wg™t vs
910 Wgl, red curves in Figure 5.7). On the contrary, hysteresis loops of sample A
remains approximately unchanged after freezing (Figure 5.6 (a)) and consequently the
SAR value doesn’t vary. As shown before, samples B and C stands on the midway
between the behavior of samples A and D. In these cases, SAR is reduced by a factor of

0.52 and 0.58 in Samples B and C, respectively.

Figure 5.8 presents the dependence of AC hysteresis loops and their area with fre-
quency. Figure 5.8 (e)-(h) shows the experimental values of SAR/f versus magnetic field
intensity at 134 kHz, 561 kHz and 835 kHz frequencies in frozen media. The hysteresis
area increases with frequency for particles in frozen solution, but this increment depends

critically on particle’s size. Thus, for instance, the increase of SAR/f with frequency is
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particularly intense in the case of sample A, composed of particles of 16 nm size (Figure
5.8 (e)). As particle’s size increases, SAR/f curves tend to collapse (Figure 5.8 (f)-(g)).
Finally, SAR/f curves in sample D almost collapse in a single one (Figure 5.8 (h)). This
behavior can also be observed in Figure 5.8 (a)-(d), where AC hysteresis loops of the
four samples are plotted at different frequencies under 30 mT magnetic field intensity.
Note that in sample A (Figure 5.8 (a)), as frequency increases the hysteresis loop broad-
ens. This hysteresis growth is less pronounced in sample B and C (Figure 5.8 (b)-(c)).
Finally, in sample D (Figure 5.8 (d)), the hysteresis loops of different frequencies are

almost superimposed in a single curve.
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FIGURE 5.8: First row: AC hysteresis loop of samples (a) A, (b) B, (¢) C and (d) D

at 134kHz (red), 561kHz (green), 835kHz (blue) and DC (black) in frozen media at

30 mT. Second row: SAR/f versus field intensity curves obtained from the area of AC

hysteresis loops at 134kHz (red), 561kHz (green) and 835kHz (blue) of samples (e) A,
(f) B, (g) C and (h) D.

5.3 Beyond saturation: Analysis of an unexplored area

As mentioned before, the main purpose of this chapter is not aimed neither to present
new theoretical models nor to discuss the magnetic properties of new samples. Rather,
we intend to understand previous results in the light of the existing models, which
have proved useful to explain and predict, to a great extent, the magnetic properties
pertaining to hyperthermia. We will focus on those properties for which our novel AC
magnetometer provides new experimental data that has not been available, so far. Our

aim is to answer some of the issues previously raised at the beginning of this chapter.
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5.3.1 The question of the mechanical rotation contribution to hyper-

thermia

When magnetic particles immersed in a liquid medium are considered as free-rotating
isolated objects, whose magnetization is supposed to be pinned to an easy magnetization
axis, their dynamical response to AC magnetic fields can be calculated in the framework
of magnetic single domain theories [5-7]. In brief, the available predictions suggest that
at small enough field amplitudes (meaning much smaller than the anisotropy field, Hy =
2Kcrr/poMs, for single domains particles with uniaxial anisotropy), the external torque
exerted by the alternating magnetic field should produce forced angular oscillations of
the particles at the excitation frequency of the field [6]. The amplitude and phase of these
angular oscillations will depend on the applied magnetic field frequency and will peak
(they are in resonance) when excitation frequency approaches the Brownian relaxation
time [8]. This relaxation time can be determined from the particle’s size (hydrodynamic
volume V},), the viscosity of the medium 7, and the external AC magnetic amplitude H,

by the following expression [8]:

—0.5

2nTp_cff(H)) = 7B (5.1)

2
14 ppoH
kT

where 75 is the well-known Brownian relaxation time at zero field, 31V} /kpT, kp

is the Boltzmann constant and p the relative magnetic permeability. According to this
model, pseudo-spherical particles of magnetite (My = 480 kAm™) in the size range 16-20
nm are expected to turn around at a rate of the order of hundreds of kHz, just in the
range of the AC excitation frequency used in hyperthermia. Note that, if thermal energy
is much higher than the anisotropy energy, the particle magnetic moment ”unpins” from
the easy axis and therefore becomes mostly collinear with the external AC field at all

times. Thus, the magnetic torque and Brownian effect tend to be removed.

However, the strength of AC fields of interest to hyperthermia is far from being
small relative to the anisotropy field, particularly for magnetite particles. Assuming
that the anisotropy field of a typical magnetite particle lies around 50 mT, hyperthermia
AC fields easily approach or overcome the anisotropy energy barrier for magnetization

reversal (Kcf¢V).
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In general, Néel relaxation time as a function of the external field can be estimated

from the following equation [8]:

™ (H)™ =" (1-17) {“ +h)exp Kﬁ) <1+ hﬂ

+ (1 —h)exp [(ﬂ) (1— h)Q] (5.2)

where h = H/Hj, and 79 is a constant (10°-107'° s). In these conditions, Néel
relaxation can be strongly accelerated by several orders of magnitude depending on the

field strength [8], leading Brownian rotations to be accordingly suppressed.

The results of Figure 5.6 (a) indicate that in sample A, thermal fluctuations alone
remove the Brownian rotation contribution to the SAR: hysteresis loops obtained at any
AC amplitude remain almost unchanged upon the freezing of water. If the anisotropy
constant is in the range of 10-15 kJm™ [4, 9], Néel relaxation time is always smaller than
~ 108-10" s and therefore always much faster than Brownian relaxation time calculated

from Equation 5.2.

In this case reversal mechanisms largely dominate over rotation ones. For samples
B, C and D, composed of the largest particles, Brownian relaxation becomes faster
than Néel relaxation at zero field, particularly for sample D (29 nm), assuming that
particles of the assembly do not form clusters and the hydrodynamic volume is similar
to particle’s volume. Given that Néel relaxation will be much faster at high enough field
amplitudes, the changeover between rotation and reversal mechanisms could lead to a
complex behavior of the hysteresis area as a function of the AC amplitude in samples

B, C and D, as predicted from the available calculations in the literature [6].

On the other hand, particles with permanent magnetization tend to agglomerate
easily in pseudo spherical clusters and/or to form chains. The size of these large objects
makes them unable to respond to the magnetic field excitation in the form of angular
oscillations. However, when magnetization moment vector of a magnetic object (a single
particle or a whole chain for instance) irreversibly switches between different orientations
driven by the applied magnetic field, the time averaged magnetic torque over such object

is non-zero. As a result, the magnetization easy axis is impelled to rotate towards the
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magnetic field lines after a given number of field cycles. This alignment effect has
been predicted from direct numerical calculations of the dynamical equations for single
magnetic domains [6], but it can be also qualitatively understood appealing to simpler
arguments. For instance, let’s assume that the instantaneous net magnetic moment
vector m(t) takes the following simple form as a function of time in response to an

external AC magnetic field given by H (t) = Hysin(wt)ug:

m(t) = mosin(wt — p)ug + mo cos(wt — p)u | (5.3)

where u is the unit vector perpendicular to uy (see Figure 5.9) and ¢ the phase
shift of m relative to H. Even though, Equation 5.3 cannot represent a correct solution
of the dynamical problem, it works here as a crude approximation that can represent
the first harmonic of the magnetic moment components, parallel and perpendicular to
the magnetic field direction (uH). Assuming that the easy axis of the magnetic object
does not have time to appreciably rotate during a complete cycle of the external field,
this torque can be averaged in a field cycle as:

w =

w . 1 :
(T) cyete = o / pomoHo sin (wt) cos (wt — @) dt = i,uomOHQ sin ¢ (5.4)
0

FIGURE 5.9: Definitions of vectors used in Equations 5.3 and 5.4: wy and w unit
vectors define the direction of the magnetic moment vector, wy is the unit vector of
the magnetic field and w, its perpendicular.
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In consequence, this effective mechanical torque is acting always, provided that the
magnetic moment component perpendicular to the magnetic field is non-zero. Note that
when particles become randomly agglomerated the net magnetic moment of the whole
cluster mg tend to be close to zero at the remanence state of the system (H=0) and

collinear with H at some other instants, so, the net magnetic torque becomes negligible.

Naturally, thermal or stochastic fluctuations of the object in the liquid works to
remove the orientation effect, so, large and permanent magnetic moments are essential
to produce a full alignment of the magnetic object with the field. In such case, the
reduced remanence magnetization becomes much higher than 0.5 for almost any AC
field amplitude. The mechanical orientation along the field lines can be observed very
clearly in sample D, and in a weaker way in samples B and C, composed of particles
of smaller size. It is obvious that this mechanism is size-sensitive, and also happens
with isolated or non-interacting particles. However, this effect has been reported as
particularly intense in magnetotactic bacteria as it was analyzed in Chapter 3 [10], where
the chain arrangement of magnetosomes strongly favors the orientation of bacteria in
water-based solutions. Similar behaviours have been observed in free Fe MNPs at 25 mT
[11] and FeC MNPs at 44 mT (both at 93 kHz) [12]. It is worthy to note that particles of
samples B, C and D have a trend towards chaining with the aim of reducing the magneto-
static energy (as shown in Figure 5.1 (d)). These chains can carry a large permanent
magnetic moment. Particularly in sample D, this tendency is stronger and the large
squareness of the AC loops (for any field amplitude) could suggest the formation of large
chains with well-defined easy axis that become mostly aligned in the magnetic field lines
during AC magnetometry experiments. However, the rotation of each individual particle
towards the field lines can also contribute to this mechanism and must be considered as

a possible explanation.

In any case, the opportunity of fast “removing” any possible mechanical motion
in situ is interesting for hyperthermia characterization because magnetic objects are
not expected to be freely rotating when they are attached to biological entities and

quantitative models are aimed at immobilized particles [13].
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5.3.2 Validation of Stoner-Wohlfarth model based theories (SWMBTs)

Stoner-Wohlfarth model based theories (see Appendix C) for magnetic single domains
predict two properties related to SAR vs magnetic field curve: (1) a very steep increase
of the hysteresis area at around a certain threshold field amplitude followed by a satu-
ration field amplitude at which the hysteresis does not increase any longer and (2) this

maximum hysteresis area and SAR increase with particle size [14, 15].

The results presented in Figures 5.5, 5.6 and 5.7 imply, to a large extent, the ex-
perimental confirmation of the just mentioned theoretical predictions. Note that, until
now, the complete lack of full experimental data was still hindering the validation of
this model. Figure 5.7 shows the most eye-catching agreement between experiments and
theory. Indeed, it arises immediately: the four experimental SAR versus field intensity

curves tend to saturate at some values.
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FIGURE 5.10: Simulated AC hysteresis loops of sample (a) A, (b) B, (¢) C and (d) D
obtained using SWMBTSs with uniaxial effective anisotropy.
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AC hysteresis loops and SAR values are numerically calculated using SWMBTs.
This method was developed explicitly by Carrey et al. [15] for the case of uniaxial
single domain magnetic particles. However, the approach can be generalized for more
complex problems, as those involving cubic, mixed or multiaxial anisotropies [16]. With
the aim of building a more realistic and predictive model for our particular samples,
we have considered a normal distribution of uniaxial anisotropy constants. We are
implicitly assuming that this uniaxial effective anisotropy is the result of combining the
magnetocrystalline and the shape effects as well as any hypothetical contribution from
dipolar interactions, particularly intense in chains [6, 17]. Note that TEM images (see
Figure 5.1) show particles with different degree of elongations and forming chains of
different lengths and both effects should favor the onset of a wide range of effective

anisotropies.

Figure 5.10 shows the simulated AC hysteresis loops. Best fits with experimental
data are obtained by averaging a normal distribution of anisotropy constants with a
standard deviation of 5 kJm™ and centered at: Sample A 16 kJm™, Sample B, 16 kJm™3,
Sample C, 15 kJm™ and Sample D, 19 kJm™. It should be noted that size distribution is
not implicitly considered in the simulations, so this standard deviation value (5 kJm™)
should also reflect the particle’s size dispersion. For simplicity, the magnetization (450

kAm™) has been kept equal for all of them.

0.1F —e— Sample B
- —e— Sample D

0.0b

0 50 100 150 200 250 300

T (K)

FIGURE 5.11: Normalized magnetization, M /My, as function of temperature of samples
B and D.
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These values for the effective anisotropy constants would be valid at 253 K (tem-
perature of the frozen samples). If one assumes that shape anisotropy contribution is
dominant, these effective magnetic anisotropies will depend on temperature as oc M2,
being M the particle’s magnetization. Since the magnetization decrease between 253
and 300 K is near 2% (see Figure 5.11), effective anisotropy constant would experience
a 4% reduction from 253 K to 300 K, which is not significant because it is within the
tolerance of the theoretical approach. It should be noted that, such form of thermal
dependence (as M?) cannot be extrapolated to lower temperatures in our case, due to
the presence of the Verwey phase transition at around 100 K. A detailed analysis of
this issue requires the collection of additional data as a function of temperature and
a more complex modelling to take account for the thermal dependence of the magne-
tocrystalline contribution to the anisotropy. This type of study have been already done
in the literature, either with magnetosome [18] , whose thermal behavior is expected to
be similar to the samples presented in this work, or very recently with Mn-Zn ferrites

[19].

From the numerically obtained AC hysteresis loops, simulated SAR values are cal-
culated using Equation 2.8. Figure 5.12 compares the experimental and theoretical SAR

values at 134 kHz.

. @ Sample A (16 nm) Frozen
| ® Sample B (19 nm)

1000 e Sample C (21 nm)

[ ® Sample D (29 nm)

0o

(@)

o
T

(@)

(@)

o
T

0 20 40 60 80
MoH (MT)

FIGURE 5.12: SAR versus field intensity curves obtained from the area of AC hysteresis
loops under the field frequency of 134 kHz at frozen state. The dots indicate the
experimental results and the lines their corresponding simulations using SWMBTs.
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The overall agreement between experiments and simulations in SAR evolution (Fig-
ure 5.12) is quite surprising since simplifications made in the modeling are really strong:
size distribution has been not taken into account and, most importantly, magnetic dipo-
lar interactions have not been explicitly considered. Obviously, given that the sample D
is composed of relatively large particles of 29 nm and they seem to be linked in chains,
with minor influence from thermal effects, the SAR versus field curve displays a sharper
saturation effect and, in overall, a better matching with the SWMBTs model. Even
the samples composed of significantly smaller particles (A and B) follow the qualitative

trends predicted by SWMBTs (Figure 5.12).

These findings have two important implications:

e The heating power of MNPs, calculated by AC magnetometry, is a “safe” starting
point for modeling the thermal transfer from MNPs to different surrounding me-
dia, which is the ultimate goal of magnetic hyperthermia experiments. Therefore,
AC magnetometry and calorimetry become very complementary techniques: the
former can be used to know the input heat power the latter detects the trans-
fer rate of this power to the environment as the final outcome of the magnetic

actuation.

e In “small” particles the effective anisotropy constant, K.t, can be obtained from
blocking temperature measurements, but for larger particles this temperature can
be unattainable. In the latter case, the determination of SAR vs AC intensity
curve up to high field intensities becomes a powerful way to roughly estimate
K.y, for instance, through the derivative of the curve. For isolated particles, this
estimation can also be done either by directly “matching” SAR values versus field
intensity experimental curve to a model for dynamical loops, or by using some
analytical formula, as proposed in the literature [15]. Note that, in general, the
effective anisotropy constant, as estimated from SAR versus AC field curve, will
include the contribution from dipolar interactions, particularly when MNPs are

arranged in chains.

Also, the influence of the excitation frequency can be qualitatively understood within
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the same framework provided by the SWMBTs because the simulations reproduce rea-
sonably well the experiments (Figure 5.13). Simulations performed at different frequen-
cies predict the marked contrast between the dispersion obtained in sample A (Figure
5.13 (a)), where curves of SAR/f versus field intensity at different frequencies strongly
diverge and sample D, where these curves are mostly frequency independent (Figure

5.13 (d)).

a | Sample A b 3| Sample B (o3 Sample C d Sample b 835 kHz
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FIGURE 5.13: SAR/f versus field intensity curves obtained from the area of AC hys-

teresis loops at 134kHz (red), 561kHz (green) and 835kHz (blue) of samples (a) A, (b)

B, (c) C and (d) D. The dots indicate measurements performed in frozen solutions and

lines their corresponding simulations. SAR/f curve of sample D is frequency indepen-

dent because all the curve collapse in a single curve, whereas those of sample A, B and
C shows a frequency dependence.

5.3.3 The influence of particle size on SAR

If the AC excitation available is limited by technical or biomedical considerations the size
of particles really matters to maximize SAR value [2, 20]. This question has been largely
discussed in the literature. In brief, Linear Response Theory (LRT) [21] clearly predicts
that the optimal size for particles of magnetite is situated around 18-20 nm [22]. We
explicitly say magnetite because this optimal size depends ultimately on the anisotropy
energy of the particle: it would be greatly different in cobalt containing ferrites or in
Fe metallic alloys, for instance. But LRT only applies to small AC amplitudes. So,
the existence or absence of a well-defined peak in the curves of SAR versus size of
particles becomes a tricky question. The best answer is, that it depends on the excitation

(frequency and field), and our results presented in Figure 5.14 confirm this point.

Figure 5.14 shows SAR/f as a function of particle’s diameter at 22 mT, 28 mT and
45 mT magnetic field intensities. Figure 5.14 (a) and (b) present a maximum at 21 nm
at 134 kHz frequency that shifts down to 19 nm at higher frequencies (561 and 835 kHz).
In addition, hysteresis area (and SAR) of samples A and B increases very significantly

with frequency (Figure 5.8 (e) and (f)). For higher field values (see Figure 5.14(c)), it is
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FIGURE 5.14: SAR/f versus particles’ size curves at (a) 22 mT (b) 28 mT and (c) 45
mT magnetic field intensities and 134 kHz (red solid line), 561 kHz (blue solid line)
and 835 kHz (green solid line) frequencies.

noteworthy that SAR/f clearly increases with particles’ size (in the studied range), which
is also evident by quick inspection of the major loops of each sample. This behavior has
been successfully predicted by several authors [23, 24], using different models. Suffice it

to say, that our results confirm the predictions of these models.

Additionally, this frequency driven effect reflects, in fact, the dependence of the
coercive field on frequency. Indeed, it was also analyzed by Carrey et al. [15]. In this

article, the coercive field is given by the following expression:

Ho/Hpg = 0.48(1 — £°%) (5.5)

where Hp is the anisotropy field (Hx = 2Kcsy /poMs) and the dimensionless pa-
rameter k (proposed by Usov et al. [25]) takes the following form:

K= w28 In u2:2 (5.6)
B Keffv 4N0HmastVf7-0 '

where f is the frequency of the AC field, kg the Boltzmann constant, pg is the
vacuum permeability and 7y represents a relaxation time depending on material proper-
ties (the gyromagnetic constant, magnetization, magnetic anisotropy) and experimental
parameters (temperature, magnetic field). For simplicity, 7o can be fixed to 1.10710 s.
With most of parameters in Equation 5.6 being approximately equal for all magnetite

samples, k depends basically on the particle’s volume and excitation frequency.

Figure 5.15 shows the dependence of k and H./H}, for samples A-D. As observed,

the influence of size makes a remarkably difference between samples: the coercive field
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FicUre 5.15: Expected dependence of dimensionless parameter x on frequency for

samples A-D according to Equation 5.6 . (b) Expected dependence on frequency of

the ratio Ho/Hy according to Equation 5.5 for samples A-D, corresponding to average
sizes of 16, 19, 21 and 29 nm, respectively.

of sample D (the largest one) is expected to change little (black curve) with frequency
while, at the other end, the coercive of sample A (the smallest one) should be strongly
dependent on frequency (red curve). These simulations confirm the results obtained

using our AC magnetometer.

5.3.4 Optimizing the excitation conditions for practical magnetic hy-

perthermia treatment as a function of particles’ size

As it is analyzed in Chapter 1, during the magnetic hyperthermia treatment eddy current
produce an undesired heating on healthy tissue. The safety limits restrict the external
magnetic field excitation that can be employed in magnetic hyperthermia. For this
reason, the optimal magnetic field excitation parameters to maximize the SAR within

human tolerable limit need to be calculated.

Magnetic field amplitude and frequency, for each sample can be deduced from the
dependence on field amplitude of the SAR normalized by the frequency, SAR/f (Figure
5.8 (e)-(h)). Although different safety limits can be found in literature, for this analysis
Hergt criterion (H.f) < 5x10° Am~!s™! is considered. Given a field amplitude (H), the
maximum acceptable frequency is determined by: fimi(H) = 5x10° Am~'s™1/H, so

the maximum achievable SAR (named as SARy;n) can be calculated as:
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F1GURE 5.16: Maximum achievable SAR, SARj;ni¢, under the Hergt criterion for

all the studied samples. The red dashed curve is the acceptable maximum frequency,

frimit(H) = 5x10° Am~'s~!/H, for a given magnetic field intensity following the Hergt

criterion. The optimal excitation intensity to get the maximum SAR;;m;+ value is indi-

cated with colored bars (each color corresponds to one of the samples). The intersection

of the red dashed curve and the colored bar of each sample shows the optimal frequency
for obtaining the maximum SARy;m,i: value.

Note that SAR/f will be, in general, a function of the frequency as well as the field,
so it must be calculated for f = fimit, except in those cases where curves SAR/f(H)
collapse in a single universal curve, as in sample D. Since the experimental data and/or
the corresponding modelling points are only available for three discrete frequencies,
SARyimit(H) has been obtained by interpolation of the existing SAR/f curves, for
sample A, B and C. Figure 5.16 shows the SARy;,;:(H) curve calculated from Equation
5.7 for the four samples, A-D. In this figure, the red dashed curve is the hyperbolic
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function fiimi=5x10°/H and serves up to determine which frequency corresponds to a

given SARmit- The following features can be highlighted:

e All curves peak at some optimal magnetic field amplitude whose values are increas-
ing with particle’s size. Obviously, the corresponding working frequencies under

the safety limit of Hergt are decreasing accordingly.

e Maxima of the curves SAR;,:(H) are increasing with size, in such a way that
larger particles can potentially produce more heat by choosing the appropriate
excitation conditions. The maxima and the corresponding excitation parameters
found are: Sample A, 285 Wg! at (15 mT and 417 kHz), Sample B, 305 Wg! at
(22 mT and 284 kHz), Sample C, 375 Wg'! at (32 mT and 195 kHz) and Sample
D, 480 Wgt at (45 mT and 139 kHz).

Of course, previous features hold for a series of particles with similar composition and
morphology. Finally, it is worthy to mention that determining these optimal conditions
requires AC magnetometers as versatile as possible, meaning that the available field

span and working frequencies should be broad enough.

5.4 Summary

In this chapter the potential of the high field, high frequency and temperature adjustable
AC magnetometer has been analyzed. AC hysteresis loops and SAR values are measured
in a test series of magnetite nanoparticles (16-29 nm) in liquid and frozen media at

magnetic fields up to 90 mT and three different magnetic hyperthermia frequencies.

The designed AC magnetometer is able to generate magnetic fields high enough to
saturate the MNPs employed in the studied samples. The obtained results indicate that
the MNPs saturates at magnetic fields higher than 50 mT. To our knowledge is the first

time that saturated AC hysteresis loops and SAR curves are obtained.

The AC hysteresis loops of liquid and frozen media are studied. The particles of the
smallest size, sample A, show roughly similar AC hysteresis loops; whereas, the biggest
size MNPs, sample D, produces a highly variable outcome in each medium: Squared AC

hysteresis loop in water and titled and leaner in frozen medium. The temperature system
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of the AC magnetometer has allowed us to decouple pure mechanical effects from the
intrinsic relaxation of the magnetization. In this way, the squareness shape is associated
to the ability of chain like formations (such as those observed in sample D) to orient their
easy axis toward the applied magnetic field present in MNPs. So far, the immobilization
of clusters of MNPs was done using agar medium. However, freezing MNPs dispersion

media become more easy and reliable way to avoid any possible rotation of MNPs.

Another outstanding accomplishment is the experimental validation of SWMBTs.
The impossibility of obtaining the saturation of MNPs has limited the confirmation
of theoretical model. Consequently, some of the parameters obtained up to now from

simulations, like magnetic anisotropy, were not accurately estimated.

Additionally, the ability of working in a wide magnetic field and frequency range
allows us to study the influence of the size in the heating efficiency and verify theoretical

models predicting their behavior.

Understanding the physical parameters that influence the heating efficiency is of
extreme importance. However, considering that the real objective of the MNPs is being
used in biomedical applications, analyzing the optimal excitation parameters to maxi-
mize heating production under human safety limits becomes even more important. So
far, the experimental limitation of the current AC magnetometers restrains this kind of
study, and consequently this issue is overlooked. In this chapter the optimal magnetic
field intensity and frequency for maximizing the SAR within the safety limit have been
calculated for each sample. From this data, the best samples for magnetic hyperthermia

treatment can be obtained and selected.
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Conclusions

The present Thesis provides a complete study of the development of a new versatile AC
magnetometer and its potential, after a thorough study of the limitations of previous

state of the art instrumentation in this field.

The main conclusions obtained are summarized in the following lines, organized

along the three main blocks that compose this work:

1. AC magnetometry measurements to uncovered the parameters that influence the
heating performance of MNPs and to study the shortcoming of the state of the art

instrumentation.

2. Design and implementation of the new high field, high frequency and temperature

adjustable AC magnetometer.

3. Analysis of the potential of the new AC magnetometer

1. Concerning to the first point:

1.1. AC magnetometry has been demonstrated as a very reliable and useful tech-
nique to understand the parameters that influence the heating performances

of MNPs:

e In the case of Magnetospirillum gryphiswaldense magnetotactic bacteria,
their high heating performance in water solutions is proven to be orig-
inated by the alignment of the bacteria along the magnetic field. This
behavior has been deduced by comparing the square hysteresis loops aris-
ing both, in water dispersion media and in previously aligned bacteria

in agar solution. Additionally, it has been found that the mechanical

117
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1.2.

rotation of the whole bacteria is not playing an important role, which is
relevant because the bacteria will be able to produce heat in biological
environments.

e Octahedral shape MNPs show biaxial magnetic anisotropy that generates
square AC hysteresis loops and consequently high heating power. The
high SAR coming from anisotropy is more desirable that those coming
from arrangement formations, because their magnetic response remains
invariable in biological environments.

e A new protocol to individually coat MNPs is developed via AC magne-
tometry. The length of the coating copolymer needs to be adjusted to
the size of the MNPs: Larger particles require longer PEG molecules to
avoid MNPs aggregation.

It has also been observed that the saturation region of MNPs is usually out-
side the experimental limits of the AC magnetometers employed up to now.
That provides incomplete information about the magnetization dynamical

properties of the MNPs.

2. In regard to the design and implementation of the new high field, high frequency

and temperature adjustable AC magnetometer.

2.1.

2.2.

2.3.

2.4.

A versatile high field, high frequency and temperature adjustable AC mag-

netometer has been successfully designed, built and characterized.

The AC magnetometer is able to work in a large range of frequencies (50
kHz-1 MHz) and capable of applying remarkably higher field intensities that
those existing so far: 90 mT at 50 kHz and 30 mT at the maximum frequency
of 1 MHz. We have optimized the geometrical properties of the main coil that
maximize the generated magnetic field intensity by using a power amplifier

limited to 1 kW.

The AC magnetometer incorporates a temperature system to measure the AC
hysteresis loops and SAR value of MNPs at different temperatures between
220 and 380 K.

An automatized control mechanism to shifting the pick-up coils inside the
main one has been implemented. This allows to minimize the feedthrough

signal in each measurement which improves the accuracy. In order to remove
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the remaining feedthrough an additional shifting mechanism has been added

that positions the sample inside each pick up coil for each measurement.

2.5. Magnetization has been successfully calibrated from major AC hysteresis
loops, consequently the magnetization values measured with the developed

AC magnetometer are highly reliable.

2.6. A home-made LabVIEW program controls the AC magnetometer and ac-

quires and processes automatically the data.
3. With respecto to the analysis of the potential of the new AC magnetometer.

3.1. The magnetic field generated is able to saturate AC hysteresis loops and
SAR curves of a series of magnetite MNPs (16-29 nm). The saturation of
SAR strongly depends on particles’ size and on the angular distribution of

easy magnetization axes.

3.2. The temperature system allows to decouple mechanical effects from the intrin-
sic relaxation of the magnetization. This is very useful to study the influence

of different arrangements on SAR.

3.3. The saturated AC hysteresis loops have enabled to accurately validate SWMBT's
model. From the matching of the experimental and theoretical curves the ef-

fective anisotropy constant has been reliably estimated.

3.4. The wide working magnetic field available has allowed us to analyze the op-
timal excitation parameters to maximize MNPs heating production (SAR)

under human safety limits.
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Appendix A

LCC resonant circuit

In this appendix the maximum power transference condition is analyzed.
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FIGURE A.1: Equivalent electrical circuit of the AC magnetometer. The power ampli-
fier, PA, has real impedance, R, of 50 Q2. C; and Cs are the variable capacitors and
L and Rj, the main coil’s inductance and resistance.

The ratio between the actual power delivery to the resonant circuit, Prco102, and

the maximum power than can be delivered by the amplifier, Pp, is given by Equation

A.l:

Preo, 4.Rs.Ric, 0, (A1)

Ppy (Rs + RL0102)2 + (X + XL0102)2

where R; and Ry, c, are the resistive parts of the amplifier, PA, and the resonant
circuit, LC1Cy, respectively. X, and Rrc,c, are the reactive parts of the amplifier and

the resonant circuit, respectively.
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X2Ry,
R = 1 A2
LA T R U(X + Xg)? (#.2)
R2 + Xo(X; + X
Xreyo, = X1—% 2(X1 + Xo) (A.3)

R? + (X1 + X»)?

where X1 = 7W1611 and X2 = 27TfL — ﬁ
As the output impedance of the amplifier used in this Thesis is real (Xs=0 and R;=50
) the maximum transfer is obtained when the impedance value of the resonant is also

real and approximately equal to the output impedance of the power amplifier.

Among all the possible pairs of capacitors values (C7, Cq), the ones that approxi-
mately fulfill the maximum power transfer between the resonant circuit and the power
amplifier are selected by measuring Ryc1c2 using a network analyzer. Table A.1 shows
the selected working frequencies, their corresponding (Cj, C2) values and the power

transfer value in the frequency range 100 - 1000 kHz.

Ci Co f Proc/ Ps
1190 shorted 134 0.952
510 shorted 205 0.999
340 1120 300 0.988

340 340 355 0.920
170 141 530 1.000
170 113 561 0.990
170 72 650 0.951
170 51 741.5  0.8487
170 37 835 0.655

170 28.3 939 0.462

TABLE A.1: Working frequency of the AC magnetometer, the corresponding (C1,C2)
value and the power transfer value in the frequency range 100 kHz - 1 MHz.



Appendix B

Stoner Wohlfarth model

The influence of the applied field in the orientation of the magnetization of a single
domain MNP assembly can be described by Stoner-Wohlfarth model [1]. In this model,
the magnetization is able to take only discrete orientations, because the model assumes
that thermal energy, kg7, is much smaller than the anisotropy energy, K.V, being

K¢ the anisotropy energy density and V', the particle volume.

The model is obtained from minimal energy arguments. The orientation of the
magnetic moment is then governed by the competition among anisotropy energy, and
Zeeman energy. For uniaxial non-interacting single domains MNPs, the energy is given

by:

E(0,¢,H) = Es+ Ez = K.;;Vsin? 0 — oMV H cos(0 — ¢) (B.1)

where 0 is the angle between easy axis and magnetization, K.y the effective uniaxial
anisotropy, M the saturation magnetization, H the magnetic field and ¢ the angle be-
tween easy axis and magnetic field (see Figure B.1 (a)). Equation B.1 can be simplified

dividing the energy by kpT"

E/kpT = KegsV/kpTsin® 6 — hcos(f — @) (B.2)
where h = poMsVH/ppT.

125



126 Appendix B Stoner Wohlfarth model

Figure B.1 (b) displays the energy as function of the magnetic field and the angle
0 for a ¢ = 30° magnetic field orientation. Two different shapes are visible: When
uoH is greater than the anisotropy field (ugHp=2Kess/M;) , the energy displays only
one minimum, which defines the equilibrium position, that is, along the anisotropy axis
direction. On the other hand, when pgH is less than pugHp, the energy as a function of

6 displays two minima at the coordinates (01,E7) and (62, E2).

As it can be seen from the figure, in the absence of applied field the magnetization
can take two equivalent equilibrium values (0;=0° and 6,=180°). For a positive h, the
magnetic field initially favors one of the two minima (6;=0°, in this example). Increasing
the applied magnetic field the abscissa of this minimum shifts, so, that the magnetization
parallel to the magnetic field is favored. In Figure B.1 (b) the abscissa of the minimum
tends towards 67 = 30°. For a negative h, the other minimum is initially favored and

tends towards 05,=210°.
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. N --. h=2
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270 210180 90 30 0
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FIGURE B.1: (a) Angle distribution showing the direction of magnetization, magnetic
field, and easy axis of a single domain MNP with unixial anisotropy. The red arrow
presents the magnetization of the particle, 6 the angle between the magnetization and
the easy axis and ¢ the angle between magnetic field and the easy axis.(b) Energy as
function of 8 at ¢ = 30° magnetic field orientation and different reduced field values.
The vertical black dashed lines, corresponds to the equilibrium position in absence of
magnetic field (#;=0° and #;=180°) and red dashed line to magnetic field orientation.
Figure adapted from [2].

The Stoner—Wohlfarth model does not take into account any thermal activation
(T'=0). As a consequence of neglecting thermal activation, the magnetization can only
stay along one of the two equilibrium positions. At T=0 and when the magnetization is
in one of the two minima of energy, the switch of the magnetization from the metastable
state to the equilibrium position can only occur when the energy barrier is fully removed

by the magnetic field.
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Appendix C

Stoner Wohlfarth Model Based

Theories

The influence of the applied field in the orientation of the magnetization, considering
the effect of temperature of a single domain MNP assembly, can be described by Stoner-
Wohlfarth Model Based Theories developed by Carrey et al. [1]. In this approach, the
thermal energy can induce the magnetization to spontaneously switch between energy

minima, when the applied field is below anisotropy field, at a rate w;;, given by:

Wi (t) == Cij eXp(AEZ'jV/KBT) (Cl)

where V' is the particle volumen, AFEj; is the energy barriers between energy minima
(¢ and j) and pre-factor ¢;; is the maximum jump rate related to the natural frequency

of the particle magnetization, which has been considered a constant equal to 10710 s

The dynamical problem to calculate magnetization, M(t), is reduced to the calcu-
lation of the probabilities of finding the magnetization in any of the minimum energy
states at a given time ¢. The time evolution of the probabilities, p;(t), can be calculated

by solving a set of ordinary differential equations as:

Ip;
% > wjips — [ D wij | pi (C.2)
J#i JFi
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Carrey et al. [1] developed the model, for the case of uniaxial single domain magnetic

particles (two level model) where energy has two minima. Thus, the equation C.2 reduces

to:
op1(2
875 ) — W21(12)P2(1) — W12(21)P1(2) (C.3)
Knowing the occupancy probabilities, the magnetization can be calculated according
to:

Mgy(t) = My(p1 cos(61 — @) + pa2 cos(f2 — §)) (C.4)

To calculate the magnetization for a random magnetic field orientation, the magne-
tization should be averaged, over all the possible orientations of easy axis with respect

to the applied magnetic field as:

Sz My (¢) sin ¢d
Mrandom = fSiH ¢d¢ (C5)
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