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RESUME

Pendant des années, I'élévation de la températuomighs, connu sous le nom d'hyperthermie, a
été utilisée pour traiter les cellules cancéreusbgperthermie peut étre atteinte via diverses
méthodes invasives et non invasives, dont certaioes pratiquées aux niveaux de la recherche
clinique, et certaines autres ont déja atteintpiapation pour la pratique en clinique. Les
nanoparticules magnétiques (NPM) peuvent généréa dealeur et donc chauffer leur entourage
une fois qu'ils sont placés dans un champ magretajternatif. Contrairement aux autres
méthodes d’hyperthermie, I'hyperthermie par NPMisaint un champ magnétique alternatif
fournit un contréle avancé et peut avoir un effestlocalisé. En plus, les NPM ont un énorme
potentiel pour les applications biomédicales d'iereg de diagnostic et de traitements. En plus,
les NPM peuvent étre propulsées par les gradieatmatiques vers un emplacement désiré du
corps. La propulsion et le contrle et I'hyperthernpermettent l'introduction d'un systéme
robotique miniaturisé pour les applications théwtigeies localisées. En effet, une fois chargé
avec des agents thérapeutiques, les NPM peuvenp@tpulsées, ciblés vers I'organe malade et
ensuite chauffés utilisant des champs magnétiguesnatifs qui induira une séquence
d'actionnement des médicaments. Dans ce mémogeatigbuts physiques des NPM tel que
'aimantation, les domaines magnétiques, I'hysidrésa relaxation et ainsi que divers
meécanismes de chauffage sont étudiés. Aussi I@edirniologiques qui permettent de déterminer
la fréquence et lintensité des champs magnétiqltesnatifs utilisés pour I'’hyperthermie sont

expliquées.

Des NPM commercialement disponibles ont été ugisgour étudier I'effet de la concentration
sur I'élévation de température. Ainsi des échanmtdl de 1ml de magnétite en forme de fluide
(ferrofluides) dont le diameétre des particulesisgesentre 5 a 10 nm comprenant une couche de
dextran ont été utilisés. Les tests sont réaligés des concentrations de 10, 25 et 50 mg/ml de
ferrofluide. Les échantillons isolés avec polysigdStyrofoam) ont été chauffés par une bobine
d'induction générant un champ magnétique alterdatifviron 80 kA m & 150 kHz. Aprés 900
secondes, les échantillons ont montré 11,11°C,82C, &t 55,56°C d’élévation de température

T respectivement.

Pour examiner I'effet des couches enrobant les BM’élévation de la température, différents

types d’enrobage a été expérimentés. Les difféerentebages sont I'amidon, l'acide oléique,
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Polyacrylamide, Poly (acide maléigue-co-oléfinds)cool de polyvinyle, SIMAG carboxyle,
nanoparticules non couchés chargé anionique ebnigtie. Un échantillon de 0,5 ml de 25
mg/ml de NPM avec chaque enrobage a été placstérikur d'un champ magnétique alternatif
de 2 kA m' & 160 kHz pour 3000 secondes. Le débit d'absorpEcifiqgue (SAR) estimé a
partir du graphe de I'élévation de la températurdomction du temps et le SAR obtenu utilisant
la courbe d'hystérésis ont été comparés. Les é@msathermodynamiques ont été utilisées pour
tracer la distribution de chaleur en fonction dmps et de la distance, les simulations obtenues
sont en corrélation avec les résultats expérimentdan échantillon de 1 ml de fluidMAG-PMO-

2 a été aussi placé a l'intérieur d'un bécher guiienait de I'eau déminéralisée a 37°C et été agité
a 50 rpm. La température de I'échantillon atteihyd4°C lorsque un champ magnétique alternatif
de 4,5 kA nT & 160 kHz est appliqué pour 1680 secondes.

Enfin, les NPM encapsulés dans les hydrogels theenmmbles (NPM-PNIPA), servant comme
mécanisme d'actionnement des médicaments par hgpmit ont été testés. Les chaines de
polymere d’hydrogel expulsent leur contenu liquglexnd ils atteignent la température critique
(LCST) résultant dans la réduction du volume dedmmiers. Ici, 0,5 ml de NPM-PNIA avec
une concentration de 5 et 10 mg magnétite /ml thpkacés dans un gel d'agar et aussi dans du
Styrofoam et soumis & un champ magnétique altérdati9,2 kA ni & 145 kHz. Aprés 30
minutes, une élévation maximum de 2,9°C pour lacentration de 5 mg magnétite/ml de NPM-
PNIA et 3,3°C pour la concentration de 10 mg matglétl a été enregistrée dans le gel d'agar.
Pour Styrofoam I'élévation maximum de températuiptepue est de 2,1°C et 4,4°C pour les
concentrations de 5 et 10 mg magnétite/ml, respauient. Aussi un changement de volume
remarquable dans NPM-PNIA ayant 10 mg magnétitelnéité observé. Ensuite, pres de 100
NPM-PNIA spheres (diametre d'environ 1mm) ont ék@cdres dans un champ magnétique

alternatif de 4 kA nt & 160 kHz. Aprés 1500 secondes, une élévatioi@aZté observée.

Dans ce mémoire, I'hyperthermie via linduction dNPM a été étudiée. L'effet de la
concentration des NPM et certains enrobages orv@léés. Des NPM-PNIA sphériques ont été
aussi chauffées avec l'induction d'un champ maguweétalternatif. En raison de la présence des
NPM, I'hnydrogel NPM-PNIA peut étre propulsé pargedient d’'un champ magnétique tel que
celui d’'un systeme d’Imagerie par Résonance Maguéti(IRM). Une fois que ces hydrogels
contenant des agents thérapeutiques atteignent cible, un champ magnétique alternatif
respectant les limites physiologiques tolérabldgscapable d’induire suffisamment de chaleur
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pour réduire leur volume et donc actionner une eécel locale de libération du médicament. Il
s'‘agit d'un pas de plus vers la libération cibléagehts thérapeutiques actionnée par

I’hyperthermie induite par des champs magnétiqltesnatifs.



ABSTRACT

Elevation of body temperature, otherwise known gpehthermia, has been used to treat
cancerous cells for many decades. Hyperthermigbeaachieved via various invasive and non-
invasive methods, some of which are being practetedlinical levels, and some others have
already reached clinical trials. Magnetic nanopées (MNP) can generate heat and thus heat
their surroundings once they are placed in anraterg magnetic field (AC magnetic field). In
contrast to other hyperthermia methods, hypertresa MNP in an AC magnetic field provides
advanced control and can be highly localized. Iditash, MNP have enormous potential in
biomedical applications such as imaging, medicagdosis and treatment. Also, agglomeration
of MNP can be propelled with an inhomogeneous miagfield towards a desired location. The
propulsion, control and hyperthermia allow the aduiction of a miniaturized robotic system.
Indeed, MNP micro-carriers loaded with therapeaients can be propelled and tracked to a
specific diseased organ and be heated upon exptastihe AC magnetic field and then begin
hyperthermia and drug actuation sequence. In lieisis, the physical attributes of the MNP such
as the magnetization, magnetic domains, hysterasis,relaxations as well as various heating
mechanisms are discussed. Also biological limitd thetermine the frequency and the intensity

of AC magnetic fields used for hyperthermia arelaxgd.

Commercially available MNP were used to study tbacentration effect of the MNP on the
temperature. Thus, samples of 1ml of magnetitdénform of fluid (ferrofluids) whose particle
diameter were between 5 to 10 nm with a layer oftrde coating were used. The tests were
performed with concentrations of 10, 25 and 50 mg bf ferrofluid. The insulated samples by
Styrofoam were heated by an induction coil genegatin AC magnetic field near 80 kA at
150 kHz. After 900 seconds, the samples showedliC,127.78°C and 55.56°C temperature

elevations respectively.

To examine the effect of the coating of the MNPtbe rise in temperature, various types of
coating was tested. The coatings were Starch, @@d; Polyacrylamide, Poly (maleic acid-co-
olefin), Polyvinyl alcohol, SIMAG Carboxyl, uncoateanionic and cationic charge magnetite
nanoparticles. Therefore, 0.5 ml of 25 mg/ml offeacating was placed inside an AC magnetic
field of 2 kA m* at 160 kHz for 3000 seconds. The SAR estimateth ftoe graph of the

temperature rise as function of time and the SARaiobd using the hysteresis curve were



compared. The thermodynamic simulations correlatesely with the experimental plots of the

distribution of temperature as function of time alistance.

A 1ml sample of fluidMAG-PMO-2 was placed insideaobeaker that contained deionised water
at 37°C and was stirred at 50 rpm. The sample teathpe reached 42.44°C when AC magnetic
field of 4.5 kA m* at 160 kHz was applied for 1680 seconds.

Finally, MNP encapsulated within thermo-sensitivgdiogels (MNP-PNIPA) serving as a
mechanism of actuation of drug release by hyperifeemwere tested. The hydrogel polymer
chains collapse and expel the liquid content whwy treach the critical solution temperature
(LCST) resulting in the reduction of the volumetlo¢ latter. Here, 0.5 ml MNP-PNIPA samples
with a concentration of 5 and 10 mg magnetite/mteyglaced once in agar gel and once in an
agar gel and also in the Styrofoam and subjecteaht&C magnetic field of 9.2 kA thto 145
kHz. After 30 minutes, a maximum elevation of 2.9f@ the concentration of 5 mg
magnetite/ml MNP-PNIPA and 3.3°C for a concentraiod 10 mg magnetite/ml was recorded in
the agar gel. The maximum temperature rise foroltgm was 2.1°C and 4.4°C respectively.
Also remarkable change of volume in MNP-PNIPA ofri) magnetite/ml was observed. Then,
nearly 100 MNP-PNIA spheres (about 1mm diametemewsaced in an alternating magnetic
field of 4 kA mi* to 160 kHz. After 1500 seconds, a rise of 2°C ulaserved.

In this thesis, hyperthermia via induction of MNRashbeen studied. The effect of the
concentration of MNP and some coatings were evadlidthe NPM-spherical PNIPA were also
heated with the induction of an alternating magnétld. Due to the presence of MNP, the
MNP-PNIPA hydrogel can be propelled by the gradiehta magnetic field such as that of
magnetic resonance imaging (MRI). Once these hydsogontaining therapeutic agents reach
their target, an AC magnetic field within the talble physiological limits is able to induce
sufficient heat to reduce their volume and thusvatd a sequence of local drug release. This is a
step closer to the targeted delivery of therapeagients activated by hyperthermia and induced

by AC magnetic fields.
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CONDENSE EN FRANCAIS
Chapitre 1

Cancer

Des cellules cancéreuses peuvent étre produiteaigon de facteurs externes comme le tabac,
les produits chimiques, les radiations et les asyaes infectieux ainsi que des facteurs internes,
tels que les mutations héréditaires, les hormdasgacteurs immunitaires et les mutations qui se
produisent dans le métabolisme. Lorsque les csliceacéreuses sont produites sans retenue, une

tumeur se forme.
Hyperthermie

L'hyperthermie est définie comme une élévation mabe de la température. En oncologie,
I'hyperthermie se définie par I'échauffement d'nggaou de tissus a des températures entre 40°C
et 45°C, a un point qui provoque l'inactivationlaielire modérée et réversible. L'hyperthermie
peut étre considérée comme une thérapie complémeergai maximise l'effet des agents
chimiothérapeutiques et de la radiothérapie. Lesnndes disponibles suggerent que
I'nyperthermie modérée, inférieure a 42°C, augmdémtux sanguin vers la tumeur. Ce qui
entraine une meilleure oxygénation ainsi qu’'unesbkawe I'apport nutritif a la tumeur. Parmi les
différentes applications de [I'hyperthermie, l'aohement est d'un grand intérét lorsque

I'nyperthermie localisée est utilisé pour déclemahremécanisme de libération du médicament.
Les Méthodes d’Hyperthermie

1. L’hyperthermie de I'ensemble du corps: Dans ceté&hwde, tout le corps est chauffé, soit
en empéchant le transfert de chaleur du corpsleerslieu environnant, ou en placant le
patient dans un bain d'eau chauffée.

2. L'hyperthermie par des applicateurs sans fil:

a. Ultrasons focalisés de haute intensité (HIFU)

Des ondes ultrasonores focalisées sont transmisies éissus mous, ce qui cause des
frictions moléculaires et de la chaleur mécanidues. HIFU ne sont pas idéaux pour les

zones situées prés des os ou de l'air.
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b. Applicateurs électromagnétiques (technigque nonsive):

Radiofréquence (RF): la technique de thermothérasie basée sur le
courant qui est induit par les ondes RF (0.5 - BO¥z) dans un tissu
biologique pour osciller les électrons libres et lens. La chaleur est
produite par la collision de ces électrons et i@a&c des atomes
immobiles.

L’antenne capacitive: la région d'intérét du cogss placée entre deux
plagues chargées. Un champ électrique induit exseplaques génere de
la chaleur dans les tissus indépendamment de I|domuteur de
cible. Toutefois la graisse autour du tissu cibleutp provoquer un
echauffement superficiel excessif.

L’antenne inductive: La bobine d'induction crée desrants de Foucault
dans le tissu et augmente la température. Cettiewhast liée a la
conductivité électrique du tissu. La variation decbnductivité des tissus

peut provoquer une température non-uniforme.

c. Micro-ondes: Basé sur le principe de chauffage ediéique, les molécules d'eau

absorbent I'énergie des micro-ondes. Etant donméocgs molécules contiennent des

charges positives et négatives - les moléculesi deat bipolaires - elles essaient de

s'aligner avec le champ électromagnétique des roledes. Due a la haute fréquence, le

mouvement moléculaire rapide provoque une élévéaticale de la température.

3. Insertion de source(s) de chaleur (technique imggasDes sources d’hyperthermie sont

chirurgicalement placées a l'intérieur ou autouladeone cible:

a.

Chauffage micro-ondes: ondes électromagnétiquedeatiaes micro-ondes insérées a
I'intérieur du tissu

Chauffage par radiofréquences: l'insertion d'uneepau d'un réseau d'électrodes RF
macroscopiques a l'intérieur du tissu.

Semences ferromagnétiques: des semences ferrongagset aussi grandes que
quelques centimetres, sont implantées et placégeswdachamp magnétique oscillant.

Nanoparticules: production de chaleur a partir aleoparticules.
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Chapitre 2

Les deux composantes du champ électromagnétique ppécisément, le champ électrique ainsi
que la variation du champ magnétique, sont respesale la production de chaleur dans un
tissu. Les effets thermiques sont déterminés parplepriétés diélectriques du tissu et les
propriétés magnétiques du milieu. Etant donné ge® Matiéres biologiques n'ont pas
d'importantes propriétés magnétiques, les nancpét magnétiques, ou NPM, biocompatibles
sont utilisées pour augmenter l'influence de laatimn du champ magnétique. Dans ce projet,

I'accent est mis sur la composante magnétiquealiamp électromagnétique de basse fréquence.
Les nanoparticules magnétiques en hyperthermie

Les NPM composée de métaux comme le fer, le cebddt nickel et leurs alliages sont utiles en
raison de leurs propriétés magnétiques et multifonoelles. Ces nanoparticules sont capables
de créer de la chaleur une fois placées dans umgia@agnétique alternatif externe. Parmi les
compositions chimiques différentes des NPM, l'oxyde fer a été le plus utilisé pour
I'nyperthermie. Cela est d & sa biocompatibigiggbiodégradabilité et sa faible toxicite.

Génération de chaleur des NPM utilisant un champ mgnétique alternatif

La chaleur générée par les NPM soumises a un chaagpétique alternatif (champ magnétique
AC) est principalement causée par les trois mépasssuivants: perte par hystérésis, relaxation

brownien et de Néel.

Les domaines magnétiques contiennent un grand mondE moments magnétiques
atomiques. En l'absence d'un champ magnétiquenextées moments magnétiques sont alignés
le long des axes cristallographiques magnétiqueslép « axes faciles ». L'énergie nécessaire
pour faire pivoter les domaines magnétiques avechamp magnétique externe est appelée
anisotropie de I'énergie E = KV, ou K est la conttal'anisotropie effective et V est le volume

du noyau magnétique.

Les matériaux ferromagnétiques qui se composenpldsieurs domaines magnétiqgues sont
appelés matériaux multi-domaines. Lorsque ces matesont soumis a une augmentation et une
diminution du champ magnétique externe H, la coudi®@mantation ne coincide pas. Par
conséquent, le matériel démontre «un comportenbpstérésis» et des pertes par hystérésis se

manifestent par transfert de chaleur vers le mikavironnant. Mathématiquement, le taux
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d'absorption spécifique (SAR) est proportionnepeaduit de la fréquence par I'intégrale fermée
de la boucle d'hystérésis. En d'autres termes, lplasne a l'intérieur de la boucle est grande,
plus il y a de chaleur dissipée dans la région renmiante. Toutefois, pour bénéficier de la
génération de chaleur d’une boucle d'hystérésigpteim les particules doivent étre saturées avec
des champs magnétiques élevés de l'ordre de geehgjlleers d'Oersted, ce qui ne convient pas

pour le corps humain.

Une fois soumis a un champ magnétique externenaliérle matériau magnétique présente un
cycle d'hystérésis étroit. L'orientation des morsemtagnétiques de ces particules, appelées
particules superparamagnétiques, change contimefle ce qui empéche les pertes par
hystérésis de se produire. Dans un champ mageétitiernatif de haute amplitude, I'énergie
peut permettre aux moments magnétiques de s’aligieng de la direction du champ externe en
surmontant la barriere d'énergie thermique. Cep#ndae fois que le champ magnétique externe
est enlevé, les moments magnétiques prennent taircegmps a perdre cet alignement. Ceci est
connu comme le mécanisme de relaxation de Négbeuti également provoquer une libération

d'énergie sous forme de chaleur.

Le troisieme mécanisme de chauffage est la relaxdirownienne qui survient a la fois sur les
multi-domaines et les particules n‘ayant qu'un sgminaine. Le temps de relaxation brownien,
B, est défini comme le temps que prend la parti@leurner sous linfluence du champ
magnétique externe, de la viscosité du milieu, iamge du volume hydrodynamique des
particules.

Débit d'absorption spécifique (SAR)

Le SAR (W g-1) est proportionnel au taux de vaoiatile la température du matériau magnétique

et il est donné par la formule suivante:

ou c est la capacité thermique spécifique de I'écHantif4.185 Jt K™ pour I'eau)m est la
masse des particules magnétiquesgprésente le volume de I'échantillor-eexprimée en °Ks

! est la variation de température qui est obtenuagn expérimentale.
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Dissipation thermique

En théorie, I'énergie provenant des particules réagues uniformément distribuées a l'intérieur
d'une tumeur sphérique de rayon R soumis a un cmaagmétique alternatif dissipera la chaleur
aux tissus environnants tant que la températuttteiridra pas I'état d'équilibre. La figure 1, dans
laqueller représente la distance entre le centre du volyhérgue et un point a l'infini, illustre

ce concept.

Alternating Magnetic Field

T
Initial
Q \'F“““'
-
R

r ()(7_.

Figure 1. La température en fonction de la distance

Les équations thermodynamiques de transfert dewhan fonction du temps (figure 2) aident a
optimiser et prédire le temps d'exposition nécessafin d’élever la température des tissus

jusqu'a une température cible respectant les knpitg/siologiques.
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Temperature increase as function of distance

r (mm)

Figure 2. Simulation MATLAB pour augmentation de la température en fonctioia déstance
(Appendis A.3)

Les propriétés magnétiques adaptées a I'hyperthermai

Les propriétés magnétiques adaptéees a I'hypertbermai sont pas seulement régies par les
parametres magnétiques des NPM, mais aussi pdinmliss physiologiques qui sont congues
pour protéger les organismes vivants contre lesmpeanagnétiques élevés. Ces paramétres sont
la taille, la concentration des NPM, les limitesxinaales de I'amplitude et de la fréquence du

champ magnétique alternatif.

Hydrogel

Le PPNIPA est un hydrogel qui réduit sa taillestpril est chauffé et se gonfle lorsqu’il est
refroidi. Ce mécanisme discontinu et réversibleregluit & une température de transition appelée
LCST (Lower Critical Solution Temperature). Aux teématures inférieures au LCST, les
liasisons hydrogénes entre les groupes hydrophikdadchaine polymére sont dominantes.
Lorsque la température est élevée au dessus du,U€SITaisons hydrogenes deviennent faibles
et les liaisons hydrophobes deviennent plus foAessi I'eau est expulsée hors de I'hydrogel. Ce
phénomene entraine un changement de couleur (Bggtidevient opaque) et un changement de

volume. Le LCST du PPNIPA est autour de 32 ° Cpait étre augmenté au-dessus de la
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température corporelle. Dans notre cas, le LCSTr p@UPPNIPA contenant des NPM a été

déterminé a 29 ° C (figure 3).

T<LCST

Figure 3. Des NPM incorporées dans I'hydrogel PNIPA

NPM et le gradient de champ magnétique

Le gradient de champ magnétique de I'lRM permetetiter I'agglomération des NPM. La force
créée a l'intérieur de I'lRM peut étre calculéeattip de I'équation suivante :

Dans I'équation ci-dessus, est la force magnétique (N), est I'aimantation du matériau (A m

1), V est le volume du matériau magnétique)(m est l'induction magnétique (T) eB est le

gradient (variation spatiale) de I'induction magpmée (T m?).
Chapitre 3

Effet de la concentration sur la génération de chalr

Des NPM commercialement disponibles ont été ugisgour étudier I'effet de la concentration
sur I'élévation de température. Ainsi des échamigl de 1ml de nanoparticules de magnétite en
dispersion (ferrofluides), dont le diametre seesiémtre 5 et 10 nm et recouvertes d’'une couche
de dextran, ont été utilisés. Les tests sont Esmbsec des concentrations de 10, 25 et 50 mg/ml
de ferrofluide. Les échantillons isolés avec dwysiyrene (Styrofoam) ont été chauffés par une
bobine d'induction générant un champ magnétiquerraltif d’environ 80 kA nt & 150
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kHz. Aprés 900 secondes, les échantillons ont maohir11°C, 27.78°C et 55.56°C d’élévation
de températureT respectivement.

Temperature as a Function of Time

80 I I
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Figure 4. Elévation de la température en fonctienemps

Effet du revétement des MNP sur la génération de etheur

Différents types de couches recouvrant les NPMébatexperimentés, pour examiner leur effet
sur I'élévation de la température. Les différentsobages sont I'amidon, l'acide oléique, le
polyacrylamide, le poly (acide maléique-co-oléfindslcool de polyvinyle, SIMAG carboxyle,
ainsi que des nanoparticules non enrobées chapgéérement et négativement. Un échantillon
de 0,5 ml de NPM a 25 mg/ml avec chaque enrobag@& gplacé a lintérieur d'un champ
magnétique alternatif de 2 kA& 160 kHz pour 3000 secondes (Figure 5). Le SARésa
partir du graphe de I'élévation de la températurdomction du temps et le SAR obtenu utilisant
la courbe d'hystérésis ont été comparés. Les @msathermodynamiques ont été utilisées pour
tracer la distribution de chaleur en fonction dups et de la distance. Les simulations obtenues

sont en corrélation avec les résultats expérimentau
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Figure 5. Effet de I'enrobage des NPM sur I'hyperthie

Un échantillon de 1 ml de fluidMAG-PMO-2 a été augkcé a lintérieur d'un bécher qui
contenait de I'eau déminéralisée a 37°C et a && a®0 rpm. La température de I'échantillon a
atteint 42,44°C lorsque un champ magnétique aliéa 4,5 kA m' & 160 kHz a été appliqué

pour 1680 secondes.

NPM encapsulées dans I'hydrogel

Enfin, les NPM encapsulées dans les hydrogels teensibles (NPM-PPNIPA), servant comme
mécanisme d'actionnement de la libération des ragdiats par hyperthermie ont été testées. Les
chaines de polymére d’hydrogel expulsent leur cantdiquide quand ils atteignent la
température critique (LCST), menant a la réductiorvolume de I'hydrogel. Ici, des échantillons
de 0,5 ml de NPM-PPNIPA avec des concentrations dede 10 mg de magnétite par ml ont
été placés dans un gel d'agar et ont été sounrischamp magnétique alternatif de 9,2 kA &n
145 kHz. Aprés 30 minutes, une élévation maximade 2J9°C a été enregistrée pour la
concentration de 5 mg magnétite/ml de NPM-PNIA et3¢d3°C pour la concentration de 10 mg
magnétite/ml. Les mémes tests ont été effectuéss era placant les échantillons dans du
Styrofoam plutbt que l'agar, et les élévations meles de température obtenues ont été de
2,1°C et 4,4°C pour les concentrations de 5 et gOnmagnétite/ml, respectivement.
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Un changement de volume remarquable de I'échamtiie NPM-PPNIPA ayant 10 mg de
magnétite par ml a également été observé (Figure 6)

[Zmm

P—4—- + r —

-

—
h

Figure 5. 60% changement de volume des hydrogeal¥ @ 29°C

Par la suite, prés de 100 spheres de NPM-PPNIR#ntre d'environ 1mm) ont été placées dans
un champ magnétique alternatif de 4 kA @& 160 kHz. Aprés 1500 secondes, une élévation de
2°C a été observée (Figure 6).

Temperature Change AT (°C)

—de—Trial 3
=l=Trial 2
====Trial 1
—@—Average
=t==Trial 5
=eTrial 4

Time (second)

Figure 6. Elévation de température pour 100 NMPHNI
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Discussion et Conclusion

La motivation derriére le travail présenté dans nsémoire était de réaliser un procédé
d'activation pour un systeme robotique miniaturi3@.tels robots, aussi connus comme micro-
carrier, se propulsent dans le réseau vasculawa tssu cible comme une tumeur et
'augmentation de la température produite par hjygemie actionne une séquence de libération
du médicament. Dans la miniaturisation des robatsgables dans le corps humain, il est tres
important de réduire le nombre de composants. Céthection peut étre obtenue en augmentant
la fonctionnalité de chaque composant a son maxinummicro-carrier dans le corps humain a
besoin de propulsion, de suivi et d'activation. @mmle montre la figure 7, les NPM peuvent

contribuer a ces trois critéres.

Hyperthermia

e

Figure 7. NPM comme actionneur hyperthermique reblgs et détectables

Le SAR atteint une valeur maximale de 61,02 Wpgur les nanoparticules de magnétite de 20
nm enrobées avec du poly (acide maléique-co-ok&fire soumises a des champs magnétiques
alternatifs de 4,5 m KA-1 a 160 kHz. Ces nanopaleis peuvent étre intégrées dans des micro-
dispositifs de 50 m de diamétre, contenant un médicament, et podtenimmobilisés dans un
volume cible de 30 mm de diameétre par embolisaff@mur propulser les transporteurs par le
biais de capillaires utilisant les gradients d&M|, une agglomération des nanoparticules de

magnétite occuperont environ 40% du volume du ondarrier. L'eau, les chaines de polymere
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d’hydrogel et les agents thérapeutiques compteat [@s 60% restants de volume. La figure 8

montre cette situation hypothétique.

Therapeutic Agents

Micro-Carrier

Y

-— 30 mm

Figure 8. Embolisation de micro-carrier dans laezoible

Une simulation par ordinateur prédit qu'apres 76€osdes, la température au centre de la zone
cible qui contient 110,000 micro-carriers seraiévéle de 3 degrés. Une telle élévation est
suffisante pour l'activation d'une séquence derbbién d’agents thérapeutiques contenus dans
les micro-carriers. 800 secondes apres, |'élévatiola température serait d’environ 5 degrés, ce
qui est suffisant pour I'hyperthermie modérée dedae cible. Une présentation graphique de
cette simulation est illustrée a la figure 9. Comonele voit dans cette figure, I'élévation de la
température décroit rapidement a mesure qu'onigidodu centre de la zone ciblée. Cela
signifie que pour une application d’hyperthermieaugmentation de la température peut étre

tenue loin des tissus sains avoisinants.
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Figure 9. MATLAB® simulation, la température augmente en fonctioredwps d’exposition aux

champs magnétiques alternatifs pour une distanceédn

Dans ce mémoire, I'hyperthermie via l'induction ddBPM a été étudiée. Les effets de la
concentration des NPM et de certains traitementsudace ont été évalués. Des NPM-PPNIPA
sphériques ont aussi été chauffées avec l'induckiom champ magnétique alternatif. En raison
de la présence des NPM, I'hydrogel NPM-PPNIPA p@tte propulsé par le gradient d’'un champ
magnétique tel que celui d’'un systéme d’'Imagerie R@sonance Magnétique (IRM). Une fois
que ces hydrogels contenant des agents thérapesitigtieignent leur cible, un champ
magnétique alternatif respectant les limites pHggiques tolérables peut induire suffisamment
de chaleur pour réduire leur volume et donc actorume séquence locale de libération du
médicament. Il s'agit d'un pas de plus vers larditign ciblée d'agents thérapeutiques actionnée

par I’hyperthermie induite par des champs magnétaiternatifs.
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INTRODUCTION

Elevation of body temperature, otherwise known gpehthermia, has been used to treat
cancerous cells for many decades. Hyperthermigbeaachieved via various invasive and non-
invasive methods, some of which are being practetedlinical levels, and some others have
already reached clinical trials. Magnetic nanopées (MNP) can generate heat and thus heat
their surroundings once they are placed in anraterg magnetic field (AC magnetic field). In
contrast to other hyperthermia methods, hypertresa MNP in an AC magnetic field provides
advanced control and can be highly localized. Iditash, MNP have enormous potential in
biomedical applications such as imaging, medicagdosis and treatment. Also, agglomeration
of MNP can be propelled with the magnetic forcarfrihe gradient of a magnetic field towards a
desired target location. The multi-functionalitytum@ of MNP and their controllable physical
parameters are the motives behind miniaturized trolgystems for tracking, propulsion and
actuation of therapeutic agents inside human body.

This evaluationstarts with a brief introduction to cancer anddrypermia and follows by a short
summary of key methods of hyperthermia as welldasatages of MNP and AC magnetic field.
These advantages are not limited to tracking, gsopu and hyperthermia. For instance, the
colloidal ability of MNP can alter the biologicah@ronment of the target tissue and initiate an
immunological reaction. In later chapters, physetélibutes of MNP, magnetic field and various
heating mechanisms are introduced. Also biologacal industrial limitations that lead to a set of
magnetic parameters for MNP hyperthermia are empthi Thermo sensitive gels called
hydrogels are introduced as potential carrierstlier next generation of targeted drug delivery.
These carriers are able to shrink and release t¢batained liquid with therapeutic agents upon
elevation of temperature. Such elevation of tenmpegacan be obtained from hyperthermia of the
encapsulated MNP within the hydrogels by an AC ne#igrfield. The force that would propel
these carriers in the vascular network to a tatigetie is the gradient force of the magnetic field
of a Magnetic Resonance Imaging (MRI) that apptiesghe agglomeration of MNP within the
hydrogels. These MNP within the carriers can ba sesedistortion of the images of the MRI and
therefore can be tracked at the same time. Therefraluation of hyperthermia to fit into
realization of a systematic traceable and navigaglgerthermic drug release mechanism is a

prerequisite.



CHAPTER 1 LITERATURE REVIEW

1.1 Cancer

Cells are the smallest living structural and fuoicéil units of the body. They have the ability to
divide, synthesize protein, respond to extra catldhanges such as temperature and pH etc.
Among all cell functionalities, DNA replication ane of the most important one. Errors in DNA
replication are a major cause of damage to cellthis sense, cells must produce exact copies of
themselves in order to remain healthy. To do sey thust ensure that DNA replication is done
correctly during each cell division cycle. One cimy processes that ensure the divided cells are
as healthy as the mother cell is calleddbi cycle checkpointrocess. It is a control system that
checks the output of cell division step by stegeateral checkpoints. At any step, if the result is
not satisfactory, the system prevents the parettfieen dividing any further. One of the
important functions of the checkpoints is to chémkany DNA damage. Once damage is found,
the checkpoint uses another mechanism to pauseedingctivity until the damage is repaired. In
case the damage is un-repairable, the cell is &etfte destroyed or teommit suicidevia
apoptosis [1]. Despite the security checks, as saltreof external factors such as tobacco,
chemicals, radiation and infectious organisms a#l @& internal factors such as inherited
mutations, hormones, immune conditions and mutatib@at occur from metabolism, damaged
cells may still be produced [2] .While healthy seduplicate exact copies of themselves, and stop
reproducing when necessary, and stay togetherahdestruct when they are damaged beyond
repair, unhealthy cells do not follow the same gratt In some cases DNA error cannot be
repaired or stays hidden and therefore the cel$ sm¢ know when to stop reproducing or self-
destruct. Sometimes these cells are produced fae rii@an they can be terminated. These
unhealthy cells could eventually lead to developtmancancer cells. When cancer cells are
produced unrestrained, a tumour is formed. Sinesdltells can travel in the body freely, they
become more fatal once they rest in vulnerable rorgach as soft heart tissue or bones.
According toAmerican Cancer Societyere are more than 15 cancerous sites in the human
body. These sites include oral cavity and pharyhgestive system, respiratory system, bones
and joints, soft tissue (including heart), skirgdst, genital system, urinary system, eye and, orbit
brain and other nervous system, endocrine systagnpHoma, multiple myeloma and leukemia.
Statistics from th&€anadian Cancer Sociesuggests an estimated 171,000 new cases of cancer



in 2009 from which 75,300 patients will lose thisgnes. American Cancer Sociefyredicts even

more devastating numbers: in the year 2009 cascexpected to take 562,340 American lives,
more than 1500 Americans per day [3]. As canceraresnone of the leading death causes in
North America, researchers around the world tr§ind more suitable treatments to battle this

deadly disease.

1.2 Hyperthermia

Since the late 1960s, the concept of hypertherramadrawn a lot of attention to the field of
medicine. Hyperthermia is defined as an abnornealation of temperature. Unlike fever, which
is regulated by the body’'s temperature set-poigpelthermia can be created artificially by
means of drugs or medical devices. Because ofyttstaxicity effect, it is sometimes used as a
rehabilitation method and therefore named thermiaéat) therapy or thermotherapy.
Hyperthermia can reduce arthritis pain, relieve creispasms, reduce inflammation, and increase
blood flow to provide nutritious needs to injuradstie [4]. It is well-known that sustained
elevation of temperature due to hyperthermia a2 — 43°C causes necrosis of living cells
[5]. Clinical trials since the 1970s have led t@ thypothesis that “the cytotoxicity effect of
hyperthermia is mainly based on denaturation obmigismic and membrane proteins”. Cellular
death rate due to heat exposure varies dependititeaustained temperature and the duration of
hyperthermia. This rate is also dependent on tleselof the cell cycle, i.e. Mitosis, G1, DNA
synthesis (S-phase), and G2 which explains theréifit mechanisms of cell deaths [6].

In oncology, hyperthermia refers to the heatingoofans or tissues in various ways, to
temperatures between 40°C and 45°C, at which pbosuses moderate and reversible cellular
inactivation. This heat can lead to preferentiahtdeof malignant cells by enhancing cell
sensitivity and vulnerability towards more estdidid forms of cancer therapy such as radiation
[7, 8] and chemotherapy (thermal chemosensitizatittrermal radiosensitization) [6, 9].
Hyperthermia leads to a synergistic effect in @aticer techniques such as chemotherapy. More
specifically, hyperthermia can be seen as a congi¢any therapy that yields maximum benefit
from chemotherapeutic agents such as alkylatinghtageplatinum compounds or threshold
behaviour (anti-neoplastic) agents such as doxoimband independent or additive agents such
as fluorouracil, taxanes, and vinca alkaloids, w/mhinimizing their applied dosage to the

physiological system and thus reducing their t@ile effects that harm healthy cells [10].



Hyperthermia, as used in cancer treatment, is nteaatget unhealthy cells and keep the healthy
cells unharmed. Healthy cells have organized arstiesyatic blood flow in their surrounding
vascular network, and via such they can easily doain and dissipate excessive heat by means
of conduction and convection. Cancer cells on ttlterohand have often far less developed
vascular network and therefore overheat [11]. @midihow that at temperaturabove 42°C
tumour blood flow decreases [6]. Here, changes asohiscosity of blood cell membrane lead to
hypoxia, acidosis, and cell energy deprivation. ikde data suggests that moderate
hyperthermiabelow 42°C increases tumour blood flow which leads whkr supply of oxygen
and nutritious supplements to the tumour. The tastiincrease in blood flow assists in efficient
delivery of drugs and chemotherapeutic agents &ottimour, and increased oxygen supply

favours radiotherapy effects.

Hyperthermia also has other advantages that leadricerous cell death. Due to the elevation of
cell temperatures during hyperthermia, cells undexgseries of morphological changes to their
membranes, cytoskeletons, cellular proteins andemu@cids [6]. Also, pre-clinical studies
suggest that, similar to fever, hyperthermia ioasged with immunological reactions and can
stimulate and activate host immune systems agamadignant cells [12]. Hyperthermia also
seems to overcome drug resistance above modenapertatures. The cytotoxicity of certain anti-
neoplastic drugs such as doxorubicin is reportedeosubstantially enhanced above specific

temperatures [13].

Among different applications of hyperthermia, ‘aaion’ is of high interest. Here, localized

hyperthermia is used to trigger a drug release amsm. For instance, therapeutic agents
encapsulated in special thermo-sensitive hydrapbpitilymers such as PNIPA [11, 14] are able
to reduce in volume up to thousands of times wheasitdd [15], therefore releasing the drugs

contained within. This is discussed in more detaihe following chapters.

1.2.1 Methods of Hyperthermia

There is a wide spectrum of hyperthermia methodsitbetan be generally classified into three
groups: whole body hyperthermia, hyperthermia byeless applicators, and hyperthermia by

insertion of heating source(s). Here, each appraabhefly discussed.



Whole body hyperthermia — This complementary teghaito cytotoxic drugs and/or
radiotherapy is one of the oldest among all otlipes of hyperthermia. In this method, the
entire body is heated either by preventing bodyt @asfer to the surrounding medium, or
placing the patient inside a bath of heated wafmrated by specialist in a controlled
environment. As seen in Figure 1.1, the head ofptiteent is usually placed outside of the
heating chamber to avoid further complications, tredrest of the body is heated inside the
chamber. Whole body hyperthermia is commerciallgilable, and due to its simplicity is
usually recommended for patients at high risk tdpee after surgical removal of a tumour
[16].

Figurel.1. Whole body hyperthermia

Whole body hyperthermia lacks homogeneity of hésttidution in the tissue and may cause
superficial overheating, thermal lesions, and disicot caused by surface burning. Recently,
a computerized perfusion method was suggested Ite ghis issue [17]. Nevertheless,
sustained elevated body temperature may have divegapact on healthy organs, such as
the heart, which can result in cardiac disordang, may cause changes in thrombocytopenia
and the intravascular coagulation system. Otlter sffects may be a decrease in volume of
blood plasma (hypovolaemia) and capillary leak sgnte [10].Therefore, pursuit of a
localized hyperthermia method is still of high iretst.

Wireless applicators (noninvasive): These methoas lbe considered regional or local
hyperthermia methods. They consist of sending wavése target area where, depending on
the physical properties of the tissue and the epi(s), the energy of the wave is
transformed into heat. Such applicators are thgestulmf many clinical studies and are

commercially available. Below, three major wirelegplicators are mentioned.



a. High Intensity Focused Ultrasound (HIFU)

Ultrasound is a sound pressure wave that has fretgee higher than what humans are able to
hear. It is used for imaging of soft tissue by pgeatang ultrasonic waves inside the tissue and
measuring the reflected signature. Ultrasound fairdy simple, safe, highly controllable, cost
effective and widely available technology. Onceadobnic waves are focused and transmitted to
the soft tissue, molecular friction causes meclarieat. High Intensity Focused Ultrasound
(HIFU) can further heat the tissue leading to thmwablation. In thermo-ablation the target
temperature is high enough to burn and instantyrde cells. Figure 1.2 illustrates a schematic
and Magnetic Resonance Imaging (MRI) image of aingefibroid being treated by emitting
ultrasound waves through a transducer. As seehisnfigure, the waves are focused by a lens

and beamed directly on the target tissue.

Patien\'

Magnet Bore

Coupling

Pad
[ Pa

Positioning
System

Fibroid

Transducer

Transducer

A

Figurel1.2. High Intensity Focused Ultrasound [18]
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Despite impressive and promising results from recénical studies by InSight&c[19]
HIFU may not be ideal for areas near bones or $asnd waves travel at different speeds
depending on the reflection index of the mediumurbwaves are partially reflected
rather than transmitted at the interface of air asglie or tissue and bone, due to sudden
change of reflection indices. At such interfaces wave energy is absorbed elsewhere
causing hot spots. Therefore HIFU would not be baslungs and near bones. Also due
to occasional non-uniform heat distribution, hadtspare common results of the treatment

which cause discomfort for the patient [20].



b. Electromagnetic applicators (non-invasive):

1.

Radiofrequency (RF) — This widely and commerciallyailable thermotherapy
technique is based on current that is induced bywRFes (0.5 — 300 MHz) in a
biological tissue to oscillate free electrons amnisi Heat generation is due to collision
of such electrons and ions with immobilized atoflgvation of temperature depends
on the position and the geometry of the RF antesnaell as its frequency and power.

There are two approaches for RF antennas: capagi@tes and inductive coils [21].

Capacitive antenna: the region of interest of théytis placed between two charged
plates. Electric field induced between these plajeserates heat in the tissue
regardless of target depth. However fat arounddiget tissue may cause excessive
superficial heating. When the target area is deepdé¢ne body, homogeneity and
uniformity of heat distribution decreases rapidijgure 1.3 shows this type of RF

applicator.

Plate Body Fat

Plate

Figurel.3. Capacitive Applicator

Inductive antenna: this type of regional thermadipgrconsists of an induction coil
that creates eddy current in the tissue causirtg heat. This heat is related to
electrical conductivity of the tissue. Thus vanatin tissue conductivity may cause
non-uniform temperature distribution, as some pafrthe tissue may heat up more

than others.



To solve inhomogeneous temperature distributioneisgelated to RF, researchers have
introduced multiple and resonant cavity antenn@s 23]. However more work is needed

both theoretically and experimentally to overcoimese issues.

Microwave — In the electromagnetic spectrum, mi@e@s are waves having frequencies
between 300 MHz and 30 GHz (infrared frequenciés)a process called dielectric
heating, water molecules within the biological gntibsorb microwave energy. Since
these molecules contain positive and negative elsargwater molecules are bipolar —
they try to align themselves with the electromagnietld of the microwave. Due to high
frequency, this leads to fast molecular motion aadises local elevation of target
temperature. Microwave has a better convectionilprahan RF and therefore more
efficient temperature distribution [24]. It is eeitk that apart from heat, the electrical field
of the microwave leads to changes in secondarytemidry structure of microorganisms
which contributes further in cell death [25]. Céal trials for noninvasive localized
hyperthermia are considered with microwaves at ¥3& [26], 915 MHz, and 2450
MHz [27]. Normally, microwave induced hyperthermgbest for superficial tumours
because microwave cannot penetrate to target §sseeper than few centimetres under
the skin [28]. This is due to the high absorptietune of water and its dense availability
in human tissue. This is a disadvantage becausayitcause uneven heat distribution and
power absorption in and around deep seated taiggtes. Researchers have partially
addressed this issue by proposing the use of isgpmaultiple array antennas which allow
for deeper penetration [29]. In this case, targdtime, desired temperature and target
depth determine the number of antennas, frequermnes power. To name a few
approaches, researchers have used rotating spolamalti loop antennas in many pre-
clinical studies but these techniques still lacknperature homogeneity at deep seated
target tissue [26, 30].

Insertion of heating source(s) (invasive): In ttyipe of thermotherapy heating sources are
surgically placed inside or around target areas Thethod was first presented in 1975 as
‘invasive interstitial technique for delivery of pgrthermia’ [31]. Due to the invasive nature

of this technique, it can cause discomfort and daragons prior to, during and after each



treatment. Also, slight movement of the implantaassult of any movement of the patient
may affect the treatment measurements. This metlaod be performed via one of the

following techniques:

Microwave heating: Electromagnetic waves from itestimicrowave antennas or coaxial
waveguides agitate polar molecules of water andecdlnem to heat [24]. This method
was developed to minimize heterogeneity of microsvéneat distribution in the tissue

while further localizing microwave thermal therapy.

Radiofrequency heating: Insertion of a pair or arayaof macroscopic RF electrodes
inside the tissue to convert electromagnetic enéimy RF waves to heat [21]. A down
side to this is that after some time current thatsrthrough these electrodes causes a
charring effect. This effect leads to the formatadran insulator around the electrode that
will interfere with desired wave emission [32]. Alshere have been reports of local

burning around the electrode due to excessive eatpn of water at this zone [24].

Ferromagnetic seeds: In this method implanted feagnetic seeds as large as a few
centimetres — also known as thermoseeds — aredplas&le an oscillating magnetic
induction field. Thermoseeds absorb the field epemgd induce eddy currents. Heat is
then generated by the eddy current losses leadingdrstitial hyperthermia. This heat is
then transferred to the surrounding tissue by thérmonduction without the need for

electrical connection between implanted seeds gaher source [33].

Nanoparticles: Generation of heat from these dasgjainlike thermoseeds, is not limited to
eddy currents. Heat may also be generated duesteregis loss, relaxation losses, or other
types of losses due to infrared or microwave enatgporption. In this method, nanopatrticles
have to be injected in the tissue at which thermatapy is desired. That is why some may
classify it as an invasive hyperthermia technigoethe following section, this approach is

discussed in more detail.
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1.3 Advantages of Nanoparticles

Various methods to synthesize nanoparticles prosdaentists the ability to selectively control
the core size of nanoparticles [34]. This abililpwas researchers to use nanoparticles to target a
wide range of biological entities, such as celB@-{D0 um), viruses (20-450 nm), proteins (5-50
nm) and genes (2 nm wide, 10-100 nm long) [35]adidlition, targeting biological entities has
been achieved using the colloidal ability of nantipkes and dispersion by means of specific
antibody coatings, such as dextran, polyvinyl atd@nd phospholipids [35]. Such coatings also
serve as a protective shell to minimize direct expe of the nanopatrticle core to the biological
environment. For cancerous cells, once the nanolestare located within the cell via
intracellular, interstitial or membrane bondingpexrments show that even after mitosis, 50% of
the particles remain within the tumour cells [3d]his is advantageous, should repeated
hyperthermia treatment become necessary. Othelestalow that cells react to the topography
cues of their environment and neighbouring cellandparticles attached to the cancer cells
influence the shape of the cell cytoskeleton foramatThese cells present nano-bumps and nano-
spheres to the neighbouring cells encouraging tteeswitch from growth to apoptosis — cell's

self destruction mechanism [37].

Magnetic nanoparticles (MNP) can be excited oneeqd in an alternating magnetic field (AC
magnetic field), regardless of their depth insideldgical tissue. On the contrary, other
technigues such as RF, Microwave and HIFU, areabti to accurately target cancerous tissue.
This is due to increasingly complex parameterseagepation depth increases [38 the other
hand, homogenous cell temperature increase maychievad without the formation of ‘hot
spots’ if sufficient concentration of MNP with prepcoatings and colloidal ability are used [36].
MNP experience a thrust force when exposed to ansgtay gradient field, therefore an
agglomerated ensemble of MNP can be propelled ¢firdbe circulatory system to a desired
target area. Such gradient force can be obtaired & clinical MRI [39] where functionalized
MNP are seen in real-time as distortions of the me#ig field during imaging sequence. MNP
can be used as MRI contrast agents, a propertyatloats for confirmation of their distribution

to the target area prior to any treatment [38].

A systematic hyperthermic drug release actuatiam lma obtained by encapsulating MNP in

thermo-sensitive hydrogels along with therapeugends. Biocompatible temperature sensitive
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gels are able to shrink up to thousand times ipaese to small temperature increase [11]. While
acting like a sponge, these hydrogels may asdesage of therapeutic agents embedded within
the gel at an adjustable desired temperaturetherapeutic setting, MNP can be used to heat the
hydrogel once it is propelled to the desired lawmatihereby releasing therapeutic agents at the

target site only.

Last but not least, MNP can be engineered to halatively low Curie temperature points which
leads to self regulation and thus avoids overhgdtie tissue when excited by an AC magnetic
field [40]. For instance, Ag-doped manganite namtgas have shown great self regulating
properties and have a curie temperature range of 44°C [41]. In this sense, use of invasive
temperature measurements such as fibre optics priobeomes unnecessary and instead non-

invasive methods such as MRI temperature mappiongrbe more practical [42].
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CHAPTER 2 THEORETICAL BACKGROUND

The two components to the electromagnetic fieldictvtare electric field and variation of the
magnetic field, are liable for generation of heatitissue. The thermal effects are determined by
the dielectric properties of the tissue and thems#ig properties of the medium, respectively. As
discussed in Section 2.3.2, low frequencies (~108) ke best for deep tissue penetration. Since
biological materials do not have significant magnetoperties, biocompatible MNP are used to
increase the influence of the variation of the naigrfield. In this project, the emphasis is placed
on the magnetic component of a low frequency edettignetic field. The current chapter is
allocated to literature reviews and describes #ekground physics as well as definition of basic

concepts for this project.

2.1 Nanoparticles in Hyperthermia

The history of nanoparticles goes as far back"ase@tury where ancient Muslim craftsmen used
the glittering effect of nanoparticles in their gusts [43]. Today, modern science considers
nanoparticles a link connecting bulk matter wihatomic or molecular structure. This property
has led to interest in nanopatrticles in such dediesds as engineering, physics, chemistry and
biology. In medicine, nanopatrticles can be thougfhts key elements of a new generation of
medical diagnosis and treatment tools. For instafluerescent semiconductor nanoparticles,
otherwise known as quantum dots, are used for mgagdf biological entities [44].

Superparamagnetic nanopatrticles are also comnigraiailable as contrast agents for magnetic

resonance imaging (MRI) to help diagnose variossakes [45].

In oncology, nanoparticles have successfully bessdas anti-cancer drug and gene carriers to
prevent and control cancer, as well as a detettiols for imaging in cancer diagnosis [46, 47].
Their multifunctional characteristic is what makékeem great candidates for targeted drug
delivery and cancer treatment. In the past dedheéee has been significant interest in the use of
nanoparticles for hyperthermia. For localized hytfpemia, nanoparticles such as ‘photo thermal
gold nanorods’ were used to absorb near infrarestimtion energy and elevate local tissue
temperature [48]. Gold nanoparticles are bioconyatnd have flexible surface composition as
well as unique optical properties that allow thenbé highly absorbent of optical energies [49].

Another method called laser-induced thermal theeapploys silica core dielectric nanoparticles
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coated with ultrathin gold metallic layer, also kmo as nanoshells, to absorb near infrared
energy and convert this energy to heat [50]. Ebestignetic fields within the frequency range of
tens of megahertz have also been used to generateising iron doped gold nanopatrticles [49].
Other types of nanoparticles such ag 4% 3MnO3; have also been used to generate heat once

exposed to a microwave applicator [51].

MNP from metals such as iron, cobalt and nickel #neir alloys are useful due to their
magnetically induced and multifunctional properti€eese nanoparticles are able to create heat
once placed in an external AC magnetic field. Amdifterent chemical compositions of MNP,
iron oxide has been given special attention for enypermia. That is due to its proven
biocompatibility, biodegradability and low toxicit}s2]. Iron oxide particles for magnetic
hyperthermia were first suggested in 1957 [53]c8ithen other MNP compounds such as iron
cobalt with particularly higher magnetization thmon oxide have been suggested [54]. Iron
cobalt has shown higher induction efficiency themmioxide, however due to unknown toxicity
issues of this magnetic compound further invesbgats required before it can reach human
clinical trials. Various compositions such as Cy-8d-substituted Mn-Zn ferrite, Cok®,, and

Mn-Zn ferrite have also been used for the purpdsg/perthermia [55-58].

2.2 Heat Generation of MNP Inside an AC magnetic field

The heat generated by the MNP inside of an altergpahagnetic field (AC magnetic field) is

mainly caused by three major mechanisms; hystetesigs Néel and Brownian relaxations.
Particle size, shape, composition, concentratiah\ascosity of the suspension medium as well
as magnitude and frequency of the applied magfietet determine the relative strength of each

of these mechanisms.

2.2.1 Magnetic Domains

Large magnetic materials consist of several domairegder to minimize magnetostatic energy
of the material. The magnetostatic energy is thergnof the magnet in its own field. In the
System of International (SI) Units, magnetostatiergy is given by - I where! is an

element of the volumé, is the magnetic field and the integration is eatdd over all space

[59]. As shown in Figure 2.1 [59], by splitting tleeystal into several domains, the spatial extent
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of the" field decreases. This is because as the numbdorofins increase, the north and the

south poles become closer and therefore it reduegmetostatic energy of the material.
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Figure2.1. Magnetostatic energy reduces as crystal isisfd domains

The boundary separating the two neighbouring dosnarcalled a domain wall. Each domain
contains large numbers of atomic magnetic momemtgeated by microscopic current related to
the spin of the electrons. Indeed, all materiaés @assified by the orientation of their magnetic
moments and form various types of magnetism maiklyown as ferromagnetism,

ferrimagnetism, antiferromagnetism, paramagnetiach diamagnetism. The complete theory of
magnetism is well beyond the scope of this intréidnc However, Figure 2.2 [60] illustrates the

orientation of the magnetic moments for these tyjjesagnetism.

Magnetic moments of ferri-, ferro- and antiferromatic materials are aligned with each other
below a critical temperature — the Curie tempegatdrto reduce the exchange energy of the
material. The exchange energy is caused by theatcttens among internal magnetic moments.
According to the Weiss domain theory [61], the dii@n of the aligned moments varies from
domain to domain, and in the absence of an extemaghetic field this direction is aligned along
magnetic crystallographic axes called ‘easy axés’'fact, domain walls consist of smooth

gradual rotation of the direction of thevectors within the crystal shown in Figure 2.3][60
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The spin-orbit coupling, meaning interaction betwespin and the orbital motion of each
electron, exhibits a resistive force against amgnapt by an external magnetic field to rotate the
spin axis. The energy required to overcome the -git coupling that keeps particles
magnetized in a specific direction is called angoy energyE = KV, whereK is the effective
anisotropy constant andis the volume of the magnetic core [59, 62]. This@tropy constant is

a sum of several terms such as magnetocrystakingpe and surface anisotropy as well as
dipole-dipole interaction between the crystals [6dgre, it is assumed that the MNP have
spherical shapes and are mono-dispersed in solvéht low volume fractions. Therefore
magnetocrystalline and surface anisotropy conteibiie most to the effective anisotropy constant
of MNP.

South Domain Wall North

NS s I

Figure2.3. Presentation of domain wall
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As the external magnetic field strength increadesnetm vectors of the domains of a ferri- and
ferromagnetic material become more aligned with éx¢ernal magnetic field direction to
minimize the crystal potential energy and causgldeement of the domain walls. Figure 2.4
[59] shows that as the external field strength bee® larger, the magnetic moments opposing it
become smaller. If the external field is high erfguig can align alim vectors to the magnetic
field direction and the material can act as a sirfgimain particle with a unidirectional magnetic

moments.
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Figure2.4. Multi-domain material inside applied externeagnetic field

In this investigation, ferrimagnetic iron oxide (gmeetite) nanoparticles were chosen. As shown
in Figure 2.2, these nanoparticles display lowegmesic response compare to ferromagnetic
materials. This is because a ferrimagnetic mateoakist ofm vectors that are not all aligned in
one direction, therefore the matvector is smaller than that of a ferromagneticanalt where the

m vectors are all aligned in one direction. Howeweddition to magnetite biocompatibility and
low toxicity advantages, these particles are lemssiive to oxidation than ferromagnetic
materials and therefore maintain stable magnetiabeur [60] in rich oxygen environments

such as in a human body.

2.2.2 Hysteresis

The energy from exposure to moderate external fiel@Figure 2.5 point 1) [60] leads magnetic
moments to overcome the anisotropy energy. Thidteem an irreversible sudden rotation of the
magnetic moments into a new set of magnetic cigspi@phic axes. These axes are nearest to the
external field direction. The directions of the mamts within domain walls are indeed a balance
between exchange and anisotropy energies. Therafolenge in the external field energy can
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alter this balance and cause moments to rotatehdfumcrease in field amplitude leads to
saturation of magnetizatidvis of the magnetic moments (Figure 2.5 point 2) anevarsible and
gradual alignment with the external field directiand hence creation of a sample that acts as a
single domain [61]. ThéMs value for a bulk matter is different for nanopeds of the same
material. For example, experimental valuesNyof magnetite nanoparticles are between 30 —
60 emu @, whereas this value for the bulk magnetite is reggbto be as high as 92 emit [60].

The reason for such difference is not entirely chead still under investigation. By reducing the
applied magnetic field to zero, magnetizatdnof the domains decreases gradually to remanent
magnetization ‘Mg (Figure 2.5 point 3). The magnetization can beiced to zero by applying a
magnetic field in the opposite direction and a nitagie equal to the coercive fieldc (Figure

2.5 point 4). At this point domains are demagnetiezempletely, but they can gradually begin to
realign in the opposite direction if the extern@ld is increased in the negative direction and
reachesMs (Figure 2.5 point 5). Once again, by reducing é¢xéernal field to strength zero,
magnetic moments readlir in the negativeVl axis (Figure 2.5 point 6). An applied magnetic
field magnitude equal to coercive fielt in the positive direction will bring magnetizatioo
zero and further increase of the field amplitudethis direction will trace the curve back to
positiveMs (Figure 2.5 point 2). As shown in Figure 2.5, thagnetization curves for increasing
and decreasing magnetic field amplitudes do notaide and therefore the material demonstrates
“hysteresis behaviour” — hysteresis is a Greek wWorda coming late’ — and hysteresis losses are

expressed in the form of heat dissipated to thesading medium.
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Figure2.5. Hysteresis curve of a multi-domain particle
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In the case of fine ferri- and ferromagnetic singdenain particles, such as iron oxide and cobalt
respectively, thermal agitations are ignored when difference between the maximum and the
minimum energy per unit volume, set by the anigptrenergy of the particle, is larger than its
thermal energykT, where k is Boltzmann constant. Stoner-Wohlfarth’s caldoled [64]
demonstrate a narrow hysteresis curve for thesglesidomain magnetic particles. When an
external magnetic field is applied to magnetize dechagnetize such particles, energy is released
in the form of heat. As in multi-domain particleghen the external magnetic field amplitude is
larger than the anisotropy field, the anisotropergg barrier is overcome and the magnetic
moments will rotate onto the anisotropy axis clodesthe external magnetic field direction.
Further increase in the external field will leadgt@dual alignment of the net magnetic moment
with the external magnetic field direction untiltwation. Figure 2.6A demonstrates this
phenomenon. In this Figure, dashed lines reprebentnagnetic moments of the particle and
solid lines represent the dominant ‘easy axes’. Wternal fieldH is applied, the magnetic
moment follows the field direction. Once the ext#grmagnetic field is removed, the magnetic
moment takes a certain time to rotate back toritgral lower energy ‘easy axis. Release of heat

is therefore due to the fact that magnetisatioe lreys the applied external field.
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Figure2.6. Relaxation Mechanisms

Dashed lines represent the magnetic moments gfdttele and solid lines represent the dominargyesxes’

2.2.3 Superparamagnetic Nanoparticles

In smaller single domain magnetic particles, caagerparamagnetic nanoparticles — less than
20 nm in diameter for Iron Oxide k&, (Magnetite) MNP [65] — the difference between the
magnetic moment maximum and minimum potential engrgr unit volume of the particle is

much smaller than its thermal enerlgy. The orientation of the magnetic moments of these
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particles therefore, continuously changes due ¢ontlal agitation [66]. In other words, thermal
energy becomes significant enough to cause magnediments to randomly fluctuate in the
absence of the energy from an external magnetit. fiiue to this behaviour, as shown in Figure
2.7 measured for iron oxide nanoparticles, theseicfes seem to lack hysteresis losses.
However coercive fieldslc do not rest at zero. Therefore an extremely nahgsteresis loss is
formed which contributes into release of heat witkliperparamagnetic nanoparticles.
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Figure2.7. Hysteresis curve of a iron oxide superparareggparticle

2.2.4 Relaxation Mechanisms

By applying a moderate external magnetic field upesparamagnetic nanoparticles, the energy
from the field drives the magnetic moments to mtand aligns them with the magnetic field
direction by overcoming the thermal energy bari@mce the external magnetic field is removed,
magnetic moments do not relax immediately but ratke some time to randomize their
orientations. In fact, according to Néel relaxatinachanism, in superparamagnetic particles the
alignments and relaxations are responsible for gheeration of heat. According to Néel-
Arrhenius equation [67], the timg for the magnetic moments to relax and rotate badkeir

thermal equilibrium orientation is given by

b He&()— (2.1)
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whereK is the effective anisotropy constam,is the volume of the magnetic coi€l is the
thermal energy anh,is a constant called ‘attempt time’ typically ofalue equal to about 0

to 10* seconds and is slightly field dependent, howenisrdependency is usually ignored [68].

The third mechanism that may contribute to genematf heat within MNP is Brownian
relaxation. This type of relaxation mechanism cauketh multi-domain and single domain
particles to heat up. In this case, shown in Figu6B, the energy barrier for reorientation of a
particle is given by rotational friction due to tregation of the entire magnetic particle caused by
the external magnetic field torque on the magneinent of the particle. Here, by applying the
external magnetic fieltH the particle itself is able to turn towards theldidirection. Brownian
relaxation time# , is defined by the rotational mobility of the loadlal magnetic particles and

given by [69]

Ao

+ (2.2)

where is the dynamic viscosity of the medium in whicle harticles are suspended angis
the hydrodynamic particle volume. This volume, whig the volume of the magnetic core of the
particle plus the coating shell around it, représdmow the medium perceives the particle. The
Brownian relaxation time is related to the appliedgnetic field through the complex magnetic
susceptibility. The relationship between magneioizaM and the applied magnetic field is

expressed below by a parameter called magnetieptisiity 1
1 (2.3)

This parameter explains how magnetization varigh vaspect to the applied magnetic field. As
described later, susceptibility consists of a campfimaginary) and a real component. The
Brownian relaxation time is accessible from theyirency234dependent complex susceptibility

through the following equation [69]:

5 1y
ST TR @

wherely, is the DC susceptibility.
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For MNP uniformly suspended in a liquid mediumareltion times Née#y and Browniar

take place in parallel [70]. Therefore the effeetrelaxation time#.. or#is given by

—=_ (2.5)

By simulating and plotting relaxation times vergegticle size in Figure 2.8, (parameters are
given in Appendix A.1) for any given radius, itakear that the shorter time constant dominates
the effective relaxation time. It is worth mentingithat in highly viscous media, such as thick
gel or tissue, the inverse of Brownian relaxati@edmes very small and therefore the effective

time becomes dependent on Néel relaxation excliysiVais is further discussed in Section 2.4.

Relaxation times are temperature dependent. Howtremild hyperthermia at near 42°C,
relaxation time constants does not alter by mulehs tin this investigation the effect of small

temperature elevations on time constants are cerezichegligible.

Relaxation time vs. Particle size for MNP
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Figure2.8. Relaxation time vs. Particle size for MNP
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2.2.5 Specific Absorption Rate (SAR) and Specific Loss Reer (SLP)

In hyperthermia, Specific Absorption Rate (SAR)asmeasurement of the magnetic power
absorbed per unit mass of the magnetic materiatj{)y SAR is proportional to the time rate of
change of the temperature of the magnetic matanidlgiven by the following formula [71]:

- (2.6)

wherec is the specific heat capacity of the sample (4185K™ for water),m is the mass of the
magnetic particles, is the total volume ang- expressed in °K’sis the temperature increment

which is experimentally derived from the linear neggion of the initial data points seen on in

Figure 2.9.

60.0 —— e

50.0 - 00O SOITTT
40.0 -
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10.0 +

Temperature (C)

Figure2.9. Temperature vs. time for superparamagnetic magnegiboparticles

Specific loss power SLP is a measurement of thenetagpower loss per unit volume of the
magnetic material (W i). The loss power is transformed into heat andipissd to the

surrounding medium. SLP is obtained by multiplyiS§R by the densit@ (g cm®) of the

magnetic material @A  —).

According to the first law of thermodynamics, chang the internal energ of an adiabatic

processCD E) is equal to the differential of magnetic work emeW on the system

B CC=CF (2.7)
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B CF (2.8)

WhereF is the magnetic work done per unit volume of thagnetic material [70], is the
external magnetic field strength ands the induction flux.

As seen in Figure 2.10 [72], Equation (2.9) sugg#sat the change & also lags behind that of
H and just as seen in 2.2.2, this lag can causen#igmetic material to exhibit hysteresis.

Hysteresis loop

Figure2.10.Hysteresis of a magnetic materiaBrandH axes.

Integration by parts of each segment of the hysteiirve in respect t& leads to
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Due to co-linearity of the fields, the angel betweeand reduces to zero and therefore the dot

product vanishes arflland" become magnitudes [70].
F 60P" (2.11)

Pin Tesla is given by [59]
P GZ2'" =R/4 (2.12)

whereR is the magnetization of the material (A*rand Q,is the permeability of free space
(SO T5EY T m AY). Substituting Equation (2.12) into Equation 2.hiagnetic work can be

expressed by

F 6G02 =R4" (2.13)

When magnetization lags the field, the integratygids a positive result indicating conversion

of magnetic work to internal energy [70], therefore

B 6(OR " (2.14)

Therefore, the greater the closed area within gstenesis loop, the greater will be the internal

energy.

As described in Section 2.2.3, superparamagnetimopaticles do not exhibit hysteresis.
However, as described in Section 2.2.4, heat isceéed with the energy change through Néel
relaxation due to magnetization and demagnetizatfdhe superparamagnetic nanoparticles and
rotation of the magnetic moments in an AC magnfdil. Therefore, Néel relaxation can be
seen as a form of hysteresis loss for superparagtiagnanoparticles. For an applied time

varying external magnetic field
"Z4 VNV N Z " 2 4 (2.15)

And,
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— 6" ]2 4 (2.16)

Susceptibility on the other hand, consists of retd (Equation 2.18a) and imaginary (Equation
2.18b) components and are given by [70]

1

1 18=1% o (2.17)
1° {2#4 (2.18a)
=7
7 M
aa
1 5o e (2.18b)

which is dependent on DC susceptibilliy, angular frequency 893 and relaxation timé.

Magnetization as a function of time is thereforeegi in the following form:
RZ4 VMW" VYZ " 218\ 2 4=13] "2~ 44 2.19)

Substituting Equation (2.16) and Equation (2.19%p itquation (2.14), the internal energy

becomes

B 60" 215\ 28 4= 18] 20 4426" N ]2 44

G o KO 28 4] 028 4= 018]° 20 4 ¢ (2.20)

Integrating over one periodd3, where3 is the frequency and equal ®d89, the Equation
(2.20) leads to

g £ dy . < -
B o el =i =120 2 4 ¢
fdv
Gl A13G | 2 4 (2.21)

v

where only the complex susceptibility componenviss the integration.
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The specific loss power SLP, is equal to the irdeemergy multiplied by its frequency.

f dy
hj —— B3 Ga3"4 13G ] 2*4 (2.22)
o

where ? is the magnetic particle density aBdis the frequency of the external magnetic field.
Solving for the above equation

hij —— Q3" %91 a (2.23)
Hysteresis loop for ferromagnetic materials diffesn a DC magnetic field to an AC magnetic
field. For constant magnetic field amplitude, as filequency increases, the area of the hysteresis

loop increases at first, and eventually decreagd However to avoid complexity, here this
factor has not been taken into consideration.

Magnetic nanoparticles prepared with surface srad form magnetic fluids, also known as
ferrofluids, are suspended uniformly in a carriguid. These materials are single domain and are
superparamagnetic. For such particles, relaxatiechanisms are dominant. From Equations
(2.23) and (2.18b), SAR is expressed as [70]

893#. 5
?

Akl Go3 %91%5:2893#m4

(2.24)
Figure 2.11 (parameters are given in Appendix Aoljts a simulation of the real and the
imaginary components of the susceptibility as givreiquation (2.17). These components meet
at the peak value of 2@ In fact, as seen in Equation (2.21), the imaginesmponent of
susceptibility is due to the phase difference betwehe applied magnetic field and the
corresponding magnetization and therefore is resiptnfor generation of heat. Moreovéra?
reaches its peak value wh&h 5 . In the following sections this will help optimi2dNP core

diameter for hyperthermia.
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Figure2.11. Susceptibility components vs. Frequency

2.2.6 Heat Dissipation

10 10° 107
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There have been many successful attempts to nuatigrisimulate temperature spatial
distribution of MNP being excited by an AC magnéiield [74-77]. In each approach, heat

transfer equations are used to estimate the thebefadviour inside and outside of a target

volume. In theory, SAR or SLP from the applied A@gnetic field to magnetic particles that are

uniformly distributed within a spherical tumour @diusR will dissipate heat to the surrounding

tissue until temperature reaches steady staterd=d2 demonstrates this concept, in which

represents the distance from the center of thergh&olume to a point at infinity. Temperature

at the surface of the spherical volumeTigia and reaches minimum temperatUig,, (Steady

state) at distance =m . It is assumed that the temperature inside theerggal volume is

constant.
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Alternating Magnetic Field
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Figure2.12. Temperature vs. Distance

The tolerable period of exposure of living tisswe @n electromagnetic field is limited by
physiological constraints and depends on the figlchmeters. Time dependent thermodynamic
heat transfer equations will help optimize the esqe time required to elevate tissue temperature
for hyperthermia within the physiological limitatis. The following thermodynamic Equations
[77] were used to sketch a graphical simulation Bfas a function of distance for five arbitrary

time values in Figure 2.13 (parameters are givelyppendix A.3):

A r n t X
4 5= 2k56 LN=2r r =G 3zinnc 4w 2nnduc Yz E{ n| (2.253)
Pq 8 9's n,
At X u
2nc 4 €5 = BrS G 32nnc 4w 2unnd—c¢ y\z n} (2.25b)
.gn 9 o u
With the abbreviations
q r 2 ~2ud Zrg654] "u=ul\] u
re — >
q H
q u uf\] u6] 'u - .
annc 4 w & \ wannd ]
32uvn( u’ &'( K6 5 VT o = TN,
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Figure2.13.Time dependent temperature increase as functidistsnce

whereA is the SLPg andq represent values of heat conductivity for mediug\z E{n| )

and 2 (y\z n} ) respectively, and are heat capacity coefficients addand? are mass
densities for the medium 1 and 2 respectively. pammeter is to help integrate from 0O to
infinity and does not have a physical meaning. @beve graph is plotted using a numerical
integration technique. To estimate thermal effeatarious tissues, values@d o For different
biological tissues can be taken from literature][#ach curve in Figure 2.13 represents the
thermal dissipation with respect to distance frtwe ¢enter of spherical volume for a given time
interval. As expected, the longer the durationh& magnetic induction process, the higher the
thermal effect at the center of the spherical va@uwlso it can be seen that temperature drops
rapidly a few millimetres away from the surface Rf This means that in a hyperthermia

application, unnecessary heat can be kept away liematthy surrounding tissue.

The following sections in this chapter are allodater understanding of properties that would

allow for highest SAR value with minimum dosageMifiP.
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2.3 Magnetic Properties Suitable For Hyperthermia

Magnetic properties suitable for hyperthermia aveanly governed by the magnetic parameters
of the MNP but also by the physiological limitat®othat are set to protect living organisms
against high magnetic fields. By optimising thesepgrties, maximum SAR and thermal effect
can be reached and therefore fewer MNP are reqairéie target area. In this section some of

the magnetic parameters and limitations are digcliss

2.3.1 MNP Physical Parameters

2.3.1.1Size

The size of the MNP influences the value of SAR #dretefore the thermal effect. As explained
before, an area within a wide hysteresis loop leadBssipation of more heat than does a narrow
hysteresis loop. Assuming constant magnetizatitura@onMs, coercive fieldHc defines width

of the hysteresis loop. There is a relationshipvbeh particle core size and the coercive field. As
shown in Figure 2.14 [59], thlc is at its largest value for particles that arehat border of
between being single and multi-domain. Superparaeiagnanoparticles show no hysteresis and

therefore it is not surprising to see that theyndbhave any coercive field.

Hc

Single Domain Multi-Domain

U ‘
‘ Diameter

Superparamagnetic

Figure2.14. Coercive field vs. particle diameter

Figure above suggests that particles resting onbtitder between single and multi-domain
exhibit the highest value of SAR and thus are thst lzhoices for hyperthermia. In a study,
Zhanget al. [79] showed that due to technical and biocompatybissues, the applied AC
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magnetic field is often much lower in amplituderiitae field required to saturate all magnetic
moments of MNP. Conceptually, to benefit from hganeration by a complete hysteresis loop,
particles have to magnetically saturate to extrgrh@h fields on the order of a few thousand
Oersted. Such fields may cause unwanted tissuéngeatimulation of peripheral and skeletal
muscles and irreversible biological effects sucltasliac fibrillation [80]. Therefore, adequate
magnetic field and frequency necessary to makeotislee entire hysteresis loop would be too
high to consider for hyperthermia. In addition, &ese an ensemble of multi-domain MNP align
randomly with the magnetic field, practically or2$% of the ideal maximum theoretical power

may be dissipated as heat [81].

According to Okaweet al. [82], under a moderate and physiologically tole&gahC magnetic
field, the single domain MNP of 18 nm in diameteached target temperature of 43°C quicker
than superparamagnetic and multi-domain MNP. Thasrcis also in close agreement with the
findings of Johannseat al. [83] in which magnetite nanoparticles of 15 nmdiameter were

used to elevate tumour temperatiweivo tests.

As mentioned at the end of Section 2.2.5, the imagi component of susceptibility is
responsible for the heating of MNP inside an AC naig field. It was also shown that this
component is at its highest value whgh 5 where” is the angular frequency ardis the
effective relaxation time. In highly viscous mediach as tissue, the effect of the Brownian
relaxation time on the effective relaxation tithes negligible and Néel relaxation tir#g is the
dominant factor [76]. Using Equation (2.24), Figard5 (parameters and calculations are given
in Appendix A.4) simulates how SAR due to Néel xalion behaves as size of the iron oxide
MNP varies. Frequencies of 20 kHz, 200 kHz and 2zM¥¢re randomly chosen to display the
effect of frequency on SAR.
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Figure2.15. Power loss due to Néel relaxation vs. radfudNP

2.3.1.2 Concentration of MNP

In steady state temperature differenceis given by [84]
hkl [_ (2.26)
-q

where [ is the concentration of the MNP (mass of the piadi per tissue volume) arml
represents the heat conductivity of a tissue voluntle a radiusR. From the above equation it is

evident that higher concentration of MNP in theuis leads to higher .

Earlier in Section 2.2.1 it was mentioned that ohthe factors affecting the effective anisotropy
constani is the dipolar magnetic interaction generated dsheparticle in the external magnetic
field on the neighbouring particles. Therefore, wiiee number of MNP is altered, there will be
a change in the dipolar interaction of MNP. As sufe change in the concentration of MNP will
lead to a small change of thevalue [85]. This alteration however, is consideirgsignificant in

this investigation.
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2.3.2 Limitations to Amplitude and Frequency of the AC manetic field

In order to prevent deleterious physiological resmss from time varying magnetic fields, there
are guidelines limiting magnetic field parametérsese guidelines are obtained from scientific
observations and epidemiological studies. For keical purpose, the frequency of the
electromagnetic field has to be higher than 50 kéiavoid neuromuscular electro-stimulation
and lower than 10 MHz for appropriate penetratidh Available experimental data shows that
the resting human body temperature can be elevapedo 1°C if it is exposed to an
electromagnetic field that produces a whole-bodyRS# between 1 and 4 W Rg80]. Eddie
current loss produced by closed currents inducedlteynating magnetic flux in a conductive
tissue of sufficient area are responsible for thjge of heating [86]. Harmful levels of tissue
heating can be produced by exposure of the tissfieltls at higher SAR values. Atkinsehal.
[87] therefore, established an upper limit of 4.830° A m* s' for the product of field
amplitude (H) and frequency {) for a single turn induction coil around the tho a normal
size patient. For such body exposure, a tissuetlmaghold of 25 mW riflwas recommended by
Jordaret al [86]. Power density absorbed by the tissue ismyivy

o S 9 5

5 . 2t 174 (2.27)

Ax ¢

where | is the permeability and is the permeability of free spacel is the conductivity of the
tissue, f stands for frequencyy kit the external field strength and r is the distafrom the
central axis of the body. Using the above equadiot the upper limit to the product of the field
amplitude and frequency, the following graph (Fe@rl6) is simulated and plotted (parameters

are given in Appendix A.5).
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Field vs. Frequency for Loss Power limit of 25 m\W/ml
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Figure2.16. Biological limitation to field and frequency

In the above graph, the curve represents the Uppieifor Ho andf that can be used for patients
with a body cross section of 10 centimetres inusdit tissue load limit of 25 mwil™. This
simulation also took into account values for biatad tissue conductivity ranging from 0.0144 S
m™* to 0.68 S nit as tabulated in [78] for frequencies in the ran§@00 kHz to 1 MHz. Since
eddy current power density is proportional to thease of the diameter of the induced current
loops, the proposed upper limit can be accordingtger for smaller body regions under AC
magnetic field exposure. For example, a highertliofiH, f=4 10 A m* s has been

suggested fotreatments of the breast cancer [88].
When an electromagnetic wave passes through themudy, as it heats the tissue it also

declines in intensity. This is given by

T &' 268 % < 4 2t 9 4 (2.28)

N

o | BEE 2t 17 4maximum safe incident intensity %s % Cléd



35

wherel is the power per unit area transmitted throughtigseie x is the penetration depth of the
tissue,%¢ is the total attenuation factor including scattgrand absorption is the incident
frequency andéy averagesZ T 5E ' sec””m™ for soft tissue [89]. According to Equation 2.23,
at 1000 MHz (microwave) more than 90% of poweo& in approximately 15 mm depth of the
soft tissue; at 30 GHz incident power has lost 989%s energy in less than 10 pum depth in the
tissue. On the other hand, 67% of the energy isquathrough a thickness of 10 cm tissue un-
scattered and un-absorbed at 160 kHz. This suggesigtable frequency range (~100 kHz) for
proper penetration of the AC magnetic field anditexion of the MNP at a deep target area. To
simplify calculations, here the biological loadaissumed to be isotropic and homogeneous and
its cross section exhibits cylindrical symmetrythe induction coil. Also the magnetic field
within the coil and tissue load is assumed to béoum and field penetration into the dielectric
material is complete. Moreover, the tissue undeaysts far away from any metalic implants that

could affect the field in any way. Last but notdgdt is assumed that there is no axial electric
field within the coil.

In addition to the above, a study involving eleoty@graphy recording of human arm [90]
showed that a derivative of the AC magnetic flursiey— greater than 10T s* was required to

stimulate the median nerve trunk. As simulated stmalvn in Figure 2.17, an AC magnetic field

of 4500 A m* at 160 kHz is far from this limit and could noinstilate median nerve trunk.

Frequency = 160 kHz and Field = 4500 A/m
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Figure2.17. dB/dt for Frequency = 160 kHz and Field =@30m*
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2.4 Hydrogel Encapsulated MNP

Hydrogels are polymers that are able to absorkelaugantities of water without dissolving or
losing their three dimensional structure. They @sed in biomedical applications because their
physical properties are similar to those of livirggue and they are highly biocompatible. Some
hydrogels are known as “smart” gels due to thapomse to an external stimulus, such as change
in temperature, pH, magnetic fields, etc. Therngpomsive hydrogels are particularly of high
interest in which N-isopropylacrylamide (PNIPA) lgdel is the most familiar type. PNIPA has
an inverse response to temperature elevationighiéireduces size when heated and swells when
cooled down [11]. This discontinuous and reversimlechanism caused by internal structure
changes due to the presence of hydrophobic grocpe®at lower critical solution temperature
(LCST). At temperatures below LCST (Figure 2.18ydimgen bonds between hydrophilic
groups of the polymer chain are dominant, i.e. aig®on of water has increased. When
temperature is increased to LCST (Figure 2.19)rdyein bonds become weak and hydrophobic
interactions become stronger, which results in angk in the internal structure, so water is
expelled out of the hydrogel. This phenomenon tssial color change (become opaque) and
volume change. The LCST of PNIPA hydrogel alonatis32°C, and can be set above body

temperature by copolymerization with hydrophobicnmmer like acrylic acid [91, 92]

‘s
__Ouwm N H
SPs
H o—

T<LCST T>LCST

Figure2.18. PNIPA at Temperature less than LCST Figui®. PNIPA at Temperature greater than LCST
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2.4.1 MNP Embedded in PNIPA Hydrogel for Drug Delivery

As described before, induction of MNP can provide necessary heat for hydrogel to shrink and
reduce its volume. In this case, as illustrate#Figure 2.20, MNP are embedded within the gel
and assist in elevation of hydrogel temperatureegriaced in an AC magnetic field. There, the
energy from the magnetic field is transformed inéat and then transferred from the MNP to the
hydrogel, thus increasing its temperature. The L@&$ determined to be 29°C. The interaction
between MNP and/or the polymer coating with therbgel may have had an effect on reduction
of LCST.

T<LCST

Figure2.20. MNP embedded in PNIPA hydrogel

The goal here is to integrate MNP with therapeatients in micro-carriers made of PNIPA
hydrogel that are capable of transiting through ¥key small diameter blood vessels of the
human vasculature. These micro-carriers can begatad towards a target such as a tumour
using a gradient magnetic field of a clinical MRk depicted in Figure 2.21a, instead of relying
on one large magnetic core to propel and steer sucto-carriers in the vascular network, the
proposed hydrogel micro-carriers rely on an agglatien of the MNP embedded within the
hydrogel. As such, the MNP are also used for psapo through an induction of the magnetic
gradients generated by a clinical MRI system. His® allows tracking of the micro-carriers as a
local distortion of the magnetic field inside theRMsystem, where the confirmation of the
homogenous distribution of the micro-carriers witlihe target volume prior to drug release
would be feasible [38]. Once the micro-carriers amenobilized by means of embolization
(Figure 2.21b), an AC magnetic field can causeetindedded MNP to heat the PNIPA hydrogel
and as such, actuate a drug release sequencasAinth, as a result of a reduction in hydrogel

volume, a fraction of the embedded MNR(H and therapeutic agents can be liberated, allpwin
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the micro-carrier to move closer to the target ateaaddition to the influence of therapeutic
agents on target cells, released MNP around tigettarea can be made to bond with the target
tissue surface and cell membranes by means ofagli¢. The change of target tissue surface
may cause a change in the topography cues of thieoement and target cells where it may
influence cell cytoskeleton formation and encourtdmgecells to switch from growth to apoptosis
[37].

Q\
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N MRI Gradient Field
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Micro-Carrier

Therapeutic Agents

—— Antibody Coated MNP ——\__

Figure2.21. PNIPA- MNP as hyperthermic actuator for ddetjvery in the vascular network

2.5 MNP and the Gradient Magnetic Field

As seen in the Figure 2.20, the gradient of themefg field in MRI steers the micro-carriers to
the target tumour. The torque and the force crebyedn MRI magnet can be calculated from
[61]

# CTN « TN (2.29)

s N (2.30)
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In the above equationg,is the magnetic torque (N.m), is the magnetic force (N}, is the

magnetization of the material (At V is the volume of the magnetic material®*(N is the
magnetic induction (T) andN is the gradient (spatial variation) of the magneattuction (T
mY). It is seen from Equation (2.30), that the maignetrce required to steer micro-carriers in
Figure 2.21 is not dependent on the size of thevidlal nanoparticle but the volume of an
ensemble of the MNP within the micro-carriers. Soste¢he MNP however, has direct impact on
change of temperature upon exposure to the AC ntiagheld. Therefore, there are no size
related constrains for propulsion of an ensembIBINP encapsulated inside micro-carriers that
are functionalized for moderate hyperthermia.

Rigid objects such as micro-carriers face a draigefdy the moving fluid in a rigid cylindrical
tube such as the blood vessels. This force is dkgreron the fluid density, velocity of the object,
frontal area and the ratio of the object diametethe cylinder diameter. Micro-carriers can be
propelled by the gradient field force if this fonsestronger than the drag force of the blood flow
on the micro-carriers. In this regard, a 1.5 mmof@agnetic bead was navigated through the
carotid artery of a living swine by the gradient @f1.5T clinical MRI [93]. This important

realization opens new doors to a navigable hypsartitebased drug release mechanism.
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CHAPTER 3 EXPERIMENTAL METHODS

In this chapter, experimental methods are presetdedalidate and support the theoretical

explanations as well as the mathematical simulatstrown in the previous chapters.

3.1 Induction Heating Machine

To obtain a sinusoidal AC magnetic field on theeordf a few tens of amperes per meter at
hundreds of kilohertz, a 1.5 kW induction heatingcimne was allocated from Norax Canada Inc.
This machine, shown in Figure 3.1, is originall\gereered to induce eddy currents on the metal
surface and heat it near to the melting point. &tddy current is generated by tens of amps at
relatively high frequencies through a cylindricalpper tube coil surrounding the metal. The

device is cooled down by cold water.

Figure3.1. Norax Canada Inc. induction heating machine
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Following the convincing results from preliminassts with the device shown in the Figure 3.1,
a more sophisticated induction heating machine prshased from Ameritherm Inc This

device, shown in Figure 3.2, consists of a 2 kW l#ep a heat station and an induction copper
tube coil. The coil is attached to the heat stasind the entire device is cooled by a water-to-air

cooling system (not shown in the Figure below).

Copper Coil
Heat station

Amplifier

Figure3.2. Ameritherm In¢ HotShot 2kW induction heating

The amplifier is able to run a few hundred amp® itite coil through the heat station and
generate large magnetic fields at a theoreticajueacy range of 150 to 400 kHz. The exact
frequency depends on the inductance of the coiltaedmatching capacitance inside the heat
station. This device was selected because of itapacatively low frequency range. As
mentioned before in Section 2.3.2, at hundredsilohé&rtz the penetration of the magnetic field
in the biological tissue is the largest and sudabdbr moderate hyperthermia. Necessary
calculations were done to match the coil dimensimms its inductance with the capacitance of
the heat station for the minimum available freqyeot 150 kHz. A three turn copper tube coill
was constructed with a diameter of 67 mm and altbavérequency of 160 kHz. As depicted in
Figure 3.3, for this frequency, the SAR due to Né#dxation is at its maximum for magnetite

nanoparticles of approximately 20 nm in diameter.
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Figure3.3. Loss power due to Néel versus radius of MNF6atkHz

Once the frequency is selected, the upper limithef magnetic field strength can be obtained
from the mathematically simulated biological lintiten curve illustrated in Figure 2.16. This
upper limit is set to be 4500 A’

3.2 Experimental Trials

Commercially available 20 nm magnetite nanopadisigspended in water were purchased from
two different companies: micromod and chemicell Ginffhe magnetic properties as well as
core diameter of these particles were then veribigdvibrating sample magnetometer (VSM:
EV5, Magnetics) and transmission electron microgc@EM: Jeol JEM-2100 operated at 200
kV). Unfortunately, it quickly became evident ththe advertised magnetic core size of these
particles was larger than reality. The images ffoBM showed that the nanoparticles consisted
of sub-particles of much smaller core size. Thisl Imaajor effect on the expected thermal

behaviour of the nanoparticles and the SAR valwemneached its maximum potential.

3.2.1 Magnetic Fluid

Magnetic fluid magnetite nanoparticles purchasednfmicromodProduct number: 79-00-201,
Rostock-Warnemuende, Germany) were observed by Té&Monfirm their crystal structure
(F&0,) and their size distribution. These particles wangormly suspended in agueous solution

and contained 50% dextran polymer as their coatngrevent large dipole-dipole interactions
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between the MNP. This was verified by the atomisaaption spectrometry (AAS: Thermo
Scientific S Series). Figure 3.4 demonstrates TEMges from agglomeration of these MNP.

Figure3.4. Magnetite nanoparticles purchased from michmo

The images of Figure 3.4 show that the core diammeié the particles vary in a narrow size
distribution range between 7 to 10 nm. Figure 3istrates the crystal diffraction patterns

corresponding to magnetite gei) as chemical composition of the particles.

Full Scale 1331 cis Cursor: 0.000 keVf
Figure3.5. Confirmation of magnetite nanoparticles conipms

The VSM reported a magnetization saturatdavalue near 43 emu’gfor these nanoparticles.
This is almost half of the values found in therhteire for bulk magnetite. Other than what was
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explained in Section 2.2.2, this can be due toléinge amount of dextran coating that was
confirmed earlier by AAS measurements. Coerciviel fi¢c was measured to be relatively small

at 0.88 Oersted (Oe), which is an implication & sluperparamagnetic behaviour.

Magnetic fluid magnetite nanoparticles purchasethfchemicell GmbH (Berlin, Germany) were
also promised to be 20 nm in diameter. These pesticame in eight different coatings; Starch,
Oleic acid, Polyacrylic acid, Poly (maleic acid-glefin), Polyvinyl alcohol, SIMAG Carboxyl
and two types of uncoated MNP: anionic and catich@rge. The images provided by TEM are
presented below in Figure 3.6 and show that somepaticles have different shapes and core

size distribution.

a. Starch b. Oleic Acid
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g. Uncoated Anionic h. Uncoated Cationic

Figur&.6. TEM images from chemicell GmbH magnetite MNP

For these MNP, the crystal diffraction patternsresponded to magnetite & composition.
The M-H curves provided by VSM show very narrow hysterdsgses and in some cases a
complete lack of hysteresis losses is evident. &leasves are depicted below in Figure 3.7.
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[*0* Uncoated Cationic

—— 1*

/*0 Uncoated Anionic

Figure3.7. Hysteresis curves of MNP

A brief summary of the coercive fieltHc, magnetization saturatiodMs and the initial
susceptibility are presented below in Table 3.1e irhtial susceptibility is the slope of a linear

portion of the hysteresis curve. The lbly values suggest superparamagnetic behaviour fee the
particles.
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Table3.1. VSM measurements for chemicell GmbH MNP
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The chemical structure of each coating is providgdhemicell GmbH and depicted in Figure
3.8. As seen in this Figure, the length and themit& components of each coating vary. It has
been suggested that such variety affects magnegjpegies of the MNP [60] and therefore has
an impact on the thermal behaviour. This will beeistigated in the following section.

Starch &' Oleic Acid

Polyacrylamide & Poly(maleic acid-co-olefin)
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Polyvinyl alcohol

[*0* Uncoated Cationic /*0 Uncoated Anionic

Figure3.8. Chemical composition of MNP coatings [www.clesti.com]

A third set of MNP were specially ordered and costmmade by chemicell GmbH from
fluidMAG-PMO-2 series (Lot ID: 2906/09). The compaclaimed that these particles have
larger diameters than previously provided fluidMA®AO. Figure 3.9 shows the crystal

diffraction pattern obtained from TEM and suggestgynetite FgO, as chemical composition of
these patrticles.

Figure3.9. TEM image and diffraction patterns of fluidMA@BVO-2
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From the images of TEM, the diameters of more 630 single particles were measured and
recorded. The results are depicted in Figure 3rid show a relatively wide size distribution

ranging approximately from 3 — 18 nm in diameteglang at 11 and 13 nm.

; / \ .

Figure3.10. Size distribution of magnetite nanoparticles

The VSM measurement shown in Figure 3.11 suggesue equal to 78.3 emu*dor Ms and
0.14 Oe forH.. The low coercive field and lack of hysteresisresent the superparamagnetic

nature of these nanoparticles.

Figure3.11. VSM for fluidMAG-PMO-2
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3.2.2 Effect of Concentration on Heat Generation

The purchased superparamagnetic magnetite nargearfrom micromod were divided into
three concentration groups of 10, 25 and 50 mg etagmarticles (MNP plus the coating
polymer) per ml of suspension fluid by means oftitision. Two 1ml samples of each
concentration were collected in plastic containgspendorfs). Each eppendorf was placed in
custom made isolation foam (Styrofoam) fitted toe inside of a 15 mm diameter, 8 turn copper
tube induction coil. The 1.5 kW induction machitewn in Figure 3.1, provided a magnetic
field near 80 kA rit (~1000 Oeht a frequency of 150 kHz inside the coil. Tempemchanges
were monitored and recorded at every 15 seconda foriod of 900 seconds (15 minutes) by
two thermocouples (T-Type, Omega HH506R). A theroupie measured the temperature of the

sample and the other measured the temperature &tyinofoam as shown in Figure 3.12.

Figure3.12. Experimental setup concentration effect aat he

Prior to any test, 1ml of deionised water was plaicside the coil to measure the effect of the
AC magnetic field on the suspension media, the ntbeouples, the eppendorf and the
Styrofoam. Such effect was measured to be negiiddnl this experiment. The tests were carried

out twice for each sample and the results are gedrand presented in Chapter 4.

3.2.3 Effect of MNP Coating on Heat Generation

In this experiment magnetite nanoparticles purathdisen chemicell GmbH with eight different
coatings were placed in a 2 kW induction heatinghmre shown in Figure 3.2. The primary
purpose of this experiment was to see how varioasirngs would influence the temperature rise
of the MNP. Considering that only a handful of togs were examined and as seen in Figure 3.6

the core diameters of the MNP were not always ctesi, the results were not entirely
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conclusive. The idea here however, was to find vilia¢ of coating among available samples
would allow for maximum generation of heat. Therefo0.5 ml MNP samples of the various
coatings with a concentration of 25 mg/ml were pref in separate eppendorfs. Each sample
was placed in a custom made isolation foam (Stamifofitted for an inside of the copper tube
coil seen in Figure 3.2. This coil was designedenerate a magnetic field strength of 2 kA m
at 160 kHz. Fibre optic temperature sensors (Refidk T18 217A, Neoptfk Inc, QC, Canada)
recorded temperatures of the sample as well astandie of 1 and 2 centimetres away from the
center of the eppendorf every 15 seconds for & tiate of 3000 seconds. The results were also
used to validate thermodynamic theory of the tirapasthdent change of temperature as a function
of distance presented in Section 2.2.6 and showigare 2.13. A control sample containing
deionised water was placed inside the coil to meathe effect of the AC magnetic field on the

thermocouples, the eppendorf and the isolation fddrs effect was found to be negligible.

3.2.4 Magnetic Fluid and Heat Generation

Results from previous experiment led to the purehafs magnetite nanoparticles fluidMAG-

PMO-2 (Lot ID: 2906/09). As described in Sectio.3, these particles were larger than the
former fluldMAG-PMO (Lot ID: 0304/09). For this egpment, as shown in Figure 3.13 and
Figure 3.14, 1ml sample of fluidMAG-PMO-2 with camdration of 25 mg/ml was placed in a

Cryogenic vial.

Figure3.13. Heating of fluidMAG-PMO-2 on hot plate at 87°
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The vial was then suspended in the middle of thepep coil and inside a Pyré&xeaker that
contained 170 ml of deionised water via a plasigpgnsion support. The beaker was placed on
a hot plate with a magnetic stirrer device (Isot®mpisher Scientific, lowa, USA) and the
temperature was set to 37°C to imitate the enviemrof a human body. Water temperature was
kept constant at 37°C via a thermocouple conneditedtly to the hot plate and was monitored
continuously via a third party fibre optic sensdo imitate a moderate blood flow, a small
cylindrical magnetic stir bar 66 15 mm was dropped to the bottom of the beaker ahdos

spin at 50 rpm. This speed was artificially choseoreate constant flow.

Figure3.14. Induction heating setup for fluidMAG-PMO at qC

The coil was powered by an induction heating mazhvia a heat station and it was designed to
generate a field equivalent to 4.5 kA'rat 160 kHz. This is in agreement with tissue latigns
that can be seen in Figure 2.16. Room temperahdaeamnperature of the sample were measured
every 10 seconds for a period of 1080 seconds (h8tes), with the help of fibre optic sensors
(Reflex, SN: T18 217A, NeoptixInc, QC, Canada). A control sample containing disied
water was also placed inside the coil to measweetfect of the field on thermocouples, vial,
plastic suspension support and the beaker. Thesteffas found to be negligible. The experiment

was repeated 3 times and the results are explairtée following chapter.
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3.2.5 Hydrogel Encapsulated MNP

For this experiment, temperature response of PPNifrIkogel embedded MNP (PPNIPA-MNP)
inside an AC magnetic field was tested. To avordy@d dissipation of heat to the surrounding
area, the test subjects were placed first in a 3%agar gel, and second in a thermal insulation

Styrofoam.

To create agar gel, 10 grams of agar powder (Abachnical) was added to 200 ml deionised
water. The solution was stirred and heated to &€ then left to cool to room temperature for
an hour. The final gel was cut to fit inside anuation coil seen in Figure 3.15. A hole was then
made in the middle of the agar to fit the shapiefeppendorf. The PPNIPA-MNP samples were
synthesized using a method described in [94]. Tete of PNIPA-MNP samples were prepared
from two concentrations of 5 and 10 mg magnetitefemtofluids of dextran coated MNP
purchased from micromod (Section 3.2.1). Samplea® \p&aced in the eppendorfs with 7.0 mm
internal diameter and 40.3 mm in height. Each egpdrcontained 0.5 ml PNIPA-MNP. A set of
PNIPA hydrogel without any MNP was also synthesitedee the effect of the AC magnetic
field on the polymer alone. Eppendorfs were cahgfolaced in the center and inside of the agar
gel so that the samples could be buried below ¢fag top surface. For this experiment the agar
gel was put in the middle and inside a 3 turn austoade copper tube coil with a diameter of 67
mm. The coil was powered by an induction machineégitherm Inc.) shown in Figure 3.15
to generate a magnetic field of 9.2 kA'r~116 Oe) at 145 kHz. The magnetic parameters fall
below theH, f limit range (4 10° A m* s') suggested foireatments of the breast cancer and

explained in Section 2.4.2.

Figure3.15. Induction of hydrogel sample in agar gel
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Temperatures of the hydrogel samples and the agat@ distance of 1 centimetre away from
the center of the eppendorf were recorded evergetdnds by fibre optic temperature sensors
(Reflex, SN: T18 217A, Neoptix Inc, QC, Canada)eTihduction machine was turned on 10
seconds after starting time for temperature reogrdind turned off after 30 minute for each

sample.

In the second part of this experiment (Figure 3.B3yrofoam was used. Styrofoam minimizes
the effect of possible external temperature flutms due to coil or variation of room
temperature by thermally insulating the sample. sish, each eppendorf was placed in the
cylindrical Styrofoam with 27 mm in diameter and @& in height such that the eppendorf was
completely insulated by the Styrofoam. The Styrofoaas then placed at the center of the
copper tube coil. Variations of temperature indide eppendorf as well as the Styrofoam at a
distance of 1 centimetre away from the center efdppendorf were recorded every 10 seconds

for 30 minutes via fibre optic temperature sensors.

Figure3.16. Schematics of the induction of the hydrogehgle in a Styrofoam insulation.

Finally, to visualize volume change of PNIPA hydebgamples, a 20 miPNIPA hydrogel
containing 10 mg magnetite/ml of PNIPA hydrogel hwibwer critical solution temperature
(LCST) of near 29°C was placed inside a channediidated on Poly(methyl methacrylate) or
PMMA and seen in Figure 3.17. The PNIPA hydroge$ wzen heated on a hot plate to 29°C.
Temperature readings were taken by an infraredntbereter (Oakton, TempTestr IR) and

change of volume was observed by a microscope.lRese provided in the next chapter.
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Figure3.17. Hydrogel encapsulated MNP inside PMMA channel

3.2.6 Spherical Hydrogel Encapsulated MNP

The hydrogel encapsulated MNP (PNIPA-MNP) are sssited using a method similar to the
one described in [94]. For this experiment, asstflated in Figure 3.18, the PNIPA-MNP are
made into small spherical shapes of about 1 mmiameter that contain 2 wt% magnetite
nanoparticles. The fluidMAG-PMO-2 (Lot ID: 2906/08)e used as the MNP embedded within
the hydrogels. Nearly 100 of these hydrogels wégeqa in a 2.0 ml Cryogenic vial. The vial
was then filled with deionised water until the totalume was 0.5 ml. The vial was placed at the
center of a Styrofoam fitted for inside of the ceppoil similar to the one shown in Figure 3.15.
The PNIPA-MNP were excited by an AC magnetic fisttength of 4 kA rit at 160 kHz. The
magnetic parameters respect physiological fieldtdions shown in Figure 2.16. Fibre optic
temperature sensors (Reflex, SN: T18 217A, NeSptix, QC, Canada) were used to measure
the temperature change for a period of 1500 sec{@&isninutes). The experiment was carried

out 5 times and the results are discussed in fleniog chapter.

Figure3.18. Spherical hydrogel encapsulated MNP



59

CHAPTER 4 RESULTS

4.1 Effect of Concentration on Heat Generation

As described in Section 3.2.2, three concentragianips of 10, 25 and 50 mg magnetic particles
(MNP plus the coating polymer) were placed insidm# providing a magnetic field of near 80
kA m™ at a frequency of 150 kHz. Temperature incremasta function of time are depicted in

Figure 4.1.

Figure4.1. Concentration effect of MNP on temperaturengea

It was observed that for these concentration groupder the condition where AC magnetic field
parameters were constant, temperature rose moidlyraps concentration of MNP were
increased. This was not far from the expectati@chBMNP is thought of as a heat source when
placed inside the AC magnetic field. By increasihg concentration of MNP, the number of
these heat sources in the sample is thereforeasedeand thus higher temperatures are obtained.
Figure 4.1 shows that the temperature rises foligva sub-linear trend initially, then after some
time the thermal equilibrium between the sample #edsurrounding area leads it to plateau.
Such behaviour is seen in each curve. At everyrgkcenergy is absorbed due to the excitation
of MNP by the AC magnetic field given in J §.gAs previously seen in Section 2.2.5, via
Equation (2.6) SAR (W{or J s &) can be calculated by multiplying the temperatnoeement,

which is experimentally derived from the linear neegsion of the initial data points, to the
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specific heat capacity of water, given by 4185 3 kgat room temperature, and the mass of
magnetite nanoparticles. Table 4.1 tabulates SARhated from the graph of the temperature
rise as function of time (graphical SAR) using tmsthod.

Table4.1. SAR graphical measurement

Concentration: mg (R, MNP +50% Coating) per ml Fluid

mass: mg magnetite per ml Fluid

— (°Cls) (

Ratio:— [10 mg/ml] :— [MNP]

SAR (WI/g) ) ) ( )

As seen in Table 4.1~ is steeper for higher mass of magnetite per mihef sample fluid.

Theoretically, SAR value is independent of the emiation of the MNP and should be equal for
all samples. The difference in SAR that is seernvaldiwever, could be explained by possible
experimental errors due to unintentional small gesnn the magnetic field or frequency as well
as slight changes in the room temperature. Theevall SAR obtained from this experiment is in
good agreement with the theoretical predictions se&ection 2.3.1.1 for particles in range of 7-
10 nm in diameter under an AC magnetic field néak®& m* at 150 kHz. This is shown below

in Figure 4.2.

Figure4.2. SAR due to Néel Relaxation vs. Radius of MNP
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Using the graphical SAR shown in Table 4.1, can also be mathematically approximated for 1
ml spherical tissue volume with a radiusof 6.2 mm using the Equation (2.26) in Section
2.3.1.2. For this calculation, heat conductivitytioé tissuey is assumed 0.146 (WKm'Y). The

results are tabulated in Table 4.2.

Table4.2. Theoretical and experimental estimations for

- HH#H-2 #-8 - B # - $ # v. H#
93 0 -## O

%

) %

Theoretical and experimental seem to follow the same incrementing trend ling @@ values

are in close agreement.

Temperature increments as a function of time fog &xperiment can also be normalized to fit

second order polynomial equations plotted in FiguBe

Figure4.3. Second order polynomial normalization of mdij@e

It is important to mention that the- ratios given in Table 4.2 show a linear trend wtle

concentration of magnetite samples. This trend eensagain in normalized second order
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polymers. In Table 4.3, the concentration ratie@refced at 10 mg of magnetite per ml seem to
follow throughout the coefficients of the polynoinéguations given in the form ef ‘< =
"«= , where' and’ are the coefficients and represents initial temperature of the sample

respectively. The small difference may be due &ekperimental errors discussed above.

Table4.3. Second Order Polynomial Normalization of MNP

LG . Rati.o Second Order Polynomial . ¢ r 3 ¢ -
Concentration| 10 mg/ml : [MNP] [10 mg/ml]:* [MNP] [10 mg/ml]:" [MNP]

10 11 + 65ZT5F <« = EE. <=85p 1:1 11

25 1:25 e+ 6.”" TS5F < = EE*8 <=8. 1:2.6 1:24

50 15 « 6+8T5E <« = E58¢=8S5 1:4.8 14

In fact, the linear trend seen here may help foienabf a systematic relationship between
concentration of MNP and the final induced tempe®tfor a given time interval. For instance, at
37°C, under the same AC magnetic field parametteessecond order polynomial equation could
be approximated a3 6EZT5E Y ¢« = EE5Z<=.e for 1ml sample of the same

magnetite nanoparticles with a concentration ofgmh Figure 4.4 shows that in 900 seconds,

such approximated trace reaches 44.4°C.

Figure4.4. Simulation of temperature as a function oktifor 5 mg magnetite /ml fluid

This is interesting because theoretically tempeeafialls in the range of temperatures well
defined for moderate hyperthermia. However phygjial limitations to the AC magnetic field
parameters are not respected in this setup. Thes@tions are considered for the following

experimental observations.
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4.2 Effect of MNP Coating on Heat Generation

In this experiment, MNP with eight different cogf;mwere excited by the AC magnetic field
described in Section 3.2.3. Temperature incremasts function of time for all samples are
depicted in Figure 4.5. Change in temperaturésit distances of 1 and 2 centimetres away from
the center of the eppendorf containing the magnet#noparticles were also recorded. These

results are given in Table 4.4.

Table4.4. Change in temperature at 0, 1 and 2 cm frencémter of magnetite sample

. 9 <= <=
) ((
5 %
¥+ ) )
& )5 0)
% ((
/*0 % % 0
[*0* 5 5 )
& ) %

Figure4.5. Effect of coating of magnetite on heat
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As seen above, magnetite nanoparticles with Pobjldim acid-co-olefin) coating showed highest
thermal effect and magnetite nanoparticles withy#oll alcohol coating presented the lowest
effect. Theoretically speaking, MNP with higher matization saturationMs and initial
susceptibility o should produce more heat inside an AC magnetid fisan MNP with lower
values ofMs and . High susceptibility means that the magnetic masarithin the MNP align
faster with the field direction and readhs at lower applied external field. Assuming narrow
MNP size distribution for all samples in this expeent, Table 3.1 of Section 3.2.1 suggests that
magnetite nanoparticles with Polyacrylamide (PA@ating should introduce highestT.
However, Figure 4.5 illustrates otherwise. To bettederstand this, the graphical SAR (W) g
for each sample is calculated and presented ineT@bl The area of the hysteresis loops for the
external field amplitudes between -2 and 2 kA were also calculated and given in this table.
From the hysteresis plots in Figure 3.7, magnetisaif the samples at an external field of 2 kA

m* are also estimated and presented in Table 4.5.

Table4.5. MNP Coating effect: results and theoreticdtuation
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The close area within the hysteresis loop (A)Tris placed in the Equation (2.14) to calculate
SAR (W g% due to hysteresis losses. For this calculaticegtfency was 160 kHz and the AC
magnetic field amplitude was 2 kAnIn the above table, SAR represents the difference

between SAR due to the hysteresis losses and diphigal SAR found from Figure 4.5.

Assuming that loss mechanisms are due to hyssefesithose particles that exhibit hysteresis
losses shown in Figure 3.7, and/or relaxation ®$sethose lacking hysteresis in the that figure,
the contribution of each mechanism to the thernuéta@me can be estimated by comparing the
graphical losses to the calculated hysteresis $o9deedless to say, that hysteresis curve is
different when measured in a DC field than in thé Aeld. This suggests that the different
values of SAR due to graphical estimations anddmgsts curves can indeed be related to the
frequency of the magnetic field. For example, asigeTable 4.5, magnetite nanoparticles with
starch coating (fluidMAG-D) produce ar of 2.09 °C that could have been originated entirel
from the area of its hysteresis curve. Uncoatecdbrani charged magnetite nanoparticles
(fluidMAG-UC/A) follow the same pattern, only inithcase the area of the hysteresis loop is

larger than that of the fluidMAG-D nanoparticleslaherefore T is larger.

In the case of oleic acid coated magnetite nanigpest (luidMAG-OS), relaxation losses
contribute nearly 90% of the graphical SAR. Altéiwvely, uncoated anionic charge magnetite
nanoparticles (fluidMAG-UC/A) cover nearly 100%tbe graphical SAR by hysteresis losses. It
appears that for samples that hysteresis losséshngr to at least 50% of the graphical SAR,

is at its maximum. This is seen specifically flidMAG-UC/C ( T = 5.92 °C) and fluidMAG-
PMO ( T =6.71 °C) nanoparticles. This indicates thatxaian and hysteresis losses work hand

to hand and one complements the other.

It is also interesting to see that polyvinyl alcbltoated magnetite nanoparticles showed the
lowest T. This may be surprising since the area within higsteresis loop for this sample is
among the highest and relatively similar to thattleé uncoated cationic charge magnetite
nanoparticles. A possible explanation may reshenTEM image provided in Figure 3.6e. In this
figure, magnetite nanoparticles are surroundeddarin 5 nm thick polyvinyl alcohol coating.
This thick layer is not seen in any other imagesnfithe TEM. This protective coating may be

acting as a thermal isolator and prevent thermadlaotion.
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To validate thermodynamic theory presented in $ac#.2.6, it was assumed that all samples
were contained within a spherical volume of 0.5 tdking Equations (2.25a) and (2.25b),
theoretical estimation of dissipation of heat frahe spherical MNP sample through the
Styrofoam is plotted in Figure 4.6. The constaetpuired to plot these graphs are given in Table
4.6. Experimental data points at distances of @nd 2 centimetres away from the center of the

spherical volume given in Table 4.4 are also showfigure 4.6 in red solid triangles.

Table4.6. Constants for the plot of time and distanqeedeent thermal equations
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For the plots seen below in Figure 4.6, it is assditihat heat did not escape from the top part of
the eppendorf where temperature sensors were cahdtis also assumed that heat is entirely
and uniformly transferred to the surrounding Stgewh, and room temperature does not vary.
These graphs are plotted without considering th@agckets within the Styrofoam. Last but not
least, the heat resistance between MNP, watempldstic wall of the eppendorf and Styrofoam

are assumed to be negligible.



Starch

Polyacrylamide

Polyvinyl alcohol

&

Oleic Acid

Poly(maleic acid-co-olefin)

67



68

[*0* Uncoated Cationic /*0 Uncoated Anionic
Figure4.6. Theoretical estimation of time and distanggetelent thermal effect versus experimental

Despite of the assumptions and the experimentaresuch as sudden variation of the room
temperature, the experimental data was not veryfrfam the theoretical estimations. It is
apparent that these points would be closer to tmiresponding estimated values in a better
temperature controlled environment with a betteovidedge of the magnetic properties of the
MNP.

4.3 Magnetic Fluid and Heat Generation

Poly (maleic acid-co-olefin) coated magnetite narbples used in this experiment are larger
than those used in the previous experiment. Thiexent was set up to examine the thermal
behaviour of these particles inside a temperatieneated environment such as inside of a human
body. Temperature increments as a function of fionehis experiment are depicted in Figure

4.7.
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Figure4.7. Poly (maleic acid-co-olefin) coated magneati@oparticles at 37°C environment

The above Figure leads to a graphical SAR (W wplue of 0.967 W §. This value falls in the
expected theoretical SAR value shown in Figurefdr8nagnetite nanoparticles of 3 — 18 nm in
diameter (see Figure 3.10) in an AC magnetic fisldt.5 kA m' at 160 kHz. This value is
measured to be lower than the previously calculaédde of the graphical SAR for Poly (maleic
acid-co-olefin) coated magnetite nanoparticles mjiire Table 4.5. The reason for that may lie
within the complex thermodynamic processes thaehaffected the dissipation of heat to the
surrounding areas. For instance, the stirring efvtlater at 37°C yielded a constant motion of the
medium surrounding the outer surface of the vidler€fore stirring have indeed cooled down

some of the heat by thermal convection beforeutdtbe detected by the temperature sensors.
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Figure4.8. Theoretical SAR versus particle size

In this experiment it was shown that in 18 minug&smg/ml Poly (maleic acid-co-olefin) coated

magnetite nanoparticles in a slowly moving fluidulwbraise body temperature from 37°C to near
42°C. As described in Section 1.2, such elevaticdermperature is considered best for moderate
hyperthermia. Using the method described in Sectidnl, the elevation of temperature can be
mathematically traced with a second order polynbraguation similar to the one shown in

Figure 4.2. Therefore, by modifying the coefficemf this equation, it is possible to simulate
thermal behaviour for various concentrations of Hame magnetite nanoparticles. This is
presented below in Table 4.7 and plotted in Figugefor a time period equal to 1680 seconds (=

28 minutes).

Table4.7. Mathematical simulation of concentration efffeie thermal behavour of fluidMAG-PMO-2
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Figure4.9. Mathematical simulation of concentration effecttbarmal behavour of fluidMAG-PMO-2

Therefore 30% increase in the concentration ofetldsIP, at the present experimental setup,

would lead to a temperature change over 44°C ints®® minutes.

4.4 Hydrogel Encapsulated MNP

As described in Section 2.4, thermo-sensitive hgdi® called PNIPA are able to reduce their
volume by releasing water molecules once they awded above their lower critical solution

temperature (LCST). PNIPA hydrogel encapsulated MRRIPA-MNP) are able to reach their

LCST once they are placed inside an AC magnetid.fi€herefore, PNIPA-MNP embedded

drugs can be seen as actuators in hyperthermic egse mechanism. In this experiment,
LCST was by default at 29°C. This value can be sadfi chemically at the time of PNIPA

synthesis.

Results in agar gel and Styrofoam are tabulatdchbies 4.9 and 4.10 respectively.
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Previously in 4.1.1, it was observed that highercemtration of MNP led to higher temperatures.
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As expected, 10 mg of magnetite per 1 ml of PNIBArbgel led to a higherT than 5 mg of
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magnetite per 1 ml of PNIPA hydrogel. As seen ibl&e®, the temperature of the agar gel was
always a few degrees Celsius below the room teryperé23°C). This may be due to constant

liquid evaporation of the agar material at roompenature causing it to be colder.

The above Tables show that in Styrofoam, the AC matg field had little effect on PNIPA

hydrogel samples with no embedded MNP, whereadertsie agar gel, this effect was seen as
elevation of the temperature by 1.4°C. Table 9 akows that temperature of the agar gel
(surrounding 1 cm away), while PNIPA hydrogel saesplwith no embedded MNP were

undergone the AC magnetic field, measured to b&Cl.Here, eddy currents generated in the
agar gel by the induction coil may be responsibledievations of temperature. The heat may
then travel to the center of the agar gel and PNilpdrogel sample by conduction and raises its
temperature. A more detailed view of the resultstfie agar gel and Styrofoam are shown in

Figure 4.10 and Figure 4.11 respectively.

Figure4.10. Temperature change versus time for sampédeagar gel
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Figure4.11. Temperature change versus time for sampdéserStyrofoam

Once elevation of temperature for the PNIPA-MNP gl was confirmed to be due the
presence of MNP, change in volume of PNIPA-MNP tested. At 29°C, a remarkable change
of volume in the 10 mg magnetite/ml PNIPA-MNP saenpt was observed. For these samples
the dark red color of PNIPA-MNP (Figure 4.12a) roingrey (Figure 4.12d) and the volume
decreased substantially to less than 12°r66% reduction of volume). While cooling, the

sample regained most of its original volume and weasly to be re-heated.

Figure4.12. 60% Volume reduction (a-d) of 20 FANIPA-MNP to less than 12 ninwhen heated to 29°C

From results of this experiment it may be conclutlteat the PNIPA-MNP are indeed excellent

candidates as hyperthermic drug release actuatbese particles could enter the blood stream
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and locally release drug molecules when heatednb4@ magnetic field. They are also able to
prevent tumour from receiving nutrition supplies imgans of embolization. The cooperation
between MNP, AC magnetic field and thermo-sensitiydrogels opens new doors to tumour

therapy.

4.5 Spherical Hydrogel Encapsulated MNP

In this experiment, spherical PNIPA-MNP were heabgdinduction of an AC magnetic field
with parameters in accordance with the physiolddigatations shown in Figure 2.16.

Figure4.13. 2 wt% hydrogel encapsulated magnetire extiyean AC magnetic field

As seen in Figure 4.13, the average temperaturagehal was approximately 2°C in 1500
seconds. Assuming that the LCST of spherical PNMMP drug carrying hydrogel is at 39°C,
the AC magnetic field is able to provide sufficigmtat to actuate a drug release sequence
anywhere inside the human body. This is a stepechusthe vision seen in Figure 2.21 in which
PNIPA-MNP spheres are used for targeted releasthefipeutic agents upon exposure to

inductive heating by AC magnetic field.
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CHAPTER 5 DISCUSSION

The motivation behind this thesis was to realizeaetuation method for a miniaturised robotic
system. Such robots navigate in the vascular n&twemra target tissue such as a tumour and
actuate therapeutic sequence by heat and/or diegsee In the miniaturization of robots
navigable inside human body, it is very importamtréduce the number of components. This
reduction can be achieved by increasing the funatity of each component to its maximum. A

micro-carrier in the human body requires propulstoscking and actuation.

Figure5.1. MNP as navigable and traceable hyperthernticatar

The spatial variation (gradient) of the magneteldiis able to apply a force on a magnetic
material and steer it through the vascular netwAdcording to the Equation 2.25, this magnetic
force is not dependent on the size of the magmnedierial but rather on its volume. Therefore, an
agglomeration of MNP can also be propelled usirgg ghme method. In addition to steering,
MNP can distort the local magnetic field of an M&tid alter the relaxation times of the water
protons in the surrounding water molecules andefbeg produce a negative MR contrast agent
[45]. Finally, hyperthermia of MNP inside an AC nmagic field can be used as an actuation
mechanism and provide a synergistic thermal ateatbined with chemo and radiation cancer
therapies. As an important component of miniatarisgbot systems, MNP possess increased

functionality since they allow propulsion, trackiagd actuation as shown in Figure 5.1.
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Previously in our lab, a 1.5 mm ferromagnetic beas$ propelled by the gradient field of a
clinical MRI [93]. The bead was also tracked thrioulistortions of the image of the MRI [93]. In
this thesis, hyperthermia of MNP under AC magnéttd as an actuation mechanism for the
proposed miniaturised robots was investigated. dntrast to other hyperthermia methods,
hyperthermia via MNP in an AC magnetic field preegdadvanced control and can be highly
localized. The experimental results given in Secthl, 4.2 and 4.3 and the theoretical
explanation in Section 2.3 illustrate that by vagyihe concentration, the coating, the size and
chemical composition of MNP, thermal behaviour bé tparticles can be controlled. It was
observed that temperature rose more rapidly asectrations of MNP were increased. Also,
among several types of MNP thermal release wasebigiwvhen relaxation mechanism and
hysteresis losses coexisted. Although hysteresiseb were not theoretically expected from
superparamagnetic nanoparticles, it is suspectadtie coating thickness had an influence on
the width of the hysteresis loops. To validate saohclusion however, further investigations
beyond the scope of this project are required. &foexperiments, it is reasonable to assume
uniformity of the AC magnetic field due to the singike distribution of the MNP compared to
the coil dimensions. Also, the samples were pasiibin the middle of the field where the field

is most uniform. Therefore, the variation of thegmetic field is expected to be minimal.

Thermo sensitive gels called hydrogels were exathinéSection 4.4 as potential carriers for the
next generation of targeted drug delivery. Theseiara are able to shrink and release their
contained liquid with therapeutic agents upon diewaof temperature. Such elevation of

temperature can be obtained from hyperthermiaetticapsulated MNP within the hydrogels by
an AC magnetic field. Due to some biocompatibilitycertainties to MNP as well as lack of

space in miniaturised robots, there are limitatis@asconcentration of MNP. However via

experiments such as these, for a given target tetyve to trigger the release of drugs integrated
in the micro-carriers, one can predict what coneiain of MNP is needed and the time required
for that temperature to be reached. This furthepteasises the candidacy of hyperthermia of
MNP as an actuation mechanism for the realizedtroBgstems. The advantage of using MNP is
that we can adjust the parameters such as the gignzencentration, coating and the magnetic

properties such as magnetization saturation.

As seen in Figure 4.8, SAR reaches a maximum velu&1.02 W @ for 20 nm poly (maleic
acid-co-olefin) coated magnetite nanoparticlesd@sin AC magnetic field of 4.5 kA tat 160
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kHz. Suppose that these nanopatrticles are embemittad drug containing micro-carriers of 50
pm in diameter and are immobilized in a target w@uof 30 mm in diameter by means of
embolization. To propel the micro-carriers throwghall veins by the gradient field of the MRI,
an agglomeration of magnetite nanoparticles oceup®bo of the volume of the micro-carrier.
Water, hydrogel polymer chains and therapeutic &sgeount for the remaining 60%. Figure 5.2
demonstrates this hypothetical situation.

Figure5.2. Embolization of micro-carriers in the targeta

A computer simulation predicts that after 700 selsptemperature at the center of the target area
that contains 110,000 of the proposed micro-canesuld elevate by 3 degrees. Such elevation
of temperature is sufficient for an actuation sempeeto release the therapeutic agents within the
micro-carriers. After 800 more seconds, the elevatf temperature would be nearly 5 degrees
which is enough for moderate hyperthermia of thigeaarea. A graphical presentation of this
simulation is shown in Figure 5.3 (parameters arergin Appendix A.6). As seen in this figure,
the elevation of temperature decays rapidly asdis&ance from the center of the target area
increases. This means that in a hyperthermia ajait, unnecessary heat can be kept away from
healthy surrounding tissue.
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Figure5.3. Time dependent temperature increase as funefidistance

With the current technology and findings of ourastigations, hydrogel encapsulated MNP with
embedded therapeutic agents are proposed as niavigadyo-carriers inside human body. The
micro-carriers rely on the gradient field of the MB be propelled in the vascular network. They
are also tracked by the distortions they creatéherlocal magnetic field of the MRI. Once they
have reached the target tissue, hyperthermia oedddal MNP in the AC magnetic field actuates
a release of the therapeutic agents. By furtheamgng in MRI imaging, synthesis of hydrogel
encapsulated MNP, enhancement of the gradient rtiagfield of MRI and propulsion
technigues and functionalising MNP size, coatind aragnetic properties, the anticipated robots
can be traced and navigated in smaller blood vessall deliver drugs and produce thermal

targeted therapy.

5.1 Disadvantages

Heating is generated by an AC magnetic field whosguency and strength are limited by the
physiological human body response to high frequemagnetic fields. These responses are
stimulations of peripheral and skeletal musclessgie cardiac stimulation and arrhythmia and
non-specific inductive heating of tissue. Develeptof relatively high frequency magnetic

field for clinical purposes is an extremely comated task. Hyperthermia requires a precise
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delivery of well controlled thermal dose into a qaex biological system that is equipped with
its own thermoregulatory system. Also, toxicitytbé particles needs to be carefully studied so

there would be no toxic residue accumulation inltbay after thermal treatment.

The AC magnetic field does not contribute to therthal effect of the MNP close to the local
magnetic field of a clinical MRI. This is because tAC magnetic field is negligible when vector
sum of the MRI field magnitudes higher than 1 Testal the AC field amplitude of a few
miliTesla are combined. Therefore, after micro-easr have reached the desired target tissue by
the gradient of the magnetic field of an MRI, thetipnt has to be displaced far from the MRI

field where AC magnetic field could be effective.
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CONCLUSION

This evaluationstarted with a brief introduction to cancer, hypermia and several methods of
hyperthermia as well as advantages of MNP and AGneik field. These advantages are not
limited to heat, tracking and propulsion capalastof MNP. MNP can be functionalized to target
specific biological entities by means of antibodyatings and their colloidal ability. Also,
biological and industrial limitations that lead & set of magnetic parameters for MNP
hyperthermia were explained. The effect of the eot@tion and various coatings of MNP were
experimentally evaluated on elevation of tempemt@pherical hydrogel encapsulated MNP
(MNP-PNIPA) were synthesised and heated with indacof an AC magnetic field with
parameters within the physiological limitationsopulsion of an agglomeration of MNP by the
gradient magnetic field of an MRI was previouslyvastigated in our lab. Also, the
agglomeration of MNP was also tracked by the MRgim@ process. Therefore, MNP-PNIPA
drug carrying hydrogels can also be propelled ey MRI gradient magnetic field to a desired
target location and be tracked by the MR imagingcpess. The AC magnetic field is able to
provide sufficient heat to the embedded MNP to cedhe volume of the hydrogels and actuate a
local drug release sequence. This is a step ctodayperthermic targeted release of therapeutic

agents upon exposure of MNP to inductive heating@Gymagnetic field.
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APPENDIX — MATLAB® SIMULATION CODES

A.1 Figure 2.8: Relaxation time vs. Particle sizéor MNP

u_O=pi*4e-7;
Anisotropy = 2.64e4;
Temperature = 297,
Viscosity=1e-3;

% volts.second/amp/meter
%J m~-3 for magnetite
%Kelvin room temperature
%Pa.s (kg/m/s);

t_0=1e-9;

k=1.38e-23; % J/K (Boltzman Constant)(J=w.s)
Density = 5.18; %g/cm”3 for Magnetite

Ms_VSM =60; %emu/g

Ms = Ms_VSM * Density * 1e3; %A/m

Coating = 40e-9; %meter

Radius = 5e-9:1e-9:10e-9; %nm

for r=1:length(Radius)
volume(r) = Volume(Radius(r));

%%% t_Neel

GAMMA(r) = Anisotropy * volume(r) / k / Temperature
t_Neel(r) = (sqgrt(pi) / 2) *t_0 * exp(GAMMA(N)/((
%%%% Brownian relaxation

volume_hydro(r) = volume(r) * (1 + Coating/Radius(r
t Brownian(r) = 3 * Viscosity * volume_hydro(r)/k/T
%%% t_effect

t_effect(r) = t_Neel(r) * t_Brownian(r) /(t_Neel(r)

end

semilogy (Radius, t_Brownian, T, 'Linewidth' ,3)
hold on

semilogy (Radius, t_Neel, 'b" , 'Linewidth' ,3)
hold on

semilogy (Radius, t_effect, g , 'Linewidth' ,3)
title(  'Relaxation time vs. Particle size for MNP'

ylabel(  \tau(s)' , 'FontSize'  ,15);

xlabel(  'Particle Radius (m)' , 'FontSize'  ,15);
text(8.6e-9, 1, ‘tau N e e [ , 'FontSize' ,15)
text(5.5e-9, le-4, a u
text(9e-9, 9e-5, ‘tau e f f e ct , 'FontSize'

\tau B rownian , 'FontSize'

GAMMA(N)N1/2));

N3,

emperature;

+t_Brownian(r));

'FontSize'  ,15)

15)



set(gca, 'FontSize' ,14);
grid on

A.2 Figure 2.11: Susceptibility components vs. Fogiency

%% % Stoner-Wohlfarth Losses for small particles

u_O=pi*4e-7; % volts.second/amp/meter
Aisotropy = 2.64e4; %J m”-3 for magnetite
Temperature = 297, %Kelvin room temperature
Viscosity=1e-3; %Pa.s (kg/m/s) for ferrofluids
volume_fraction=0.071; %volume fraction solid
Density = 5.18; %g/cm”3 for Magnetite
Ms_VSM =60; %emu/g

Ms = Ms_VSM * Density * 1e3 %A/m

Radius = 6e-9; %meter

Md = Ms / volume_fraction

volume = Volume(Radius);

Field = 10e3; %A/m

Coating = 40e-9; %meter

frequency = 0:1e5:1e7; %Hz

%Hydrodynamic diameter = shell thickness + core dia meter + shell thickness =

20nm + 10 nm + 20 nm =50 nm

t Neel =t_Neel(u_0, Anisotropy, Ms,volume,Temperat ure)
t Brownian =t_Brownian(Viscosity, volume, Radius, Temperature, Coating)
t effect = t_effect(t_Neel, t_Brownian);

for f=1:length(frequency)

Phi(f) = t_effect * 2 * pi * frequency(f); %dimentionless
Initial_Susc = Initial_Susceptibility (Ms,volume,vo lume_fraction,
Temperature); %dimensionless
DC_Susc = DC_Susceptibility (Initial_Susc, Field, v olume_fraction, Ms ,

volume, Temperature);

Susc(f) = Susceptibility (DC_Susc,Phi(f));
sus_real(f) = DC_Susc / (1+(Phi(f))*2);
sus_img(f) = Phi(f)* DC_Susc / (1+(Phi(f))*2);

end

semilogx (frequency, sus_img/DC_Susc, T, 'Linewidth' ,3)

hold on

semilogx (frequency, real(sus_real/DC_Susc), 'b" , 'Linewidth' ,3)
title(  'Susceptibility components vs. Frequency' , 'FontSize' ,15)
ylabel(  "\chi\chi_0' , 'FontSize'  ,15);

xlabel(  'Frequency (Hz)' , 'FontSize'  ,15);

text(7e5, 0.4, ‘chiimaginary , 'FontSize' ,15)

text(8e5, 0.8, \chireal , 'FontSize' ,15)
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set(gca, 'FontSize' ,14);
grid on;

A.3 Figure 2.13: Time dependent temperature incrase

function of distance

%% % Theoretical Estimation for Temperature distribu tion

% r1 must be >=to t1

clear all

close all

R = 3e-3; % meter radius of the spherical volume
P =6.57*1e6; % W/m”3 power

lamdal = 0.778; % W/(K m) heat conductivity medium 1
lamda2 = 0.642; % W/(K m) heat conductivity medium 2

g_lamda = lamda2/lamdal;

rhol = 1.66€6; % g/m”3 density medium 1
rho2 = 1e6; % g/m”"3 density medium 2
cl = 2.54; % J/(g K) heat capacity medium 1
c2 =3.72; % J/(g K) heat capacity medium 2

g = (rho2*c2)/(rhol*cl);
%% detla T1
delta_T1={};

index1 = 1;
vecl =];
for t=[30, 60, 120, 300, 3600];

for rl=le-4:1e-4:R;

f= @(2) (z\(-2))*exp(((-lamdal)*t*z"2)/(rhol*c1*R"
((g_lamda-1)*sin(z))+ (z*cos(z)) )*2)+q_lamda*q*(z*
gl = @(2) sin(r1*z/R);

fXg1=@(z) f(2)*g1(2);

fgl=@(z) arrayfun(fXgl,z);

intfgl = quad(fg1,0,10);

delta_T1{index1} = (P * R*"2/3/lamda2)*(1 + ((q_
R™ 2)) + (6 /pi)*q_lamda™(3/2)*g™(1/2)*(R/r1)*int

index1 = index1 +1;
end

for i=l:index1-1

2))*((z*cos(z))-sin(2))/(((
sin(2))"2);

lamda/2)*(1-r1n2/
fgl);
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vecl = [vecl delta_T1{i}];
end
index1 = 1,
end

ri=1le-1:1e-1:3;

plot(ri,vec1(1:30), ‘Linewidth' ,2)
hold on;

plot(rl,vec1(31:60), ‘Linewidth' ,2)
hold on;

plot(rl,vec1(61:90), 'Linewidth' ,2)
hold on;

plot(rl,vec1(91:120), 'Linewidth' ,2)
hold on;

plot(rl,vec1(121:150), 'Linewidth' ,2)
hold on;

%% delta T2
delta_T2={};

index2 = 1;
vec2 = [];
for t=[30, 60, 120, 300, 3600]

for r2=R:le-4:15e-3;

f= @(2) (z\(-2))*exp(((-lamdal)*t*z"2)/(rhol*c1*R"
((g_lamda-1)*sin(z))+ (z*cos(z)) )*2)+q_lamda*q*(z*
92 = @(2) ((((q_lamda-1)*sin(z))+ (z*cos(z)))*sin((
1)))+((q_lamda*q)"(1/2)*z*sin(z)*cos((g/q_lamda)*(1
Xg2=@(2) f(z)*g2(z)/z;

fg2=@(z) arrayfun(fXg2,z);

intfg2 = quad(fg2,0,10);

delta_T2{index2} = (P * R"3/ 3/ lamda2/r2)*(1 + (

index2 = index2 +1;
end
for i=1:index2-1
vec2 = [vec2 delta_T2{i}];
end
index2 = 1;
end

r2=3:1e-1:15;

plot(r2,vec2(1:121), 'Linewidth' ,2)
hold on;

2))*((z*cos(z))-sin(2))/(((
sin(2))"2);

g/q_lamda)(1/2)*z*((r2/R)-

12yz*((r2/R)-1)));

(6*q_lamda / pi)*intfg2));
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plot(r2,vec2(122:242),
hold on;

‘Linewidth’ ,2)

plot(r2,vec2(243:363),
hold on;

‘Linewidth’ ,2)

plot(r2,vec2(364:484),
hold on;

‘Linewidth’ ,2)

plot(r2,vec2(485:605), 'Linewidth’ ,2)

ylabel( "\DeltaT (K)' , 'FontSize'  ,15);

xlabel(  'r (mm)" , 'FontSize' ,15);

titte(  'Temperature increase as function of distance’
text(3,30.7, 3600 s'
text(3.1,22.62, 3000 s'
text(3.1,18.82, 120 s'
text(3.1,15.07, ' 60 s'
text(3.2,10, ' 30s'

set(gca, 'FontSize' @ ,14);

grid on;

, 'FontSize'
, 'FontSize'  ,14);
, 'FontSize'  ,14);
, 'FontSize'  ,14);
, 'FontSize'  ,14);
, 'FontSize'  ,14);

,14);
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A.4 Figure 2.15: Power loss due to Neel relaxahovs. radius of

MNP

%%%%%%% %% %% %% %% % % %% % %% %%
%%% Grain size dependence

%%% of the loss power denisty

%%% due to Neel-relaxation

%%% for small magnetite
%%%%%%% %% %% %% %% % %% %% %% %% %%

%%% SAR_Neel = (u0 f pi x0 (H)*2 2pi ft/[rho (1+
%%% w = Angular_Freq
%%% t =t_Neel

clc
clear all

k=1.38e-23;

K=1.18e4;

ratio of 1.4
u_O=pi*4e-7;
Temperature = 273+37,
volume_fraction=0.071;
Density = 5.18;

H_field = 82.0;
Magnetization = 40;
Ms_emu_g = 90;

(wi)*2)]

% J/K (Boltzman Constant)(J=w.s)
% Shape anisotropy Fe304 J/m”3 aspect

% volts.second/amp/meter

% Kelvin (Body temperature)

% volume fraction solid

% g/cm"3

% Oe = 6.5 kKA/m

% @ H =82 Oe, (emu /qg)

% Magnetization saturation (emu/g)



Ms = Ms_emu_g * Density * 1e3;
t 0=1e-10;

Radius = 7e-9:1e-10:12e-9;
Frequency = [2e4,2e5,2€6];

for i=1:length(Radius)

Volume(i)=4/3 * pi * (Radius(i))"3;
t Neel(i) =t_0 * exp(K * Volume(i)/k/Temperatu

%domain magnetization of a suspended particle

Md = Ms / volume_fraction;

%from Langevin relationship:
Initial_Susc(i) = u_0 * volume_fraction * (Md"2
Temperature;

xi(i) = u_0* Md * H_field * volume(i) / k/ Te
DC_Susc(i) = Initial_Susc(i) * 3 * (coth (xi(i)

for f=1:length(Frequency)
Angular_Freq(f) = 2 * pi * Frequency(f);
A=u_0*Frequency(f)*H_field"2*pi*DC_Susc(i)*
B=1+(Angular_Freq(f)*t_Neel(i))"2;
SAR(i,f)=A/B/Density/1e6;
end
end
‘Linewidth' ,1.5);
, 'FontSize'  ,15);
, 'FontSize'  ,15);
'f = 2x1076 Hz \rightarrow'
text(7.6e-9,3, 'f = 2x1075 Hz \rightarrow'

text(8.2e-9,0.2, 'f = 2x1074 Hz \rightarrow'
set(gca, 'FontSize' ,14);

semilogy (Radius,SAR,
ylabel( 'SAR (W/g)'
xlabel( 'Radius (m)'
text(6.5e-9,3e1,

%print -djpeg -r300 SARvsParticle_Jpeg_REVISED!!
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% A/m

% meter
% Hz

% m"3
re); % second

) * volume(i) / 3 /k/

mperature; %dimensionless

) - (1xi(i)) / xi(i);

% radian

Angular_Freq(f)*t_Neel(i);

, 'FontSize'  ,14);
, 'FontSize'  ,14);
, 'FontSize'  ,14);

A.5 Figure 2.16: Biological limitation to fieldand frequency

%%%%% %% %% %% %% % %% %% %% % %% %% %% %% % %% %% %% % %%

% this will calculate the amount of
% SAR that is absorbed by body tissue

%%9%%% %% %% %% %% % %% %% %% % %% %% %% %% %% % %% %% % %%

%%
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u0 = pi*4e-7; % permeability of vacuum (H/m)

u = 100*u0; % permeability of (H/m)

Conductivity = 0.6; % tissue conductivity (ohm”-1 m”-1)

Radius = 10; % radius of the region EMF is applied on (cm)
density=0.8; %average tissue density (g/cm”3)

%limitation set by 'Usable Frequencies for Hyperthe
%Seeds' --> 13.56 MHz at 35.8 A/m for extended tim

Limit = 0.025; %SAR (W/ml) or (W/cm”"3)

mria with Thermal
e --> 25 mW/ml

%Ref: Usable Frequencies in Hyperthermia with
%Thermal Seeds: limit HOf <= 4.85x10"8 A/m/s

% The resulting SAR value is

% unlikely to produce a localized temperature incre

% more than 1°C in the limbs (Chatterjee et al. 198

% and Gandhi 1988; Hoque and Gandhi 1988), which ha
% been suggested as the upper limit of temperature
% that has no detrimental health effects (UNEP/WHO/
% IRPA 1993).

% In general, these have

% demonstrated that exposure for up to 30 min, unde
% conditions in which whole-body SAR was less than
% 4 W/kg, caused an increase in the body core tempe
% of less than 1°C.

% Summary of biological effects and epidemiological
% studies (100 kHz—300 GHz)

% Available experimental evidence indicates that th
% exposure of resting humans for approximately 30 m
% EMF producing a whole-body SAR of between

% 1 and 4 W/kg results in a body temperature increa
% less than 1 °C. Animal data indicate a threshold

% behavioral responses in the same SAR range. Expos
% to more intense fields, producing SAR values in e
% of 4 W/kg, can overwhelm the thermoregulatory

% capacity of the body and produce harmful levels o
% heating. Many laboratory studies with rodent and
% primate models have demonstrated the broad

% range of tissue damage resulting from either part
% or whole-body heating producing temperature rises
% excess of 1-2°C. The sensitivity of various types
% tissue to thermal damage varies widely, but the t
% for irreversible effects in even the most sensiti

% is greater than 4 W/kg under normal environmental
% conditions. These data form the basis for an occu
% exposure restriction of 0.4 W/kg, which provides

% large margin of safety for other limiting conditi

% as high ambient temperature, humidity, or level o
% physical activity.

%initializing vectors of frequency and field amplit

freq=[];
field=[];
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H_field=1e3:1e2:10e3; %initial to final field (A/m)
for i=1:length(H_field)
A=0; %initial to final (Hz)

B=1e6;
Frequency=A:1e4:B;

for ii=1:length(Frequency)

w(ii) = 2*pi*Frequency(ii); %angular frequency
%W/cm”3
P_N(,i) = le-
6*(w(ii)"2)*(u0”2)*(Conductivity/8)*(H_field(i))"2* (Radius*1e-2)"2;
%WI/g

P_N_2(i,ii)=P_N(i,ii)/density;
it P_N(iii) <= Limit && P_N(i,ii) >= (Limit-1e-3)

freq = [freq; Frequency(ii)];
field = [field; H_field(i)];

end

end
end
plot (freq,field, ‘LineWidth' ,2);
grid on;
xlabel(  'Frequency (Hz)' , 'FontSize'  ,15);
ylabel( 'Field (A/m)' , 'FontSize'  ,15);
title([ 'Field vs. Frequency for Loss Power limit of ' ,num2str(Limit*1000),

mW/ml'], 'FontSize' ,15)

text(2e5,8000, 'Radius of the applied AC magnetic field = 10

cm', 'FontSize'  ,14);

text(1.6e5,4800, \leftarrow f = 160 kHz ' , 'FontSize'  ,14);
text(1.9e5,4200, 'H=4.5KkA/m' , 'FontSize'  ,14);

set(gca, 'FontSize' ,14);
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A.6 Figure 5.3: Time dependent temperature grease as function
of distance

%% % Theoretical Estimation for Temperature distribu tion as a function of time
%%% and distancve

clc

clear all

%% Welcome

% r1 must be >=to t1
close all

%%

R_carrier= (50e-6)/2;
R_tumour=(30e-3)/2;

Number_carrier=110000;
V_carrier=4/3*pi*(R_carrier)"3;
V_tumour=4/3*pi*(R_tumour)"3;

V_Total_carrier=Number_carrier*V_carrier;

Percent_tumour_carrier=V_Total_carrier/V_tumour*100 X
fprintf( ' %0.3f Percent Carrier in Tumour' ,Percent_tumour_carrier);

percentage_Fe304=0.4; % 40% magnetite in each micro-carrier

V_Total_Fe304=percentage_Fe304*V_Total_carrier;

Density= 5.15€6; % g/m”3
gramParticle=Density*V_Total Fe304; % gram

SAR=61.02; % Wlg
Concentration=gramParticle*1000/(V_tumour*1e6); %mg/ml

fprintf( \n Concentration: %0.3f mg magnetite/ml Tumour' ,Concentration)
R = R_tumour,; % meter radius of the spherical volume
P = SAR*gramParticle/V_tumour; % W/m”"3 power

lamdal =0.778; % WI/(K m) heat conductivity magnetite
ferrofluid (ref: Simulation of heat transfer in a f errofluid using
computational fluid dynamics technique)

lamda2 = 0.642; % W/(K m) heat conductivity styrofoam

g_lamda = lamda2/lamdal;



rhol = 5.15e6;
rho2 = 1e6;

cl =2.54;
c2=3.72;

g = (rho2*c2)/(rhol*cl);
%% detla T1
delta_T1={};

index1 = 1;
vecl =];
for t=[700,1500];

for rl=le-4:1e-4:R;

f= @(2) (z(-2))*exp(((-lamdal)*t*z"2)/(rh
sin(2))/((( ((q_lamda-1)*sin(z))+ (z*cos(z)) )*2)+q

gl = @(2) sin(r1*z/R);

Xg1=@(z) f(2)*g1(2);

fgl=@(z) arrayfun(fXgl,z);

intfgl = quad(fg1,0,10);

delta_T1{index1} = (P * R*"2/ 3 / lamda2)*(
rin 2/ R™ 2)) + (6 /pi)*q_lamda™(3/2)*q™(1/2)*(R

index1 = index1 +1;
end

for i=1:index1-1
vecl = [vecl delta_T1{i}];
end
index1 = 1;
end

rl=1le-1:1e-1:15; %150

plot(rl,vec1(1:150), 'Linewidth' ,2)
hold on;

plot(rl,vec1(151:300), 'Linewidth' ,2)
hold on;

%% delta T2
delta_T2={};
index2 = 1;

vec2 = [];
for t=[700, 1500]

97

% g/m”3 density magnetite
% tissue g/m"3 density

% J/(g K) heat capacity magnetite
% J/(g K) heat capacity tissue

01*c1*R"2))*((z*cos(z))-
_lamda*qg*(z*sin(z))"2);

1+ ((g_lamda/2)*(1-
/r1)*intfgl);



for r2=R:1le-4:50e-3;

f= @(2) (z\(-2))*exp(((-lamdal)*t*z"2)/(rh
sin(2))/((( ((gq_lamda-1)*sin(z))+ (z*cos(z)) )*2)+q

92 = @(2) ((((9_lamda-1)*sin(z))+
(z*cos(z)))*sin((g/q_lamda)(1/2)*z*((r2/R)-
1)))+((q_lamda*q)"(1/2)*z*sin(z)*cos((g/q_lamda)*(1

fXg2=@(2) f(2)*92(2)/z;

fg2=@(z) arrayfun(fXg2,z);

intfg2 = quad(fg2,0,10);

delta_T2{index2} = (P * R"3/ 3 / lamda2/r2
pi)*intfg2));

index2 = index2 +1;

end

for i=l:iindex2-1
vec2 = [vec2 delta_T2{i}];

end
index2 = 1,

end
r2=15:1e-1:50; %351
plot(r2,vec2(1:351), ‘Linewidth' ,2)
hold on;
plot(r2,vec2(352:702), 'Linewidth' ,2)
hold on;
ylabel( "\DeltaT (K)' , 'FontSize'  ,15);
xlabel( 'Radius (mm)" , 'FontSize' ,15);
text(22,4.5, 'SAR =61.02 W/g' , 'FontSize'
text(22,4.1, ‘No. of micro-carriers = 110,000’
text(22,3.7, '1.049 mg magnetite / ml Tumour'
text(16,2.5, e 1500 seconds'
text(16,1.5, et 700 seconds'

set(gca, 'FontSize' ,14);
%grid on;
%print -djpeg -r300 SAR61Time1500N01100000
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01*c1*R"2))*((z*cos(z))-
_lamda*q*(z*sin(z))"2);

12)yz*((r2/R)-1)));

)*(1 + ((6*g_lamda /

, 'FontSize'  ,14);
, 'FontSize'  ,14);
, 'FontSize'  ,14);
, 'FontSize'  ,14);



