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RESUMEN 

La falta de especificidad de muchos tratamientos, tales como la 

quimioterapia o la radioterapia para tratamientos de cáncer, son el mayor 

obstáculo para la curación de dichas enfermedades. Tales tratamientos 

suelen requerir dosis mucho mayores de las en principio necesarias para 

contrarrestar su falta de especificidad, además de los numerosos efectos 

secundarios que causan, los cuales a menudo impiden su aplicación. Por ello, 

el desarrollo de nuevos tratamientos específicos para este tipo de 

enfermedades es uno de los principales retos que la investigación se ha 

marcado actualmente. 

En las nanopartículas magnéticas (MNP) superparamagnéticas se ha 

encontrado una opción potencial para solucionar estos problemas. Por una 

parte, estas nanopartículas podrían usarse como vehículo para transportar 

fármacos a las zonas deseadas para liberarlos allí, aumentando así su 

efectividad. Esto permitiría reducir las dosis de estos fármacos, reduciendo a 

su vez sus efectos secundarios. Además, dichos materiales son capaces de 

generar calor al verse afectados por un campo magnético alterno, mediante 

un fenómeno denominado hipertermia magnética. De esta manera, las 

partículas podrían dirigirse a la zona tumoral, aplicándole entonces un 

campo magnético alterno para calentar de forma controlada la zona a tratar, 

matando así las células cancerígenas mediante apoptosis celular. Para 

alcanzar tales objetivos, hay tres pasos fundamentales que deben llevarse a 

cabo. 1: el desarrollo de un material magnético nanoestructurado que reúna 

las condiciones necesarias para generar un gran efecto de hipertermia 

magnética. 2: modificar la superficie de dicho material para hacerlo 

biocompatible y funcionalizarlo dependiendo del proceso al que vaya 

destinado, así como adherir los fármacos a transportar. 3: comprobar su 

toxicidad mediante ensayos in vitro e in vivo. En esta tesis se ha transcurrido 



 

viii 
 

por cada uno de estos tres pasos, desarrollando dos materiales con 

potenciales aplicaciones biomédicas. 

Inicialmente, se han sintetizado nanopartículas magnéticas (MNP) de 

ferrita (MxFe3-xO4) dopada con cationes de Ni2+ o Mn2+, así como distintos 

sistemas core shell alternando capas de ferrita de níquel y magnetita. El 

motivo de la formación de estas ferritas dopadas y estos sistemas core shell 

es la posibilidad de obtener valores de hipertermia mayores a los obtenidos 

con la magnetita (Fe3O4), que es el material usado normalmente. Dichos 

procesos se han llevado a cabo mediante el método de descomposición 

térmica de precursores metalorgánicos, que consiste en el calentamiento de 

dichos precursores a altas temperaturas en disolventes orgánicos de alto 

punto de ebullición y en presencia de ligandos orgánicos. De esta forma, se 

han obtenido MNPs con tamaños comprendidos entre 8-12 nm. Dado que el 

tamaño de partícula es un parámetro fundamental para la respuesta de 

hipertermia, una muestra de cada grupo (ferritas de Ni y ferritas de Mn) ha 

sido recrecida mediante un método de crecimiento por etapas a partir de 

semillas de MNPs. Dicho método se basa en la repetición del proceso de 

formación de las partículas sobre semillas de MNP previamente sintetizadas, 

aumentando así el tamaño de estas semillas. Los sistemas de core shell 

también han sido sintetizados mediante este método, alternando capas de 

diferentes materiales en cada proceso de crecimiento. La caracterización 

química y estructural ha mostrado que los cationes con los que se ha dopado 

la ferrita están presentes en las muestras, obteniendo partículas esféricas 

superparamagnéticas monodominio con una morfología bien definida y 

cubiertas de cadenas de oleato, lo que estabiliza las partículas en 

dispersiones coloidales en medio orgánico (apolar). La caracterización 

magnética ha mostrado que a grados de dopaje mayores de ambos metales 

la imanación de saturación, a la vez que la constante magnetocristalina, 
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tienden a decrecer. Esto da una idea de a qué tipo de huecos tiende a ir cada 

catión, lo que ayuda la comprensión del comportamiento de este tipo de 

materiales. Del mismo modo, mediante la espectroscopia magnética de 

resonancia (EMR) se ha comprobado que los tamaños de partícula mayores 

inducen valores mayores del factor giromagnético efectivo (geff), lo que es 

muestra de un mayor comportamiento ferromagnético. Las medidas de 

hipertermia de todas las muestras han confirmado que el sistema que tiene 

mayor diámetro, constante magnetocristalina e imanación de saturación es 

el que da la mayor señal de hipertermia magnética (Ni0.31Fe2.69O4_A). Dicha 

muestra ha mostrado una respuesta de hipertermia mayor que la de MNP de 

magnetita de tamaño equivalente. Por ello, esta muestra ha sido 

seleccionada para continuar con el siguiente paso. 

Tal y como se ha comentado, dichas nanopartículas son hidrófobas, y 

requieren una funcionalización para ser estables en medio fisiológico. En la 

segunda fase del trabajo, el sistema optimizado en el paso anterior 

(Ni0.31Fe2.69O4_A) ha sido funcionalizado de dos formas distintas, obteniendo 

dos tipos diferentes de material que están destinados a una aplicación 

distinta. Por una parte, las nanopartículas se han recubierto individualmente 

con el polímero poly(maleic anhydride-alt-1-octadecene) (PMAO) 

(Ni0.31Fe2.69O4_A_PMAO). De esta forma, las partículas han sido estabilizadas 

en medio acuoso, obteniendo una carga superficial negativa y siendo 

destinadas a tratamientos basados en la hipertermia magnética. La presencia 

de este polímero ha sido demostrada por medidas del diámetro 

hidrodinámico y de termogravimetría. Dichas partículas no han sufrido 

cambios en sus propiedades magnéticas en comparación con las partículas 

recubiertas de oleato (Ni0.31Fe2.69O4_A). 

Por otra parte, se ha desarrollado un nuevo mecanismo para encapsular 

las nanopartículas en el biopolímero quitosano. Dicho método ha sido 
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optimizado y está basado en la formación de múltiples interacciones 

hidrófobas entre las cadenas de oleato de la superficie de las NP y el 

quitosano, seguido de un proceso de coacervación que incremente las 

interacciones electrostáticas, dotando a las nanoesferas finales de una 

mayor rigidez.  De esta forma, se han obtenido nanoagregados estables de 

90 nm de las nanopartículas en este biopolímero de carga positiva (CS-MNS). 

Al contrario que en la anterior funcionalización, en este caso hay diferencias 

estructurales y magnéticas notables comparadas con la muestra de MNP de 

partida. A pesar de que se ha mantenido la imanación de saturación y, 

aparentemente, las nanoesferas siguen teniendo un comportamiento 

superparamagnético a temperatura ambiente, la agregación ha inducido 

interacciones dipolares entre las MNP adyacentes, lo que resulta en un 

comportamiento más ferromagnético. Los estudios de encapsulación de 

fluoróforos que se le han realizado, a la vez que los estudios de estabilidad 

ante diferentes medios, muestran que estas nanoesferas resultan muy 

apropiadas para el transporte de fármacos.  

En el último paso de esta tesis se analiza la toxicidad de estos dos 

nanosistemas, Ni0.31Fe2.69O4_A_PMAO y CS-MNS. Primero, se ha analizado su 

citotoxicidad en monocultivos de la línea Vero, poniendo los nanosistemas 

en contacto con dichos monocultivos durante 24 horas. Los resultados de 

citotoxicidad obtenidos han demostrando que ninguno de los dos sistemas 

muestra citotoxicidad en estos cultivos en exposiciones de 24 horas, en las 

concentraciones testadas (0-0.5 mg/mL). Tras ello, ambos sistemas se han 

puesto en contacto con un modelo de vaso sanguíneo preparado mediante 

células endoteliales y macrófagos. En este caso no se ha comprobado sólo la 

citotoxicidad de los materiales, habiendo comprobado más en profundidad 

su posible toxicidad. Mediante este experimento se ha demostrado que las 

nanopartículas individuales Ni0.31Fe2.69O4_A_PMAO penetran en mayor 
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cantidad en las células que las nanoesferas, debido a su menor tamaño. 

Ninguno de los dos compuestos muestra ningún tipo de toxicidad (estrés 

oxidativo, cambios en la morfología celular,...) a excepción de una leve 

respuesta inflamatoria, que no repercute en gran medida en el metabolismo 

celular normal, ni tendría que generar ningún efecto visible. Finalmente, se 

ha analizado el efecto de la muestra CS-MNS en ratones, exponiéndola 

durante 48 horas. En este caso, además de la toxicidad de las nanoesferas en 

los ratones, se ha determinado también la biodistribución de éstas por los 

diferentes órganos. No se ha observado ningún cambio notorio en el peso de 

los ratones o de alguno de sus órganos debido a la exposición, al margen de 

un decrecimiento inicial del peso debido al shock derivado de la inyección. En 

los análisis de sangre sólo se ha observado un leve aumento en los niveles de 

la encima aspartato aminotransferasa (AST), que podría estar relacionado 

con daños en el tejido hepático. Sin embargo, el aumento de los niveles de 

AST no es lo bastante grande como para poder relacionarse con daños 

severos. La biodistribución de las nanoesferas por los diferentes órganos de 

los ratones se ha analizado mediante espectroscopía de plasma inductivo 

(ICP), midiendo las concentraciones de los metales Fe y Ni en los diferentes 

órganos. En este análisis se ha observado una mayor presencia de las 

nanoesferas en el hígado, que podría estar filtrando las nanoesferas del flujo 

sanguíneo.  

En conclusión, en estas tesis se han desarrollado dos sistemas 

nanoestructurados destinados a aplicaciones biomédicas (hipertermia 

magnética, y transporte de fármacos). Sus propiedades, tanto estructurales 

como magnéticas, los hacen viables para dichas aplicaciones, ya que no han 

mostrado una alta toxicidad en los ensayos preclínicos realizados. 
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ABSTRACT 

The lack of specificity of many treatments, such as chemotherapy or 

radiotherapy, is the main problem for the correct treatment of these 

illnesses. Such treatments need much higher doses than the necessary to 

counteract this nonspecificity, besides the many side effects that they 

induce, which sometimes impede their application.  

The magnetic nanoparticles (MNP) are presented as an interesting 

approach to solvent these problems. On the one hand, these nanoparticles 

could be used as vehicles to transport the drugs to specific regions, 

improving their effectiveness. Furthermore, such materials generate heat 

under the influence of an alternating magnetic field, in a phenomena called 

magnetic hyperthermia. In this way, the magnetic nanoparticles could be 

directed to the tumoral tissue. Then, by applying an alternating magnetic 

field, the generated heat could kill the cells by cellular apoptosis. In order to 

achieve such objectives, there are three different steps that need to be 

overtaken: 1.: the development of a nanostructured material which meets 

the conditions to show a high magnetic hyperthermia response. 2.: the 

modification of the developed nanoparticle surface to become 

biocompatible and functionalize it with the desired compound, depending on 

its especific application. 3.: to analyze its toxicity. In this thesis these three 

points have been analyzed, developing two different materials with different 

potential applications.  

Initially, Ni2+ and Mn2+ doped ferrite MNPs have been prepared, as well as 

core shell systems alternating Ni ferrite and magnetite layers. Such processes 

have been carried out by means of the thermal decomposition of 

metalorganic precursors method, obtaining ferrite MNPs with diameters in 

the 8-12 nm range. Taking into account that the particle diameter has a 
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mayor significance in the magnetic hyperthermia response, one system of 

each group (Ni an Mn ferrites) has been growth by a seed mediated one-pot 

growth process. The core shell systems have also been synthesized through 

this approach, by forming different material layers. The chemical and 

structural characterization has demonstrated the presence of the Ni2+ and 

Mn2+ cations in the final samples, obtaining oleate covered spherical 

nanoparticles. The chemical characterization has shown that at both cation 

higher doping degrees the saturation magnetization, as well as the 

magnetocrystalline anisotropy, tend to decrease. The electronic magnetic 

resonance spectroscopy has demonstrated that higher particle diameters 

induce higher effective gyromagnetic (geff) values. The hyperthermia 

measurements have confirmed that the sample which showed the higher 

diameter, saturation magnetization and magnetocrystalline anisotropy is the 

one which shows the higher magnetic hyperthermia response 

(Ni0.31Fe2.69O4_A). For this reason, this sample has been selected to continue 

with the next step. 

Since these nanoparticles are hydrophobic, a functionalization is 

necessary to make them stable in physiological media. In the second phase 

of the thesis, the optimized nanoparticles (Ni0.31Fe2.69O4_A) have been 

functionalized by two different methods, directed to different applications. 

On the one hand, the MNPS have been coated individually with the 

poly(maleic anhydride-alt-1-octadecene) (PMAO) polymer, obtaining the 

Ni0.31Fe2.69O4_A_PMAO sample. In this way, the particles have been stabilized 

in aqueous media, obtaining a negative surface charge and being directed to 

magnetic hyperthermia mediated applications. On the other hand, a 

mechanism to encapsulate the nanoparticles in the chitosan biopolymer has 

been developed. By this method, 90 nm diameter stable nanoparticle 

aggregates with positive surface charge have been obtained (CS-MNS). In 
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contrast to the previously explained functionalization, important differences 

in the structural and magnetic properties have been observed in this case, 

comparing with the single nanoparticles (Ni0.31Fe2.69O4_A). The MNP 

aggregation has generated dipolar interaction between the adjacent 

particles, inducing a more ferromagnetic behavior. These nanospheres are 

more suitable to drug delivery and controlled release related applications, 

according to their structure and properties. 

The last step of the synthesis consist in analyzing the toxicity of the 

prepared nanosystems, Ni0.31Fe2.69O4_A_PMAO and CS-MNS. First, their 

cytotoxicity in Vero cell monocultures has been analyzed, demonstrating the 

non-toxicity on both nanocompounds for these cultures for 24 hour 

exposures. After that, both systems have been putted in contact with a blood 

vessel model co-culture, prepared by seeding endothelial cells and 

macrophages. By this experiment, it has been observed that the cellular 

uptake of the single Ni0.31Fe2.69O4_A_PMAO MNPs is higher than the 

nanospheres. None of both compounds show any kind of toxicity (oxidative 

stress, changes in cell morphology,...), excepting a slight inflammatory 

response. Finally, the effect of CS-MNS nanosphere exposure in mice has 

been analyzed, exposing them for a 48 hour period. It has not been observed 

any notorious change in mice or any organ weight due to the exposure. Only 

a slight increase in the aspartate aminotransferase (AST) levels has been 

observed in the blood analysis, which could be related to damages in the 

hepatic tissue. The boidistribution of the nanospheres has been analyzed by 

means of the inductively coupled plasma spectroscopy (ICP), observing a 

higher presence of nanospheres in the liver. 

In this thesis two different nanostructured materials have been 

developed, directed to biomedical applications. Their structural and 
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magnetic properties make them suitable for such applications, as they have 

not shown high toxicity in the performed assays.  
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1. INTRODUCTION 
Nanoscience is one of the most trending investigation topics 

nowadays.1,2,3 The advantages that the material reduction to nanoscale 

would provide were originally predicted by Richard Feynman in the American 

Physical Society conference in 1959 with the popular phrase: "there's plenty 

of room at the bottom".4 This lecture could be considered as the beginning 

of the nanoscience, when Feynman described firstly the concept of a 

nanostructured material and the benefits that its development would 

provide, as the materials properties could be easily tuned by controlling the 

parameters involved in nanostructuration. In this way, the research was 

focused on obtaining and studying nanostructures, which have supposed a 

new development in materials engineering. However, Feynman also 

established the challenges that this research had to afford. On the one hand, 

a way to visualize and to study the materials in the nanometric scale was 

firstly necessary to be developed, as the instruments available had not 

enough resolution. Furthermore, instruments being able to interact with 

materials structure in the atomic scale would provide the ability to develop a 

new generation of materials. 

 Feynman´s assertion was premonitorious as the development of the 

Scanning Tunnelling Microscope (STM) in 1981, for which Gerd Binning and 

Heinrich Rohrer won the Nobel award in 1986, yield a deep study of 

materials in the atomic range.5 However, Feynman did not predict the effect 

that the materials nanoscale reduction would have in the intrinsic properties. 

In this way, the discovering of new properties that had never been previously 

observed in bulk state. In other cases, a qualitative modification of their 

primary properties, supposed a boom in materials chemistry, opening many 
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new possibilities for materials in the nanoscale.6,7,8 The increase of surface-to 

volume ratio induces an important change in final chemical, mechanical, 

optical, electric and magnetic properties.  

Concerning magnetic materials, the reduction to the nanometric scale 

mixes the properties of ferromagnets and paramagnets, in a behaviour that 

has been called superparamagnetism.9,10 These materials maintain the high 

magnetic susceptibility of ferromagnetic materials and the absence of 

coercive field and resonant magnetization of paramagnetic materials.  These 

magnetic properties have opened new possibilities in fields as advanced 

biomedical applications including biosensing, Magnetic Resonance Imaging 

(MRI) diagnosis, drug delivery and controlled release and cancer treatments 

by magnetic hyperthermia.11,12 The present study is focused on this context, 

the preparation and characterization of different superparamagnetic systems 

for biomedical applications. 

 

1.1 Chemical, structural and magnetic properties of ferrites 

For biomedical applications, the magnetic material with the most suitable 

properties is the magnetite, Fe3+
2Fe2+O4.

13 This ferrimagnetic material shows 

a great magnetic susceptibility and saturation magnetization with non-

reported toxicity in human body, as its decomposition follows the human 

iron metabolism. Therefore, its use in biomedicine is approved by the Food 

and Drug Administration (FDA).14 The partial or total substitution of iron 

cations for other paramagnetic cations yields different ferrites. Depending on 

the replacing cations and the doping level, the properties, especially those 

related to their magnetic behaviour, can be tuned in many different 

ways.15,16 
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Ferrite materials are mixed oxides, which present spinel structure (G. E.: 

Fd-3m). Ferrites composed by Fe3+ and Cd2+ or Zn2, crystallize as normal 

spinels, whereas the rest of ferrites present an inverse spinel structure.17 The 

inverse spinel structure is formed by 56 ions in the unit cell, with the oxygen 

anions in a face centred cubic (FCC) arrangement. One eight of the 

tetrahedral holes (Td) of the structure (8) are occupied by M3+ cations, 

leading the rest of Td holes empty. One half of the octahedral (Oh) holes (16) 

are occupied by M3+ cations (8) and M2+ cations (8), conforming the unit cell 

represented in Figure 1.1.18 

 

Figure 1.1. Inverse spinel structure of ferrite materials and configuration of tetrahedral and 

octahedral holes. 

 

The M2+ and M3+ cations proximity and configuration in the crystalline 

structure induce interexchange interactions between neighbouring cations, 

which can be ferromagnetic or antiferromagnetic, depending on the spin 

orientation.19 Ferrimagnetic materials are induced by unbalanced opposite 

couplings between spins (antiferromagnetic coupling). Above the Curie 

temperature (around 858 K for ferrites), ferrimagnets behave as 

paramagnetic materials, as the mentioned coupling energy has been 
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overtaken by the external thermal energy, and consequently, magnetic 

moments are randomly vibrating by the thermal agitation. In this state, the 

ferrimagnetic material follows the Curie-Weiss law (χ = C/(T-θ)), in which the 

magnetic susceptibility decreases linearly with increasing temperature and 

increases with the applied magnetic field. This paramagnetic behaviour can 

be defined by the Langevin equation (Figure 1.2A). In this representation, the 

linear response with magnetic field can be checked for low applied magnetic 

fields or high temperatures, as x=µH/kBT, where kB is Boltzmann's constant 

(low x values). In this state, paramagnetic materials show relatively low 

magnetization values, not being interesting for industrial or biomedical 

applications. Nevertheless, they do not show remanence magnetization 

when removing the external magnetic field, as all magnetic moments are 

randomly oriented by thermal agitation without a preferential orientation, 

which means that its magnetic behaviour can be controlled.20 

However, below Curie temperature the interexchange energy overtakes 

the thermal energy, showing a ferrimagnetic regime. In this state, the 

interaction between magnetic moments generates an intrinsic molecular 

magnetic field that induces a spontaneous magnetization. This yields a much 

higher magnetic response of this kind of materials under the influence of an 

external magnetic field, comparing with paramagnetic materials. Moreover, 

the spontaneous generation of magnetic domains inside materials, which are 

magnetized in random directions, also lead to an hysteresis in the magnetic 

response due to the anisotropy constant of the material and, specially, to the 

movement of the magnetic domain walls, called Bloch walls.18 

Ferrimagnetic behaviour is quite similar to the ferromagnetic one, not 

differentiable by measuring the magnetic response. In ferromagnetic 

materials, all interacting magnetic moments in all sublattices are parallel, 

obtaining a net magnetization by the addition of all contributions. In 
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contrast, in ferrimagnetic materials, the different sublattices magnetizations 

do not completely cancel each other, obtaining a spontaneous magnetization 

that can be much higher than the magnetization shown by paramagnetic 

compounds and comparable to ferromagnetic materials response. In this 

case, the final magnetization depends on many factors as the nature of the 

cations forming the ferrite structure, the net magnetization and the 

interaction energies between cations. Increasing temperature decreases the 

net magnetization of the ferrimagnetic system due to the thermal agitation, 

as can be also observed in ferromagnetic materials.19,18 The temperature 

dependence of magnetic moment orientation is schematically illustrated in 

Figure 1.2B. 

 

Figure 1.2. Langevin function representation (A) and illustration of temperature dependant 

ferro-/ferrimagnetic material magnetic behaviour (B). 

 

The magnetic response of ferrites can be tuned by modifying the so-called 

inversion degree which modulates antiferromagnetic coupling interactions 

between magnetic sublattices.21,22,23,24,25,26 These changes in the net 

magnetization value can be predicted by controlling the cation distribution 

between octahedral and tetrahedral sites. Taking the negative exchange 

interactions between the tetrahedral and octahedral sites into account, the 

result between both contributions will be the net magnetization value.27,16 
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In this sense, some ferrites (hard ferrites) show higher values of 

spontaneous net magnetic moment than others with smaller spontaneous 

magnetization values (soft ferrites), which defines their optimal application 

area. Thus, doping with metals such as cobalt, hard ferrites will be obtained, 

whereas the insertion of nickel or manganese metals, for instance, result in 

soft ferrite materials. The key factor for obtaining soft or hard materials is 

the resultant magnetocrystalline anisotropy, which is related to the energy 

required to turn the direction of the magnetic moment away from an easy 

direction. This force is generated by the spin-orbital coupling interactions 

between neighbour ion orbital magnetic moments. In this way, when an 

external applied magnetic field is changing the spin moments direction, the 

spin orbitals have to reorient in the same direction. Therefore, depending on 

the orbitals form and symmetry, it could be more favoured to perform this 

rotation, which would reduce the magnetocrystalline anisotropy.28,29,30 

As a summary, ferrite materials structure brings the opportunity of tuning 

the magnetic response to adequate the material to a specific application. For 

biomedical applications, high magnetic response is desired, as well as low 

remanence magnetization values. In this way, the development of 

nanometric ferrite materials could fulfil these expectations. 

 

1.2 Magnetic nanoparticles, superparamagnetism  

As has been previously mentioned, the nanoscale reduction of magnetic 

materials modifies the magnetic behaviour, inducing the superparamagnetic 

behaviour.31 When materials size is below 102-103 atoms, depending on the 

material type and shape, the magnetostatic energy is not high enough to 

favour the formation of Bloch walls and magnetic domains to reduce the 

spontaneous magnetic energy. Hence, obtaining single domain 
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(monodomain) compounds one of the main magnetic hysteresis induction 

sources would be discarded. 10,32 

However, the previously explained magnetocrystalline energy also 

generates a preferential orientation of magnetic moments that provides 

magnetic hysteresis. At this point, the magnetocrystalline energy, defined by 

the anisotropy constant (K), as well as the particle volume V, represents the 

energy barrier (KV). Energy barrier is the energy limit above the NP net 

magnetic moment is continuously fluctuating without a preferential 

orientation. Thus, the nanoparticle would be in the superparamagnetic 

regime.28 In absence of an external applied magnetic field, when the energy 

barrier is higher than the thermal energy, the NP net magnetic moment 

would be blocked in a specific orientation, whereas when the thermal energy 

overtakes the NP energy barrier the nanoparticle will be in the 

superparamagnetic regime, without spontaneous or remanent 

magnetization, as has been schematically explained in Figure 1.3.33,10 

 

Figure 1.3. Schematically illustration of a ferrite nanoparticle magnetic behaviour in the 

superparamagnetic and blocked (ferrimagnetic) regime at room temperature. 
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As can be observed in Figure 1.3, in superparamagnetic nanoparticles no 

hysteresis cycle is observed as they are continuously oscillating by thermal 

agitation. In blocked NPs, when the energy barrier is higher than the external 

thermal energy, the presence of hysteresis is observed, as magnetic energy is 

necessary to overtake the magnetic anisotropy energy that positions the NP 

in a preferential orientation. Therefore, a NP in the superparamagnetic state 

behaves as a paramagnetic compound without spontaneous magnetization, 

yet with an extremely high magnetization under the influence of an external 

magnetic field.  

The superparamagnetic regime of NPs can be altered by reducing the 

temperature below its energy barrier and blocking the NPs in random 

orientations. In this way, the temperature in which the NPs energy barrier 

becomes higher than the thermal energy is called the blocking temperature, 

TB. Furthermore, the superparamagnetic regime of a sample in a certain 

temperature can also be modified by increasing the NP size or by preparing 

NPs with higher anisotropies. After all, the superparamagnetic state is not an 

intrinsic property of a material or sample, as it is only an unusual state that 

can be modified by changing some factors as NP diameter or external 

temperature.  

 

1.3 Mostly used magnetic NP preparation methods 

There is a number of different synthesis methods that have been used for 

magnetic NP preparation.9 As usual, the employed mechanism chosen in 

each case depends on the desired NP properties, as NP size range, shape, 

surface properties and physical condition (in solid or in colloidal dispersion). 

Each synthesis method makes possible to obtain also materials with a 
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hydrophilic or hydrophobic nature. Ultimately, the synthesis method 

depends on the characteristics necessary for the desired application. 

Chemical NP synthesis methods produce NPs directly by chemical routes, 

being the structure and properties of produced materials strongly dependant 

on the selected process. Important parameters as grade of crystallinity, size, 

shape, colloidal stability, functionality or magnetic properties can be starkly 

different by employing different chemical methodologies. From all possible 

chemical strategies, the most suitable methods to achieve colloidally stable 

ferrite nanoparticles are: 1) the co-precipitation method of metallic salts, 2) 

the solvothermal reaction, 3) the sol-gel synthesis and 4) the thermal 

decomposition method or the microemulsion.32,9  

When a biomedical therapeutic nanoparticulate agent is being developed, 

the surface chemistry of the NPs is as important as the magnetic inorganic 

core. It provides colloidal stability, avoids the aggregation, stabilizes the NPs 

in physiological media and possibilities the NP functionalization with drugs or 

fluorophores adhesion. The covering is sometimes modified in the NP 

preparation process itself, but in many cases, modifications need to be 

performed in additional treatments. Concerning ferrite NPs, this coating has 

the additional function of minimizing the oxidation of the ferrite structure to 

maghemite due to the high specific surface area of such nanomaterials.  

This coating process has been described in literature by employing a large 

number of different ways as inorganic covers (silica, carbon, gold, silver...), 

polymer coating and different surfactant and organic molecule adhesion.32,9 

In order to preserve the original magnetic properties of the ferrite material, 

NPs are usually coated individually, pretending to obtain non interacting 

single NP water colloidal dispersion. However, recent studies have shown the 

benefits that controlled NP cluster or aggregate formation could provide.34,35 
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1.4 Biomedical applications of magnetic nanocompounds 

Probably, the three most relevant applications for magnetic 

nanomaterials are electronic devices, magnetic separation (cells, analytes…) 

and, of course, biomedical applications.31 

The biomedical applications of magnetic nanocompounds are focused on 

three main fields: as contrast agents in Magnetic Resonance Imaging (MRI) 

diagnosis processes, as drug delivery and controlled release agents and as 

magnetic hyperthermia inductors for cancer treatments. 

 Magnetic Resonance Imaging (MRI) 

The MRI relies on the counterbalance between the small magnetic 

moment of a proton and the large number of protons in a living tissue. The 

high magnetization of superparamagnetic NPs disturbs the proton magnetic 

moment, which yield a measurable effect under the applied magnetic fields, 

leading to distinguish between different tissues.33 The NP application as MRI 

contrast agents has steadily increased over the past decade. Traditionally, 

paramagnetic ions have been used as contrast agents in MRI, however, due 

to the their much higher molar relaxivity response, superparamagnetic 

magnetite NPs are becoming the most used contrast agents nowadays 

together with gadolinium paramagnetic complexes, as their effect is quite 

intense at lower concentrations and have been proved to be non toxic at the 

used doses.32 

The NPs that have been applied as contrast agents are dextran coated 

magnetite NPs with average diameters from 3 to 10 nm, to enhance their 

insertion into the tissues.36 These NPs are biocompatible and are 

metabolized via the liver after the treatment. The strong size effect is evident 

as NPs with diameters above 30 nm are quickly collected by liver and spleen. 
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They are rapidly identified and removed from the bloodstream by the 

immune system, whereas NPs around 10 nm or smaller present longer half-

life in the bloodstream. This uptake difference also leads to distinguish 

between different tissues and organs due to the different uptake grade of 

NPs. Such nanoparticles can also be used to visualize the vascular and 

nervous systems, by using particles with smaller sizes and specific surfaces. 

Furthermore, the reticuloendothelial systems of some cancerous cells 

(comparing with healthy cells) avoid the insertion of the added contrast 

agents, what also lead us to identify lymph nodes, tumours and brain 

tumours.37,32 

 Magnetic hyperthermia treatments 

Another interesting biomedical application for superparamagnetic NPs is 

the cancer treatment by means of NPs magnetic hyperthermia. The two 

main problems that current cancer treatments present are, on the one hand, 

the low specificity of the employed drugs, being required much higher 

amounts of drugs than the theoretically necessary needs to achieve the 

desired effect. Furthermore, the lack of specificity causes severe side effects 

in many healthy organs and physiological functions. The development of a 

cancer treatment, which could increase the efficacy, as well as the specificity, 

is the most followed challenge of the current nanomedicine research.  

The tumour treatment by magnetic hyperthermia is one of the 

mechanisms that are being investigated to treat such diseases efficiently. 

These treatments are focused on the locally generation of heat by MNPs 

without damaging the surrounding healthy tissues when applying an 

alternating magnetic field. Ferro/ferrimagnetic and superparamagnetic 

particles release heat by hysteresis or relaxation loss under an external 

alternating magnetic field, depending on their magnetocrystalline 
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anisotropy, saturation magnetization and particle size. In this sense, the heat 

generation could be controlled by modifying the synthesis parameters to 

yield different NPs or by modifying the amplitude (H) and the frequency (ν) 

of the applied alternating magnetic field.38 

The magnetic hyperthermia cancer treatments are based on the different 

effects of heat in cancerous and healthy tissues. Although cancerous and 

healthy cells are biologically and structurally quite similar, some differences 

in tumour cells as a lower oxygenation, lower pH values or lower 

vascularisation of tumour tissues, make cancerous tissues more sensitive to 

high temperatures than the healthy ones.39,40 Temperatures around 43°C 

induce protein denaturalization, cell membrane slow decomposition and 

DNA fragmentation that cause cell death by apoptosis mechanism in 

cancerous cells. However, temperatures above 46 °C induce the cell death by 

necrosis mechanism, what is more effective in short times periods, although, 

the injuries that these thermoablation mechanisms induce in the 

surrounding healthy tissues are much intense than the apoptosis based 

methods.41  

 Drug delivery and controlled release 

Concerning the biomedical applications, the first step is to perform, a 

broad analysis of their toxicity.42 It is important to take into account that the 

selected synthetic methodology and the further biofunctionalization could 

influence their toxicity and cellular uptake. This two important features are 

directly related with the size, shape and surface chemistry of the NPs. In 

order to prevent any adverse effects induced by the NPs, it is important to 

determine the therapeutic windows of such new nanoformulations, by 

means of toxicity studies on cell cultures, complex tissue and finally on 

complex animals.43  
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Many developed therapies for cancer, diabetes and cardiovascular 

diseases with very promising results have a common obstacle related to the 

side effects induced by lack of specificity of the therapeutic agents.11 

Therefore, the development of mechanisms to transport the therapeutic 

drug to the specific area  to be treated is required. This improvement would 

lead to increase the efficiency and reduce side effects of the therapeutic 

agents. 

Among the different strategies developed for drug delivery, polymeric 

nanocapsules are presenting the most promising results. The magnetic NPs 

could be used in order to direct the magnetic nanocarriers to specific organs. 

Two main approaches have been proposed: 1) Application of an external 

magnetic field in order to guide the NP to the target point and 2) insertion of 

small permanent magnets inside the body.  Moreover,  the main success on 

NPs vectorization to tumours is based on the Enhanced Permeability and 

Retention Effect (EPR effect). This effect is based on the capability of 

tumoural tissues to absorb higher size objects due to the increase of 

permeability of the tumoral vasculature.44  

Furthermore, the functionalization of NPs surface with molecules with 

affinity for specific tissues can also induce a preferential tumoral cellular 

uptake of NPs. Then, the release of the drug would take place by the 

continuous biodegradation of the polymeric NP. The insertion of a magnetic-

polymeric composite material would offer a novel mechanism by which the 

release of the drug can be triggered externally.  

Moreover, the insertion of a magnetic component in the nanocarrier also  

provides a way to control the therapeutic agent release by means of the 

previously mentioned magnetic hyperthermia response. The temperature 

increase would stimulate the polymeric shell decomposition, polymer 
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swelling or induce the rupture of the NP-drug bond or interaction. For 

instance, Dias et al analyzed the temperature gradient caused by magnetic 

hyperthermia by a fluorophore functionalized DNA denaturalization, as a 

molecular thermometer.45 This provides the opportunity to control the drug 

release by modifying the applied external alternating magnetic field. In the 

same way, polymeric materials tend to gelify or decompose in relatively low 

temperatures that can be achieved by magnetic hyperthermia.46 Otherwise, 

Kaamyabi et al reported the preparation of a pH and thermosensitive 

polymer for drug delivery applications.47 The high thermosensibility of this 

polymer, which decomposes at temperatures above 40 °C, could selectively 

release the encapsulated only in cancerous cells due to their higher 

temperature.  

With the aim of obtaining the best possible results in future magnetic 

hyperthermia cancer treatments and drug delivery, two different systems 

will be developed in the present work. On the one hand, different ferrite 

systems based on Ni and Mn ferrites and core shell structures will be 

prepared and characterized in order to obtain samples with intense magnetic 

hyperthermia response for hyperthermia treatments. On the other hand, the 

sample with the best magnetic response will be encapsulated in a 

biopolymer in order to obtain a magnetic NP-biopolymer composite 

nanosphere, to be applied as drug controlled release agent. Finally, the 

viability of single and encapsulated NP systems for such applications will be 

tested by means of in vitro and in vivo toxicity experiments in cell cultures 

and animals. 
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OBJECTIVES 
One of the areas of interest of nanomaterials research, nowadays, is directed 

to exploit the possibilities of magnetic nanomaterials in biomedicine. In this 

way, this kind of nanosystems, especially those based on Superparamagnetic 

Iron Oxide Nanoparticles (SPION) are being deeply investigated to be applied 

as contrast agents in Magnetic Resonance Imaging (MRI), drug delivery, 

controlled release agents or as magnetic hyperthermia inductors for cancer 

treatments. 

In this research area there are three different issues to be developed: 1) 

Optimization of the magnetic properties of the nanoparticles nuclei in order 

to obtain a higher magnetic hyperthermia response; 2) Functionalization of 

NPs surface to make them stable in physiological conditions, obtain long 

circulation times in human body and reducing recognition by the 

immunological system, improving the active targeting to tumour or damaged 

tissues; 3) Toxicity studies of such nanomaterials.  

The present work is focused on developing nanomaterials suitable to be 

applied in biomedical applications, analyzing all these steps (preparation of 

magnetic core, functionalization and in vivo/in vitro testing) necessary to 

ascertain its applicability in such areas. 

 In order to obtain improved hyperthermia responses, magnetite 

nanoparticles will be doped with paramagnetic cations (Ni2+ and 

Mn2+). The different doping level of these cations modifies the 

saturation magnetization and anisotropy constant, and the direct 

magnetic hyperthermia response will be also affected in some way. 

Furthermore, some core shell structures composed by magnetite and 
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Ni ferrite layers are going to be prepared to analyze the significant 

properties changes induced by the presence of both phases.  

 The magnetic nanoparticles with maximum hyperthermia response 

will be selected as base material and different functionalizations will 

be performed to make the nanoparticles stable in physiological 

media. On the one hand, nanoparticles will be coated with the poly 

(maleic anhydride-alt-1-octadecene) (PMAO) amphiphilic polymer, 

which covers single NPs by hydrophobic interactions, exposing 

negative carboxylic groups on the surface. On the other hand, 

magnetic nanospheres will be formed by the aggregation of NPs with 

chitosan or fibroin. The functionalization process with such polymers 

could increase their biocompatibility, besides inducing changes in 

magnetic properties due to NP agglomeration.  

 Finally, the biocompatibility of the samples considered as most 

suitable for possible applications will be tested in cell culture and in 

mice. Firstly, the direct cytotoxicity of the prepared compounds in 

short time period will be tested in Vero cell cultures by the MTT 

cytotoxicity test. Moreover, in a blood vessel model co-culture, 

several effects such as oxidative stress or inflammatory response 

induced by the contact of the nanocompounds will be verified. 

Finally, the biodistribution of the most promising sample will be 

analyzed by means of an in vivo experiment in mice. 
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2. NANOCOMPOUND 
PREPARATION 

Different ferrite based nanoparticles have been prepared based on the 

thermal decomposition bottom up synthetic method. After analyzing the 

structural and magnetic properties of all obtained NP systems and having 

tested their magnetic hyperthermia response, the sample which shows the 

most suitable properties for biomedical applications has been selected as 

base material for the preparation of biopolymeric magnetic nanospheres. 

They have been formed by encapsulating the optimal magnetic nanoparticles 

into different biopolymeric matrices, being the chitosan coated magnetic 

nanospheres the most deeply studied ones. 

2.1 Synthesis of MXFe3-xO4 magnetic nanoparticles 

There is a large number of methods that can be used to prepare NPs, 

divided in top down and bottom up methods. The bottom up methods are 

more suitable to prepare ferrite NPs directed to be applied in biomedical 

applications, as the surface chemistry and colloidal stability can be 

controlled. According to the literature, ferrite NPs have been commonly 

synthesized by the co-precipitation method, using the desired metal salts as 

precursors (NiCl2, MnCl2 or FeCl3) to prepare nickel and manganese ferrites, 

for instance.1,2 In some cases, solvothermal and microemulsion mechanisms 

have also been used to achieve ferrite NPs in colloidal dispersion.3,4 

However, not well defined NP shapes and broad size dispersions are usually 

obtained by these methods. In this sense, the thermal decomposition 

method is the most promising one to prepare NPs for such applications, as 

well defined and homogeneous sized NPs are obtained. The proportion of 
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the inserted metals can be easily controlled through this method by 

regulating the amount of each metal precursor.5 Furthermore, some authors 

have reported an optimized method to grow the NPs and to prepare core-

shell NPs by this chemical route.6 

The formation of monodisperse NPs (with standard deviations below 5%) 

in liquid media by chemical methods was described by means of the LaMer 

diagram (Figure 1.5).7 It was observed that when the precursors 

concentration overtakes a certain point (related to the solubility of the 

precursor compound in the media), the nucleation of NPs spontaneously 

occurs, reducing the high Gibbs free energy levels of the supersaturated 

solution, as can be described in the equation 2.1: 

∆𝐺𝑣 = −
𝑘𝑇


ln⁡(

𝐶

𝐶0
)     (2.1) 

Where C is the solute concentration, C0 the solubility, T the temperature, 

 the atomic volume and k the Boltzmann constant. When solute 

concentration (C) overtakes the solubility value (C0), the Gibbs energy is 

negative and the nucleation starts spontaneously. Those generated nuclei 

only would be stable if they reach the critical radius (r*), which is defined by 

a balance between the total Gibbs energy of the solution and the surface 

energy (equation 2.2): 

𝑟∗ = −2
𝛾

∆𝐺𝑣
     (2.2) 

Where γ is the surface energy per unit area. The size and shape of these 

initial NPs depend strongly on the external conditions during the nucleation 

as ligands presence, temperature or solvent viscosity. Thus, the used 

synthesis procedure plays an important role.8 The nucleation speed is the 

parameter which defines the diameter of the initially formed NPs, as a fast 

nucleation yields smaller nanoparticles whereas slower nucleations produce 
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nanoparticles with larger sizes. The nucleation speed is mainly related to the 

material. However, this speed can be partially modified by controlling the 

precursor concentration during the nucleation (Figure 2.1). Hence, at low 

concentration the nucleation will be slower and the size of the obtained NPs 

larger while at high precursor concentration a quicker nucleation is induced, 

obtaining a higher amount of small NPs.  

When the precursor concentration decreases below the nucleation 

concentration value the nucleation process stops and the growth phase 

begins, in which the formed NP seeds tend to grow by atom diffusion on the 

surface of the formed NPs and by aggregation of absorbed species on the 

surface. Thus, the NP formation can be controlled by diffusion or by surface 

processes. For instance, low precursor concentrations would kinetically 

favour the diffusion mediated growth mechanism, obtaining homogeneous 

size dispersions.8 In this sense, longer growth times would produce larger 

particles, until a certain point where the precursor concentration reaches the 

equilibrium. Therefore, the NP growth is not limited and the NP size can be 

progressively increased by modifying the precursor concentration.9,6 

 

Figure 2.1. Schematic illustration of nanoparticle formation process in solution (LaMer 

diagram). 
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Although the chemical NP synthesis follows this process, another 

variables are involved in the mechanism as temperature, pH, fluids ionic 

strength, presence of surfactants or reactant amounts, which can also affect 

the nucleation and growth phases. Therefore, this kind of methods always 

requires an optimization process to achieve an absolute control of the 

synthesis variables. 

2.1.1 Nanoparticle chemical synthesis methods 

As previously mentioned, the mostly used chemical methods to prepare 

homogeneous NPs are the sol-gel, co-precipitation, microemulsion, 

solvothermal and the thermal decomposition of metalorganic precursors. 

 Sol gel synthesis method 

It is based on the preparation of a diluted solution with the chemical 

precursors that are necessary to obtain the desired material. In this diluted 

solution (sol) the gravitational forces are negligible and only surface charges 

and Van der Waals forces between molecules have influence. When the 

solvent evaporates a semi-rigid mixture called gel is formed. The proximity 

between the molecules and ions in the gel solution induces the formation of 

a continuous network between them, activating the chemical reaction. A 

calcination process is usually required to favour the polycondensation and 

enhance the mechanical properties. 

In order to prepare NPs, the addition of surfactants and ligands, which 

limit the particle growth is necessary. However, the sol-gel method is not the 

best way to prepare NPs to be applied in colloidal dispersion, as the 

calcination process removes all the surfactants and induces NP aggregation. 

Thus, although the sol-gel method is usually employed to obtain ceramic 



2. Nanocompound preparation 

25 
 

materials as mixed oxides, it is not useful to obtain NP colloidal 

dispersions.10,11 

 Co-precipitation method 

This is probably the mostly used method to obtain ferrite NP colloidal 

dispersions from aqueous salt solutions. For ferrite materials, this process is 

performed by the addition of metal ion precursors to a basic solution in the 

8-12 pH range: 

𝑀2+ + 2𝐹𝑒3+ + 8𝑂𝐻− → 𝑀𝐹𝑒2𝑂4 + 4𝐻2𝑂 

The temperature has an important role in this process, as larger NPs will 

be obtained at higher reaction temperatures. Furthermore, the size, shape 

and composition of the obtained NPs depend also on the type of the used 

metallic salts (chlorides, sulphates and nitrates are the most common ones), 

the metal ratio, pH value and ionic strength. This synthesis method is 

representative of the multivariable synthesis process mentioned previously, 

being a complete optimization and conditions screening necessary to achieve 

a deep understanding of all variables and to control the final materials 

properties.12 

The oxidation tendency of ferrite materials has also to be considered. 

Therefore, this process needs to be performed under inert (nitrogen or 

argon) atmospheres to avoid the oxidation process to maghemite (γ-Fe2O3) 

or hematite (α-Fe2O3). Ligands which are compatible with NP surface -OH 

groups can be added to the synthesis process in order to control the surface 

chemistry of the prepared NPs.13 

Although this synthesis method shows a number of advantages as its 

simplicity, colloidal stability of NPs or its functionability, the control of the 

size and shape of the NPs is not very accurate.  
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 Microemulsion method 

The water-in-oil microemulsion method is based on a mixture of water, 

which contains the NP precursors, surfactants and oil to obtain a transparent 

uniform solution. In this solution, by the interface tension reduction 

produced by the surfactant molecules, micro or nanodrops are formed with 

the reactants inside them, surrounded by surfactant molecules, which form 

the micelles.  

The NP formation synthesis process occurs inside these micelles. The 

surfactant molecules surrounding water drops act as a wall that avoids or 

limits the growth of the formed particles, being impossible to overtake the 

micelle size. Moreover, by changing the water-in-oil mixture range, 

surfactant or organic phase type, the micelles size and shape can be modified 

and, therefore, the size and shape of NPs can also be adjusted.3,14 

As was reported by Vidal-Vidal et al, maghemite NPs can be prepared by 

the microemulsion method, obtaining well defined and homogeneous NPs of 

3.5 nm.15 However, although NPs form a stable colloidal dispersion in water 

media, the presence of aggregates in colloidal dispersion can be observed 

through TEM micrographs and DLS measurements. Therefore, their 

instability might change strongly the NP properties dispersed in liquid media, 

that is not desirable in biomedical treatments. 

 Solvothermal synthesis 

The solvothermal synthesis process, called hydrothermal when water is 

used as a solvent, is a usual synthesis process in liquid media. However, it is 

performed in temperatures above the boiling temperature of the used 

solvent at high pressures, which can be higher than 2000 psi. The high 

temperature induces a better formation of the nanocrystals and also the 
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preparation of nanostructures that do not assemble in the normal liquid 

temperature range of the used solvent.  

Many authors have used this method to prepare ferrite NPs, limiting the 

particle growth by surfactants and ligands addition.4,16 In this sense, well 

formed NPs with average diameters around 40 nm and relatively good 

magnetic response, not too far from the bulk material response, have been 

obtained.17 The high crystallinity and the possibility to obtain specific NP 

shapes and large sizes present it as an interesting method to produce ferrite 

NPs for many applications. Nevertheless, in the same way as in the 

microemulsion method, due to the excessive size of the obtained particles, 

as well as their low colloidal stability in water media (because of their great 

tendency to aggregation), the resultant particles are useless for biomedical 

applications. 

 Thermal decomposition method 

This is, by far, the most widely used method to prepare ferrite NPs for 

biomedical applications. It was used by Sun et al in 2002 to prepare ferrite 

nanoparticles. The size, shape and structure homogeneity, as well as the high 

magnetic response of resultant particles, became it the most common ferrite 

NP synthesis method.18  

It is based on the decomposition of metal precursors, as acetylacetonates, 

carbonyls or oleates, at temperatures around 200-300 °C in high boiling point 

organic solvents, as benzyl ether or octadecene. The presence of dispersants 

and hydrophobic ligands is required to control NP size and to become stable 

in organic solvents. The average diameters obtained by this method are in 

the 4-25 nm range, with quite narrow size dispersions. This average size can 

be controlled by modifying the nucleation, the growth temperature or the 

precursors and ligands concentrations. NPs prepared by this method show 
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magnetic, structural and colloidal properties suitable for biomedical 

applications. However, the resultant NPs are only stable in non-polar media, 

therefore, a surface modification process is absolutely necessary to become 

stable in physiological media.19,6  

This last method has been chosen for the preparation of the ferrite based 

MXFe3-xO4 (M = Ni, Mn) nanoparticles described in this thesis. This technique 

is also usually used to obtain Fe, Co and Ni metal, metal oxide, sulphide, 

halogenide and phosphate nanoparticles.18,20 

 The synthesis mechanism is divided in two main steps: in the first step, 

the solvent containing the metalorganic precursors, surfactants and 

stabilizing agents is heated applying a constant heating rate to the nucleation 

temperature (precursor decomposition temperature). After this first 

nucleation phase, the solution is again heated in a constant heat rate until 

the boiling point of the solvent. The solution is kept in reflux for certain time 

(growth phase) and then is cooled to room temperature. All the process 

must be performed in a close system under inert atmosphere to avoid the 

spontaneous oxidation.21 

Many different kind of metalorganic precursors can be used as 

acetylacetonates, metal cupferronates or carbonyls.22,23 Depending on the 

precursors the reaction mechanism could change strongly, since the 

nanoparticle nucleation process is directly related to the precursor 

decomposition.20,22,24, Another critical factor in this synthesis mechanism is 

the boiling point of the used organic solvent. Higher boiling points allow 

higher synthesis temperatures, which modify the nanoparticle growth and 

directly affect the size and shape of the obtained nanoparticles. In this way, 

the most used solvents are benzyls and long chain hydrocarbons as 

octadecene.25,26,27 
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To stabilize the synthesized nanoparticles in the organic solvent, the 

presence of specific ligands, which interact and cover the nanoparticle 

surface is necessary. These molecules are usually long aliphatic chain 

molecules to stabilize NPs in nonpolar media, with functional groups (as 

carboxylic acid or amine) able to perform strong interactions with 

nanoparticle surface -OH groups.28 Furthermore, a stabilization agent, which 

controls the nanoparticle growth, is also necessary to obtain homogeneous 

and stable dispersions. Stabilization agents form weak interactions with NP 

surface to prevent their aggregation during the growth phase of the 

synthesis by steric repulsions.23,29 

In this thesis, to obtain ferrite based nanoparticles, the chosen 

organometallic precursors were acetylacetonate compounds, Fe(acac)3, 

Ni(acac)2 or Mn(acac)2. The decomposition temperature of these compounds 

is around 200 °C in all cases, which is suitable to achieve a homogeneous 

nucleation of NPs. Dibenzyl ether has been chosen as solvent since its boiling 

temperature (289 °C) is high enough for the nucleation and growth of NPs, 

and also makes easier the washing process of nanoparticles due to its 

miscibility with ethanol. Concerning the NP coating agents, the commonly 

used ligand has been the oleic acid. It has been proved that an additional 

coating agent as oleylamine induces a competence effect which could 

improve the size and shape homogeneity of the obtained nanoparticles.21,29 

The presence of a stabilizing agent as 1,2-hexadecanediol has being 

previously used to increase strongly the size homogeneity.30 The aim of this 

compound during the synthesis process is to stabilize and separate the 

nanoparticles avoiding aggregations by steric effects. The structural formula 

of all used reagents are represented in Figure 2.2. 

In this sense, besides the nature and concentration of the metalorganic 

reagents, in order to achieve a good control of size, shape, and crystallinity of 
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final nanoparticles, the concentration of the reagents, the metal precursors 

and ligands proportion, the amount of stabilizing agent, the heating rate, the 

boiling temperature and the reflux time are other parameters to take into 

account.30 

 

Figure 2.2. Structural formula of the reagents used during the thermal decomposition 

synthesis of the prepared ferrite nanoparticles. 

 

Controlling these parameters, the size of the obtained nanoparticles can 

be fixed to average diameters in the 8-12 nm range, with narrow size 

distribution values. However, to achieve a high hyperthermia response, it is 

necessary to obtain larger particles without increasing the size distribution 

values. This size increase has been achieved by a multistep seeded-growth 

technique, which is based on subsequent additions of metalorganic 

precursor and surfactants on already formed nanoparticle seeds. In previous 
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studies, this kind of techniques were performed by inducing the NP growth 

in different synthetic steps.31 Thus, a standard nanoparticle synthesis is 

performed following the normal thermal decomposition method and, in a 

second synthesis process, these nanoparticles are used as seeds and heated 

again in the presence of metalorganic precursor and surfactants in order to 

grow these primary nanoparticles. However, it has been recently reported a 

similar growth effect by means of the one pot method. In this case, instead 

of washing the nanoparticles to be used as seeds in the growth process, the 

seed nanoparticles are directly growth in the same synthesis by adding the 

precursor and the surfactants on the freshly synthesized NPs.32 By repeating 

this process several times, controlling the added amount of precursor in each 

case, the desired sizes can be obtained.24 This technique also provides an 

interesting way to produce core shell nanoparticles with different material 

layers, by adding different precursors in each addition process. 

Taking the used metal reagents into account, ferrites with NixFe3-xO4 or 

MnxFe3-xO4 general formula have been prepared. Moreover, in order to 

modify the anisotropy of the resultant particles core-shell NPs have been 

prepared by following the previously explained seed mediated growth 

technique, combining Ni and Mn ferrites layers with magnetite. 

2.1.2 Synthesis of nickel ferrite nanoparticles, NixFe3-xO4 (0.3<x<0.9) 

Different ferrite nanoparticle samples with different percentages of nickel 

were prepared by mixing stoichiometric proportions of nickel (II) and iron (III) 

acetylacetonates. In a standard synthesis process, 2.2 mmol of a Fe(acac)3 

(Fe(C5H7O2)3) and Ni(acac)2((Ni(C5H7O2)2) mixture, 1.3 g of oleic acid 

(C18H34O2, 4.4 mmol), 1.7 g of oleylamine (C18H35NH2, 4.4 mmol), 2.5 g of 1,2-

hexadecanediol (CH3(CH2)13CHOHCH2OH, 8.8 mmol) and 25 mL of benzyl 

ether ((C6H5CH2)2O) were mixed and mechanically stirred in a close system 
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under Ar flow for 15 minutes. The schematic representation of the system 

appears in Figure 2.3. Then, maintaining the Ar atmosphere, the mixture was 

first heated to 200 °C at 5.5 °C /min heat rate and kept for 30 min at that 

temperature for a complete nucleation. Upon heating, the reaction mixture 

turned black. The solution was then raised to reflux (289 °C) at 3 °C/min and 

kept for 90 minutes (growth phase). After the growth phase the solution was 

cooled to room temperature and 50 mL of ethanol were added to destabilize 

the MNP colloidal dispersion. The mixture was kept at 4 °C overnight for the 

complete precipitation of the nanoparticles. 

 

Figure 2.3. Schematic representation of the system used for the preparation of nickel ferrite, 

manganese ferrite and core shell nanoparticles. 

 

By means of a permanent magnet, the MNPs were decanted and 

resuspended in toluene. Ferrite unstable aggregates were removed by 

centrifugation at 3000 rpm during 60 minutes. The MNP dispersion was 

three more times precipitated with ethanol and resuspended in toluene to 

eliminate the excess of precursor, surfactants and 1,2-hexadecanediol. They 

were finally resuspended in toluene (in 2 mgFe/mL concentration) with 10 % 

of oleic acid and oleylamine (to maintain the density of hydrophobic coating) 
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and were stored at 4 °C to slow down the oxidation. Using the reactant 

amounts shown in Table 2.1, four different systems were obtained by 

changing iron-nickel proportions, Ni0.31Fe2.69O4, Ni0.43Fe2.57O4, Ni0.70Fe2.30O4 

and Ni0.86Fe2.14O4.  

In order to achieve larger NPs for the Ni0.31Fe2.69O4 composition, the 

previously mentioned seed mediated growth process was carried out. After 

the initial synthesis process, the solution was cooled and kept at room 

temperature for 30 minutes. Then, 2.34 mmol of Fe (acac)3, 0.26 mmol 

Ni(acac)2, 3.02 mmol of oleic acid, 3.02 mmol of oleylamine and 2.25 mmol 

of 1,2-hexadecanediol were added. This mixture was heated to 200 °C for 30 

minutes and to reflux for 90 minutes, as in the first step. After cooling and 

keeping at room temperature for 30 min, the process was repeated twice 

increasing the amounts of reagents, as can be observed in the Table 2.1.  

During this synthesis process, different diameter particles have been 

obtained in the different addition processes. In order to isolate these 

different groups and to obtain monodisperse nanoparticle samples, a 

separation process needs to be performed. Hence, after the synthesis and 

washing process, the nanoparticle dispersion was destabilised by means of 

different toluene:ethanol mixtures. Firstly, nanoparticles were dispersed in 

21 mL of toluene and 7 mL of ethanol (3:1 toluene:ethanol). The precipitated 

NPs were isolated by means of a permanent magnet, resuspended in toluene 

with 10 % of oleic acid and oleylamine and stored at 4 °C (Ni0.31Fe2.29O4_A). 

The next nanoparticle group was destabilised by adding a total of 14 mL of 

ethanol (3:2), and were isolated and resuspended as previously explained 

(Ni0.31Fe2.29O4_B). This group was only stored to compare its diameter with 

the largest ones (Ni0.31Fe2.29O4_A). The NPs which did not precipitate were 

discarded.  
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Table 2.1. Amounts of reagents used in all synthesis processes of nickel ferrite nanoparticles 

and the Fe:Ni metal proportion added in each case. 
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2.1.3 Synthesis of manganese ferrite nanoparticles MnxFe3-xO4 (0.1<x<0.4) 

The synthesis of manganese ferrite MNPs with different proportions of 

Mn in the structure was performed following the same method as described 

for Ni ferrite NP synthesis. In a standard preparation, Fe(acac)3 (Fe(C5H7O2)3) 

and Mn(acac)2((Mn(C5H7O2)2) mixture (2.2 mmol), 1.3 g of oleic acid 

(C18H34O2, 4.4 mmol), 1.7 g of oleylamine (C18H35NH2, 4.4 mmol), 2.5 g of 1,2-

hexadecanediol (CH3(CH2)13CHOHCH2OH, 8.8 mmol) and 25 mL of benzyl 

ether ((C6H5CH2)2O) were mixed and mechanically stirred in a close system 

under Ar flow for 15 minutes. Then, maintaining the Ar atmosphere, the 

mixture was first heated to 200 °C at 5.5 °C /min heating rate and kept for 30 

min in that temperature for a complete nucleation. Upon heating, the 

reaction mixture turned black. The solution was then raised to reflux (289 °C) 

at 3 °C/min and kept for 90 minutes (growth phase). After the growth phase 

the solution was cooled to room temperature and 50 mL of ethanol were 

added to destabilize the MNPs. The mixture was kept at 4 °C overnight for a 

complete precipitation of the nanoparticles. All used reagent amounts are 

represented in Table 2.2.  

As was performed for nickel ferrites, all main manganese ferrites were 

centrifuged at 3000 rpm during 60 minutes in order to remove the 

aggregates and the co-phases that could have been formed during the 

synthesis process. In this case, no co-phases were detected. 
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Table 2.2. All amounts of reagents used and the Fe:Mn metal proportion in the synthesis 

processes of manganese ferrite. 
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The Mn0.18Fe2.64O4_A sample was prepared by the same seed mediated 

growth method used for Ni0.31Fe2.69O4_A sample preparation, followed by the 

same separation process using different ethanol-toluene mixtures. All 

samples were stored at 4 °C (in a 2 mgFe/mL concentration) and 10% oleic 

acid toluene dispersions.  

2.1.4 Synthesis of core shell mixed nanoparticles 

Following the previously described optimized seed mediated growth 

method, several core-shell NPs have been synthesized. Thus, different 

metalorganic precursors were added in the different addition steps to form 

NPs with different composition layers. Four different core-shell NP samples 

were obtained using this technique composed by magnetite (Fe3O4) and 

nickel ferrite (Ni0.31Fe2.69O4) layers in different configurations (Figure 2.4.). 

This combination of materials has been chosen based on the magnetic 

properties observed in the nanoparticles with this Ni proportion and the high 

magnetic anisotropy of magnetite.  

 

Figure 2.4. Illustration of the different addition steps for each sample. Green colour represents 

Ni0.31Fe2.69O4 phase and black colour Fe3O4 phase. 
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To obtain the Ni0.31Fe2.69O4 phase, Ni(acac)2 and Fe(acac)3 precursors were 

added in 1:9 proportion, whereas to obtain magnetite phase only Fe(acac)3 

precursor was added. In all cases the same total amount of precursor was 

added (Table 2.3). Same synthesis mechanism used to prepare 

Ni0.31Fe2.69O4_A and Mn0.18Fe2.64O4_A samples has been employed in this 

case. As can be observed in Figure 2.4, by changing the precursor addition 

order 4 different samples were obtained: NiFe3Mag1, NiFe2Mag2, 

Mag2NiFe2 and Mag3NiFe, where "NiFe" represents the Ni0.31Fe2.69O4 nickel 

ferrite phase, "Mag" represents the magnetite phase and the numbers 

represent the number of layers of each phase. The phase codes in the names 

have been placed in the same order as the order of precursor addition during 

the synthesis. Thus, for the NiFe3Mag1 core-shell NP synthesis, firstly nickel 

ferrite NP seeds were prepared, performing two subsequent growth 

processes to produce two more nickel ferrite layers. However, only iron 

precursor was added in the last addition process to generate a magnetite 

layer in the external part of the NP. In order to prepare the second core-shell 

sample (NiFe2Mag2), nickel ferrite seeds were firstly prepared, followed by 

an addition of a Ni ferrite layer. The last two additions were performed by 

adding iron acethylacetonate precursor to form two external magnetite 

layers. The inverse procedure was followed to prepare the Mag2NiFe2 

system, where two magnetite layers were firstly prepared covered by two 

external Ni ferrite layers. Finally, the last system (Mag3FeNi1) was prepared 

by synthesizing magnetite seeds with two subsequent iron precursor 

additions to obtain three magnetite layers. The last addition was performed 

by mixing Ni and Fe precursors, to obtain the Ni ferrite external layer. 

After the synthesis, the separation process between nanoparticles of 

different sizes was performed in the same way as for the Ni0.31Fe2.69O4_A 

sample, using only the larger nanoparticles (obtained in the first precipitation  
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Table 2.3. Amounts of reagents used to prepare core shell nanoparticles and the Fe:Ni metal 

proportion added in each addition step. 
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step) for characterization. The samples were stored in toluene dispersions 

(with a concentration of 2 mgFe/mL) with 10% of oleic at 4 °C. 

2.1.5 Biocompatibilization of ferrite nanoparticles. 

One of the main disadvantages of the used synthesis method is the 

hydrophobic nature of the obtained NPs. As these nanoparticles will be 

applied in biomedicine, a change in the surface chemistry is required to 

become the NPs stable in physiological media and maintain the colloidal 

stability during the treatments.1,33,34 This process is necessary to analyze their 

toxicity in cell media and simulated tissues, and also to test the NPs as 

contrast agents for magnetic resonance imaging in in vitro relaxivity 

experiments. For this reason, many studies are focused on nanomaterial 

surface modification and functionalization using different approaches, as 

covering the NPs with water compatible inorganic materials, amphiphilic 

molecules or polymers.17,35,36 Briefly, the following ones are the most used 

strategies to biocompatibilize magnetic NPs: 

 Inorganic coating agents 

This kind of coating system is mostly used to isolate magnetic NPs from 

the outside conditions, according to the high density and stability that these 

coating agents provide against high temperatures, different pHs and 

oxidative or reductive conditions. Although many inorganic coating agents 

can be used, there are two inorganic coating types usually employed for 

ferrite nanoparticles. Silica shell, because of its high stability and resistance, 

as well as its functionality, provides a high colloidal and structural stability 

under extreme conditions.37,38 On the other hand, the precious metals as 

silver and, specially, gold also provide stability against external factors as 

acidity, and also prevent the oxidation.39,40 Another point to consider is that, 
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although the lack of toxicity of magnetite material is accepted, silica and 

precious metals are well known to be inert inside human body.  

 Organic molecules and surfactants 

The hydrophobic NPs could be functionalized with hydrophilic ligands in 

an additional process after NP synthesis, which attach to NP surface together 

with the hydrophobic ligands bonded to NP surface during the NP synthesis. 

In some cases, the functionalization can be carried out by ligand substitution, 

thus, oleate molecules can be replaced by new ligands as aminoacids or 

carboxylates. However, the NPs can be partially aggregated during the 

synthesis process, changing their properties after the treatment.41,42 

As just explained, surfactants and ligands (organic molecules) are also 

commonly used in synthesis processes to avoid the NP aggregation and to 

stabilize NPs in the desired medium. Furthermore, depending on their 

combination and concentration during the synthesis process the NP growth 

can be limited. Usually, in order to increase NP colloidal stability or to change 

the surface charge or functional groups, additional ligand adhesion processes 

are carried out after synthesis.43 The most commonly used molecules are 

carboxylates, aminoacids, phosphates or alkanesulfonic acid.33 

This kind of molecules present two or more negatively charged functional 

groups that show a great tendency to assembly to ferrite NP surface, leaving 

the other negatively charged functional group on the surface. These negative 

charges lead to charge repulsion between NP surfaces, increasing their 

colloidal stability in polar media. Furthermore, the stability dependency on 

ligand chain length has been observed in many studies. Thus, longer ligand 

chains increase the distance between magnetic nuclei, reducing Van der 

Waals and magnetic attractive forces between magnetic cores.41,42 
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 Polymer coating 

In the same way as organic ligands, many polymers are also used in ferrite 

NP biocompatibilization processes. As has been explained for organic ligands, 

the longer the coating chain is, the more stable the NP colloidal dispersion 

will be. In this way, long chain polymers as polyethylene glycol (PEG), 

polyvinyl alcohol (PVA) or alginate are great candidates to increase NP 

stability in water media.44 Furthermore, there are many biopolymers as 

polysaccharides, proteins or nucleic acids which can be attached to NP 

surface, providing an extra biocompatibility and increasing strongly the NP 

internalization in complex organisms. The most common natural polymers 

are dextran, chitosan, arabic gum and gelatine.45 

Two methods have been developed to perform this polymer coating after 

synthesis: firstly, a chemisorption procedure can be used to irreversibly 

attach polymer chains to NP surface. Furthermore, a polymerization process 

can be directly performed on NP surface. As this kind of functionalizations 

can be developed under non-polar conditions, a polymer that is stable in 

both polar and non-polar media is required. Alternatively, it is possible to 

functionalize the hydrophobic NPs with non-polar polymers and after proper 

reactions generate polar groups in the external layers. These approaches 

have proved to be the most suitable ways to obtain high water stability 

polymer coated single NPs from hydrophobic NPs.34,46 

Although polymer coating provides a great colloidal stability to ferrite 

NPs, it is not the best choice under critical conditions as extreme pH or high 

temperatures due to their low structural stability in these conditions.  
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 Nanoparticle encapsulation 

The encapsulation of nanoparticles in biocompatible polymers constitutes 

an interesting way to stabilize nanoparticles in physiological media. This 

relatively novel process is similar to the previously described polymer 

coating. However, by modifying some chemical parameters as polymer 

concentration, chain length and NP:polymer ratio and performing some 

changes in the experimental procedure, the coating process can be 

controlled to obtain single coated NPs or NP clusters. 

This encapsulation can be performed by many different kind of polymers, 

as co-polymers or natural polymers as proteins or polysaccharides.47,48 Thus, 

depending on the used polymer, the surface chemistry of the resultant 

compound can be controlled, inducing an important impact in the obtained 

nanosphere functionability, stability and toxicity.49 The encapsulation 

procedure, as polymer coating treatments, are mostly carried out after the 

synthesis process in a post-treatment. This coating is based on the 

interactions, normally hydrophobic, between the NP surface ligands and 

polymer chains.  

Initially, this kind of surface modifying processes were used to transfer 

hydrophobic NPs to water media. In fact, the optimization of these 

treatments is also focused on reducing the interactions between 

nanoparticles in order to avoid undesired, randomly distributed aggregation 

effects. Nevertheless, the assembly of the particles based on controlled 

aggregation could result in interesting changes in the magnetic properties of 

the whole system. Recent studies are based on the development of 

multicore systems formed by magnetic nanoparticles which assemble in 

systems with diameters going from 50 to 200 nm.50,51 The aim of this strategy 

is to obtain larger sizes maintaining MNP original properties such as 
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superparamagnetism and colloidal stability. In this sense, in a homogeneous 

cluster where the nanoparticles are embedded inside a matrix, magnetic 

interactions between nanoparticles are increased, tuning the final magnetic 

properties of the system. In this way, an increased ferromagnetic behaviour 

can be obtained in larger magnetic systems, avoiding remanence and the 

formation of magnetic multidomains.52,47 Furthermore, taking the enhanced 

permeability and retention effect into account, this size increment could also 

be interesting for biomedical applications.53 These systems are also used to 

encapsulate drugs for delivery and controlled release treatments, by means 

of the slow decomposition of the polymer shell due to the magnetic 

hyperthermia induced temperature increase.54 

Different materials have been used to conform this kind of composite 

nanostructures; some inorganic materials as silica, gold or silver and 

different polymers and biopolymers.39,43 This last option has attracted a great 

interest since their biocompatibility and physical properties (low transition 

glass temperatures) make them extremely likely for biomedical applications. 

Between the used biopolymers, the chitosan is one of the most investigated 

ones because of its low price, interesting properties and high 

biocompatibility. However, what makes this polymer interesting for 

nanoparticle functionalization is its positive surface charge, provided by the 

primary amino groups of its partially deacetylated structure (Figure 3.1). 

These primary amino groups are easily functionalizable and allow ionic 

crosslinking with multivalent anions.55 Furthermore, it shows a 

mucoadhesive nature, which increases the stay time at the absorption site, 

what is another great advantage for the drug delivery and release area. All 

these promising properties make the chitosan an interesting candidate to 

perform the encapsulation process of Ni0.31Fe2.69O4_A NPs.  
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On the other hand, the NP encapsulation in a polymer with negative 

surface charge would be also interesting in order to compare its 

functionability and biocompatibility with the positive charged chitosan. In 

this way, fibroin is a traditionally widely used negative charged biomaterial 

that is currently being applied in the preparation of nanostructures.56,57 This 

natural protein, composed by glycine, alanine and serine in the -Gly-Ala-Gly-

Ala-Gly-Ser- sequence forms a semi-crystalline structure (Figure 2.6), and is 

proved to be histocompatible, less immunogenic and non-toxic.58 Carbonyl 

and carboxylic groups provide a strong negative surface charge and an 

extensive hydrogen bonding, which increases significantly the structural 

stability of the final compound.59 

 

Figure 2.6. Chemical structures of Fibroin and 50 % deacetylated chitosan. 

 

Finally, it is to note that before choosing a synthetic route to perform the 

encapsulation, the ratio between the surface chemistry of the base magnetic 
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material (Ni0.31Fe2.69O4_A) and the nature of the material to perform the 

encapsulation must be considered. The previously mentioned biopolymers, 

chitosan and fibroin, have long chains with different functional groups. The 

hydrocarbon nature of these chains allows the formation of hydrophobic 

interactions with the oleate chains of the magnetic nanoparticles.  

Taking into account that the aim of these encapsulated nanostructures is 

the application as magnetic hyperthermia inductors and as drug delivery and 

release agents, a high magnetic hyperthermia response NP system is 

required. In this way, the growth Ni0.31Fe2.69O4_A nanoparticles have shown 

by far the greatest magnetic hyperthermia response maintaining the 

superparamagnetic behaviour at room temperature. Therefore, these 

nanoparticles will be transferred to water by using PMAO (direct magnetic 

hyperthermia inductor) and encapsulated with chitosan and fibroin (drug 

delivery and release agents). 

2.1.5.1 Water transfer of Ni0.31Fe2.69O4_A nanoparticles by PMAO 

amphiphilic polymer 

Water transfer of Ni0.31Fe2.69O4_A nanoparticles was performed by a 

polymer coating process developed by Moros et al,46 using the poly(maleic 

anhydride-alt-1-octadecene) ((C9H12O3)n, PMAO) polymer. This method is 

based on the addition of an amphiphilic molecule. This compound interacts 

with the hydrophobic oleate molecules of the nanoparticle surface, forming 

a bilayer cover and exposing the polar groups on the NP surface. These 

molecules present long aliphatic chains which are able to interact with the 

NP surface oleate molecules by multiple hydrophobic Van der Waals forces.34 

Nevertheless, the PMAO hydrophobic polymer presents non-polar functional 

groups (anhydrides) that should be modified after the coating process to 

obtain a polar group. In this case, the Ni0.31Fe2.69O4_A nanoparticles were first 
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functionalized by PMAO polymer, keeping the anhydride groups in the 

surface. After the coating process, the anhydride molecules were hydrolyzed 

in basic medium to form carboxylic polar groups, becoming the NPs stable in 

water media. The process is represented in Figure 2.5. 

 

Figure 2.5. Basic scheme of the polymer coating with PMAO amphiphilic polymer performed in 

Ni0.31Fe2.69O4_A sample. 

 

In a typical reaction, 150 mg of PMAO polymer were dissolved in 100 mL 

of CHCl3 solvent in a 250 mL flat bottom boiling-flask. A total of 2 mg of 

Ni0.31Fe2.69O4_A nanoparticles were precipitated with ethanol and 

redispersed in 2 mL of chloroform. This nanoparticle solution was added 

dropwise to PMAO solution under sonication during 2 minutes. The MNP-

PMAO mixture was then kept under sonication for 15 minutes (covered to 

prevent the chloroform evaporation). After that, the chloroform was slowly 

evaporated at 40 °C by means of a rotary evaporator, ensuring that the 
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sample would not completely dry out (≈5 mL of chloroform left). The 

hydrolysis process of the anhydride groups was carried out by quick 

simultaneous addition of 20 mL of NaOH 0.1 M and 20 mL of distilled H2O. 

For a complete hydrolysis, the nanoparticle solution was stirred under 

vacuum at 60 °C in the rotary evaporator until no bubbles appeared in the 

solution. The obtained solution was then filtered in a 0.2 µm pore size filter 

to eliminate the possibly formed aggregates. To remove the excess of PMAO 

polymer, three washing cycles were performed, adding 30 mL of distilled 

water in each one. To perform the washing processes, the nanoparticles 

were centrifugated in a Beckman Coulter ultracentrifuge at 24000 rpm for 2 

hours. The resultant sample was named as Ni0.31Fe2.69O4_A_PMAO.  

 

2.2 Encapsulation process of Ni0.31Fe2.69O4_A magnetic 

nanoparticles 

Ni0.31Fe2.69O4_A nanoparticle encapsulation tests have been performed 

using chitosan (CS), fibroin and chitosan/fibroin mixtures to check 

differences in the surface properties induced by the presence of different 

charged polymers.    

2.2.1 Formation of chitosan magnetic nanospheres 

An optimization process of Ni0.31Fe2.69O4_A@Chitosan nanosphere 

formation was carried out to obtain a different parameter screening in order 

to find the best conditions for nanosphere formation. 

The synthesis of the desired composite material is based on the 

interaction of non-polar MNP surface oleate molecules with the chitosan 

chains.29 These interactions could be electrostatic, between the carboxylic 

groups of the oleic acid molecules intercalated between the ones 
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coordinated to the inorganic surface and the chitosan amino groups 

(positively charged under proper pH conditions). Moreover, hydrophobic 

interactions between oleic acid and chitosan chains could be established.59 

Because of these interactions, it is supposed that the chitosan could act as a 

binder to keep the MNP together in the nanosphere but, at the same time, 

keeping the inorganic nuclei separated to maintain their original 

superparamagnetic properties. Moreover, a coacervation treatment is 

applied at the end of the synthesis process to complete the condensation of 

the chitosan matrix, as this treatment is commonly used in literature for 

chitosan nanoparticle production.60 

In this process, MNPs dispersed in an organic solvent were used as seeds 

for the polymeric matrix formation. A chitosan aqueous solution was added 

to the NPs under sonication and was kept sonicating for 2 minutes. The 

second part of the synthesis process consist on the coacervation treatment. 

The pre-nanospheres were added to a 50 mM sodium sulphate solution to 

obtain well defined and stiff nanospheres, which form a stable colloidal dark 

dispersion in distilled water.61 

Firstly, in order to obtain water stable chitosan magnetic nanospheres 

with controlled size and well defined spherical morphology, an optimization 

of the synthesis process was carried out. Thus, a screening of some 

parameters of the process, that is, solvent polarity, water:organic solvent 

proportion and MNP:chitosan weight ratio was carried out (Figure 2.7).  

As the first step, different solvents for MNPs have been tested based on 

their polarity; hexane (Polarity index P.I.: 0), toluene (P.I.: 2.4), 

tetrahydrofurane (THF) (P.I.: 4) and ethanol (P.I.: 5.2). This parameter is quite 

important since the synthesis process is mainly based on the mixture 

between the NP organic suspension and the chitosan aqueous solution. THF 
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has been selected as the optimal solvent since its low polarity is able to 

maintain the MNPs in stable colloidal dispersion. Moreover, it is completely 

miscible with water, which makes possible to obtain a stable mixture of MNP 

dispersion with the chitosan solution. Using THF as solvent for MNP 

suspension, water stable spherical nanospheres with a quite homogeneous 

diameter around 100 nm were obtained. When hexane and toluene were 

used as solvents for MNP suspension, MNP aggregates were obtained as can 

be observed in Figure 2.7a, being the size and shape of the obtained 

composite spheres heterogeneous and uncontrollable. A similar result has 

been obtained in the case of ethanol. In spite of the higher compatibility of 

this solvent with water, it did not allow the formation of stable MNP 

dispersions. 

The second step of the optimization process was carried out by testing 

four different THF/H2O volume ratios (1:32, 1:16, 1:2 and 2:1), performed by 

modifying the NP concentration in THF to keep the NP:CS relation stable. It 

was observed that at high THF content (THF:H2O 2:1), nanospheres 

presented a not well defined morphology. Thus, small MNP aggregates with 

no homogeneous shape and with a strong tendency to aggregation were 

obtained (Figure 2.7b). On the other hand, at THF proportions lower than 

1:16, the magnetic nanoparticles were destabilized and agglomerated before 

the synthesis as a result of their high concentration in the organic medium.  

In this way, the optimal THF:H2O ratio is in the 1:15-1:3 range, considering 

the 1:7 middle value as the ideal ratio.  
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Figure 2.7. STEM micrographs of chitosan magnetic nanospheres synthesized in different steps 

of condition screening. Obtained by, (a) using hexane as MNP solvent, (b) using 2:1 ratio in 

THF:H2O mixture, (c) by 1:2 of Fe:CS ratio, (d) by 1:5 of Fe:CS ratio, (e) without and (f) with 

coacervation final step. 

 

As the final optimization step, different MNP:CS ratios were tested by 

changing the concentration of the chitosan solution, keeping the NP 

dispersion concentration stable. The NP dispersion concentration was 

measured by colorimetric determination with subsequent iron thiocyanate 

(Fe3+(SCN)-3) red compound formation, after NP digestion. In this way, four 

different Fe:CS weight ratios, 2:1, 1:2, 1:5 and 1:8 were tested. The obtained 

results showed that the diameter and the shape of nanospheres depend  

also on the Fe and CS ratio. As can be observed in Figure 2.7c, using 

metal:chitosan ratios below 1:2 the amount of chitosan is not high enough to 

obtain a complete coating of nanoparticle aggregates to form spheres and 

MNPs appeared to be heterogeneously coated, without well defined 

morphology. When using metal:chitosan ratios above 1:5, the mean 

diameter of the obtained magnetic nanospheres increased to 500 nm and 
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the stability of colloidal dispersion strongly decreased (Figure 2.7d). In order 

to avoid these effects, the proper metal/chitosan ratio was fixed in 1:3.  

Finally, a coacervation treatment by mixing the chitosan magnetic 

spheres with a sodium sulphate solution was carried out. It has been 

reported that sodium sulphate increases the interactions between polymer 

chains by favouring electrostatic interactions and hydrogen bonds, improving 

the compactness of chitosan matrix around the MNP multicores.60 As can be 

observed by comparing Figure 2.7e (not coacervated spheres) and Figure 2.7f 

(coacervated ones), the treatment highly increased the density of the 

obtained chitosan nanospheres and probably also the mechanical and 

structural stability of the multicore assembled structure. 

Taking the studied parameters into account, the following experimental 

process for optimized chitosan nanosphere formation was carried out. 

Firstly, a 0.5 mg/mL chitosan aqueous solution was prepared in a 1% acetic 

acid media. A total of 1.5 mg of Ni0.31Fe2.69O4_A nanoparticles were cleaned 

twice with THF, precipitated with ethanol and resuspended in 100 µL of THF 

in a 2 mL eppendorf tube. Under sonication, a total of 750 µL of 0.5 mg/mL 

chitosan solution was added dropwise to the Ni0.31Fe2.69O4_A nanoparticle 

suspension and the mixture was sonicated for 2 min. At this point, the 

magnetic nanospheres have been formed by means of a large number of 

small hydrophobic interactions between chitosan-oleate and chitosan-

chitosan molecules. After that, the mixture was added dropwise to 5 mL of 

50 mM Na2SO4 under sonication and the mixture was sonicated for another 2 

min. The full mechanism of the optimized synthesis process is represented in 

Figure 2.8. 

Three washing processes were carried out to discard the chitosan excess. 

The magnetic nanospheres were dispersed in 1 mL of distilled water and 
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separated by magnetic decantation and finally dispersed in 2 mL of distilled 

water. The sample was labelled as CS-MNS. 

 

Figure 2.8. Schematic representation of the magnetic nanosphere formation mechanism. 

 

In view of a mechanism for drug association in magnetic nanospheres 

needs to be developed, the best way to perform it was by encapsulating 

fluorophores in the nanospheres. In literature, a widely used method to 

control the distribution or the location of a inserted compound in an animal 

or a tissue is by associating a fluorophore as Alexa®, Tamra, Rhodamine or 

Nile Red.62,63 In this way, the compound can be located by the fluorophore 

emission detection. Furthermore, other authors have associated 

fluorophores as molecular "thermometers" to NP surface in order to control 

the emitted heat by magnetic or optical hyperthermia by controlling the 

fluorophore release.64 In our case, the fluorophores would replace drugs in 

the encapsulation tests considering that the functionalization of nanospheres 

with fluorophores, can be easily monitored by quantifying the amount of 

associated fluorophore molecules by fluorescence or absorption 

measurements of supernatants. 

However, depending on the chemistry nature of the drug that needs to be 

encapsulated the association mechanism will be completely different. For 
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this reason, encapsulation processes for hydrophilic and hydrophobic 

molecules have been developed: Nile Red and Rhodamine b isothiocyanate 

(Figure 2.9). 

 

Figure 2.9. Chemical structures of fluorophores associated to magnetic nanospheres. 

 

 To achieve the association of both molecules to magnetic nanospheres, 

different functionalization mechanisms would be necessary, being a good 

starting point to link real specific drugs in future works.  

2.2.1.1 Nile Red encapsulation in CS-MNS magnetic nanospheres 

Nile Red fluorophore is an excellent candidate for encapsulation since its 

hydrophobic nature makes it compatible with nickel ferrite nanoparticles and 

makes it suitable to be internalized with the nanoparticles inside the 

chitosan shell during the nanosphere formation process. Nile Red is a 

commercially available and widely used hydrophobic fluorophore with a 

maximum absorption/emission wavelength of 553/636 nm (in methanol).62 

The same process used in the formation of CS-MNS nanospheres has 

been followed dissolving different amounts of Nile Red fluorophore in THF 

(100 µL) with nickel ferrite magnetic nanoparticles (1.5 mg) as can be seen in 
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(Figure 2.10). The sample names and added amounts of Nile Red are 

described in Table 2.4. The supernatants obtained in the washing processes 

were stored in order to determine the amount of non encapsulated Nile Red. 

 

Table 2.4. Amounts of Nile Red encapsulated in each sample. 

SAMPLE CS-MNS-

NL200 

CS-MNS-

NL100 

CS-MNS-

NL50 

CS-MNS-

NL20 

CS-MNS-

NL15 

CS-MNS-

NL10 

nNile Red 

(nmol) 

200 100 50 20 15 10 

 

 

Figure 2.10. Synthesis mechanism of magnetic nanospheres with encapsulated Nile Red. 

 

2.2.1.2 Functionalization of CS-MNS nanospheres with Rhodamine B 

isothiocyanate 

Rhodamine B isothiocyanate is a positively charged mixture of  5- and 6-

isocyanate isomers, with a maximum absorption/emission wavelength of 

543/580 nm (in methanol). The positively charged structure provides a high 

solubility in water media (15 g/L), being broadly used as protein fluorophore 

tracer, specially as a monitoring tool in biodistribution experiments.63 
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The affinity of Nile Red compound with the hydrophobic surface of the 

magnetic nanoparticles makes it easy to encapsulate inside the nanospheres, 

since its nature is compatible with the hydrophobic core of the chitosan 

magnetic nanospheres. Nonetheless, the hydrophilic nature of rhodamine 

molecule makes impossible to encapsulate it inside the nanosphere. 

Therefore, the best way to associate the fluorophore to nanosphere is by 

linking it to the hydrophilic surface by electrostatic interactions between the 

positive amino groups of chitosan and the negatively charged rhodamine B 

isothiocyanate molecules.65 

Thus, 0.6 mg of CS-MNS were dispersed in 1.5 mL pH 8 solution with 1% 

of tween (C58H114O26). The pH was chosen to favor the electrostatic 

interaction between the fluorophore and the amino groups of nanosphere 

surface. The purpose of tween surfactant was to avoid the aggregation of 

nanospheres during the functionalization. A specific amount of rhodamine B 

isothiocyanate was added (Table 2.5) and the mixture was mechanically 

stirred for 30 min. Then, the nanospheres were washed twice with distilled 

water and the supernatants were stored to measure the absorbance and 

determine the amount of associated dye. 

 

Table 2.5. Amounts of rhodamine B isothiocyanate added in each sample. 

SAMPLE CS-MNS-

RH25 

CS-MNS-

RH50 

CS-MNS-

RH75 

nNile Red 

(nmol) 

25 50 75 
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2.2.2 Formation of fibroin and chitosan-fibroin magnetic nanospheres 

The optimized synthesis mechanism for chitosan CS-MNS nanospheres 

was used as starting point for fibroin nanosphere development since the 

primary formation mechanism is based on the same kind of interactions in 

both cases. Additionally, some magnetic nanospheres combining chitosan 

and fibroin polymers have also been prepared. In this way, a basic study of 

surface chemistry of fibroin and fibroin-chitosan magnetic nanospheres was 

carried out. 

Fibroin was gently dissolved in milliQ water in 0.5 mg/mL concentration, 

as concentrations above 1 mg/ml result in the gelation of fibroin. Thus, in 

order to obtain fibroin magnetic nanospheres, 1.5 mg of Ni0.31Fe2.69O4_A 

nanoparticles were washed twice and dispersed in 100 µL of THF. To this 

dispersion, 750 µL of 0.5 mg/mL fibroin solution were added dropwise under 

sonication and kept for 2 min. A coacervation process with 5 mL of 50 mM 

Na2SO4 was carried out with three subsequent washes with distilled water. 

The obtained sample was labelled as Fi-MNS.   

The fibroin-chitosan mixed magnetic nanospheres were synthesized by 

the same mechanism as the fibroin and chitosan magnetic nanospheres. 

However, a great number of different shells could be obtained by changing 

the addition way and order of different polymers. Therefore, different 

proportions of fibroin:chitosan were tested to check possible differences in 

the surface chemistry of final nanospheres. Thus, the surface charge of the 

obtained nanospheres could be tuned by using different proportions of 

positively and negatively charged polymers. So as to find the most suitable 

synthesis method, three different attempts were carried out changing the 

addition order of biopolymers: 
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- Fi-CS1: In this case, the main objective was to prepare a core-shell 

structure nanosphere by first forming a chitosan layer around MNP cluster 

and subsequent addition of a fibroin solution. First, chitosan magnetic 

nanospheres (CS-MNS) were synthesized by the previously explained 

method. Under sonication, 750 µL of fibroin 0.5 mg/mL solution were added 

and kept under sonication for 2 min. Finally, a coacervation process was 

developed with 5 mL of 50 mM Na2SO4 and washed three times with distilled 

water. The sample was labelled as Fi-CS1. 

- Fi-CS2: Another approach to obtain the CS-Fi core shell structure was 

attempted by adding both polymers subsequently before the coacervation 

process. Thus, 750 µL of 0.5 mg/mL chitosan solution was added dropwise to 

1.5 mg of Ni0.31Fe2.69O4_A magnetic nanoparticles dispersed in 100 µL of THF 

under sonication. Immediately, 750 µL of 0.5 mg/mL fibroin solution were 

added dropwise and sonicated for 2 min. Finally, a coacervation procedure 

(previously described) was performed followed by three washing processes 

with distilled water. The sample was labelled as Fi-CS2. 

- Fi-CS3: In this case, an aqueous solution of both biopolymers was 

directly added to the MNP dispersion in THF in order to form magnetic 

nanospheres with both polymers in the structure. 750 µL of Fi:CS polymer 

mixture were added dropwise to 4.5 mg of Ni0.31Fe2.69O4_A magnetic 

nanoparticles dispersed in 100 µL of THF under sonication. The synthesis was 

completed with a coacervation process and three washing processes with 

distilled water. Four different Fi:CS relations were tested: 50:50 (Fi-CS3.1), 

40:60 (Fi-CS3.2), 35:65 (Fi-CS3.3) and 15:85 (Fi-CS3.4), which correspond to 

0.5:0.5, 0.33-0.5, 0.26-0.5 and 0.09-0.5 mg/mL of Fi-CS polymer added 

concentration, respectively.  
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A brief scheme of the synthesized fibroin-chitosan nanospheres is 

illustrated in Figure 2.11. 

 

Figure 2.11. Schematic description of prepared chitosan-fibroin magnetic nanospheres. 

 

2.3 Summary 

First, different ferrite nanoparticles have been successfully prepared. In 

order to obtain monodisperse, controlled sized and high crystalline NPs an 

optimized thermal decompositions method has been used. This method is 

based on the decomposition of metalorganic precursors at high 

temperatures in high boiling point organic solvents. Thus, ferrites with 

different Ni2+ and Mn2+ cation doping degrees have been prepared to analyze 

their effect in the magnetic response and magnetic hyperthermia. 

Furthermore, a seed mediated growth process has been carried out in one 

sample of each group, to test the size effect in the magnetic hyperthermia 
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response. Based on this seed mediated growth process, some core shell 

systems have been prepared by alternating Ni ferrite and magnetite layers.  

However, these NPs present a hydrophobic surface, what it means that a 

functionalization is necessary to make them stable in physiological media. 

Two different kind of functionalizations have been carried out to one of the 

prepared NP systems (Ni0.3Fe2.69O4_A), focused on obtaining two different 

nanocompounds. Firstly, a polymer coating has been performed with the 

PMAO polymer in order to obtain single water stable nanoparticles 

(Ni0.3Fe2.69O4_A_PMAO). On the other hand, a NP encapsulation mechanism 

has been developed with chitosan biopolymer, to obtain CS-MNS 

nanospheres. A deep optimization of this encapsulation process has been 

performed to achieve a great control of the nanosphere formation process. 

Based on this mechanism, some fibroin and CS-fibroin nanospheres have also 

been prepared. 
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3. NANOCOMPOUND 
CHEMICAL, 
STRUCTURAL AND 
MAGNETIC 
CHARACTERIZATION 

The results obtained from the chemical, structural and magnetic 

characterizations of the prepared samples have been divided in different 

sections, according to the nature of the analyzed materials. First, the 

chemical, structural and magnetic properties of the synthesized ferrite 

magnetic nanoparticles were analyzed. From this study, the optimal sample 

to perform future functionalizations and in vitro and in vivo cytotoxicity tests 

has been selected.  

In the second main section, the chemical and structural properties and 

magnetic behaviour of the prepared nanospheres have been analyzed, being 

the chitosan nanospheres the most deeply studied ones. The stability and 

the functionalization with fluorophores have also been analyzed for the 

chitosan nanospheres. 

Finally, the samples which have shown the most promising magnetic and 

structural properties were selected to perform some preclinical in vitro and 

in vivo experiments. The direct effects of the nanocompounds in simulated 

tissues have been analyzed by an in vitro cellular uptake and toxicity study in 

monocultures and blood vessel model co-cultures. Furthermore, a 
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preliminary in vivo study has been performed in mice to analyze the 

nanocompound toxicity and biodistribution in animals. From these 

experiments, the effects of the synthesized nanocompounds in cell cultures 

and animals were studied to ascertain the symptoms that the 

nanocompounds could induce. The procedure followed in this study is 

schematically illustrated in Figure 3.1.       

 

Figure 3.1. Schematic illustration of the procedure followed during this study. 

 

3.1 Ferrite magnetic nanoparticles 

The synthesized magnetic nanoparticles were divided in three different 

groups depending on their nature: nickel ferrite nanoparticles (NixFe3-xO4), 

manganese ferrite nanoparticles (MnxFe3-xO4) and core-shell nanoparticles 

(Ni0.31Fe2.69O4@Fe3O4). Nanoparticle samples have been structurally and 

chemically characterized by the Inductively Coupled Plasma spectroscopy 

(ICP-MS), Transmission Electron Microscopy (TEM), Dynamic Light Scattering 

(DLS), X Ray Diffraction (XRD) and Thermogravimetric analysis (TG). The 

magnetic properties have been analyzed by field dependent magnetization 

(M (H)) measurements, temperature dependent magnetization (M (T)) 
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measurements, Electronic Magnetic Resonance spectroscopy (EMR) and 

magnetic hyperthermia measurements. 

3.1.1 Chemical and structural properties of MNPs 

Firstly, a basic chemical and structural characterization of Ni, Mn ferrites 

and Ni ferrite@magnetite core shell nanoparticles was carried out by ICP, 

TEM, DLS, XRD and TG. Thus, their Ni and Mn doping degree, structure, size, 

shape and oleic acid coating level has been assessed. Most of these factors 

are expected to be similar in every case (excepting the size and doping 

levels), since the materials should be structurally similar between them.  

3.1.1.1 NP composition  

As it has been previously explained, the doping level was managed by 

controlling the amount of different metal precursors added during the 

synthesis process. However, the amount of the internalized metal in each 

case could be different than the added one, due to the possible formation of 

secondary phases or different metal diffusion kinetics. The nominal chemical 

structures of NPs were determined by ICP measurements of all the metals 

(Fe, Ni and Mn) present in each sample.  

To perform the chemical analysis, the synthesized magnetic nanoparticles 

were first digested overnight in aqua regia (HCl:HNO3 3:1) at room 

temperature. After that, the samples were diluted 10 times with milliQ water 

before measure the amount of dissolved metals by means of an ELAN 9000 

ICP-MS (PerkinElmer SCIEX) spectrophotometer. The obtained results for Ni, 

Mn ferrites and core shell NPs are presented in Table 3.1, as relative to total 

metal amount in each sample. 

In this way, the amounts of measured Ni levels for Ni ferrites are in the 8-

30% range, almost the same as the theoretical values, added in the synthesis. 
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In fact, the obtained relative values are exactly the same as the added in the 

synthesis in many cases, as for Ni0.31Fe2.69O4 and Ni0.43Fe2.57O4 samples. This 

means that, apparently, all the added Ni2+ has been incorporated to the 

nanoparticle structure.  

 

Table 3.1. Theoretical amount of added magnetic metal in each synthesis and the final amount 

determined by ICP, when M=Ni or Mn in each case. 

SAMPLE Fe (% mol) MICP (% mol) MTHEOR (% mol) 

Ni0,31Fe2,69O4 89.7 10.3 10 

Ni0,43Fe2,57O4 85.5 14.5 14 

Ni0,70Fe2,30O4 78.7 21.3 18 

Ni0,86Fe2,14O4 71.4 28.6 30 

Ni0,31Fe2,69O4_A 92.0 8.0 10 

Mn0,13Fe2,87O4 96.3 3.7 10 

Mn0,18Fe2,82O4 94.5 5.5 14 

Mn0,27Fe2,73O4 90.7 9.3 18 

Mn0,36Fe2,64O4 88.4 11.6 30 

Mn0,13Fe2,87O4_A 95.2 4.8 10 

FeNi2Mag2 94.8 5.2 4 

Mag2FeNi2 93.1 6.9 6 

 

In contrast, the relative amounts of Mn obtained from the Mn ferrite ICP 

analysis are quite lower than the theoretical ones (around 3 times lower). 

There are two possible reasons that could explain this phenomenon: on the 

one hand, the formation of a secondary phase (manganese (IV) oxide) which 

could have been removed during the washing process. On the other hand, 

the higher size of Mn2+ (91 pm) comparing with Fe2+ (82 pm) could reduce 

the probability of Mn2+ cations to occupy the tetrahedral or octahedral sites 

of the inverse spinel structure.  
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The relative values of Ni and Fe obtained for core shell samples, which are 

a combination of Fe3O4 and Ni0.31Fe2.69O4 layers, are very close to the metal 

amounts added during the synthesis. Unfortunately, it is not possible to 

verify the amounts of Ni cation in the different layers from these results.  

3.1.1.2 Nanoparticle size and shape analysis 

 Transmission Electron Microscopy (TEM) 

The direct way to determine the size and shape of the prepared NP 

samples is by means of Transmission Electronic Microscopy (TEM). TEM 

micrographs of the prepared samples were obtained using a Philips CM200 

microscope at an acceleration voltage of 200 kV, in the conditions described 

in Appendix I. TEM micrographs of the Ni ferrite samples can be observed in 

Figure 3.2. The NP main diameters vary from 8 to 12 nm for samples 

prepared with different Ni:Fe proportion, being 18 nm for the Ni0.31Fe2.69O4_A 

growth sample.  

It is to note that the applied seed mediated one pot growth method has 

yield proper results, since the obtained main diameter in the growth sample 

is in good agreement with the expected. In this kind of processes multimodal 

size dispersions are usually obtained, therefore, an effective method to 

separate different NP diameter groups was necessary in order to obtain 

homogeneous samples.1 In our case, the separation method used after the 

synthesis process and previously described, has achieved a perfect 

separation of sizes. 
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Figure 3.2. TEM micrographs of Ni0.31Fe2.69O4 (A), Ni0.43Fe2.57O4 (B), Ni0.70Fe2.30O4 (C), 

Ni0.86Fe2.14O4 (D) and Ni0.31Fe2.69O4_A (E), together with the size distributions. 

 

Thus, depending on the colloidal dispersion stability, different sized NP 

aliquots could be obtained from a polydisperse sample. For instance, a 

smaller size aliquot (Ni0.31Fe2.69O4_B) has been obtained from the sample 

synthesized by the seed mediated growth method, isolated by applying 

different toluene:ethanol ratios (Figure 3.3). This mechanism shows an 

interesting way to obtain monodisperse aliquots whatever the polydispersity 

of the synthesized sample is.  
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Figure 3.3. TEM micrographs of Ni0.31Fe2.69O4_A and Ni0.31Fe2.69O4_B aliquots obtained from 

the same seed mediated growth sample. 

 

The size dispersions are in the 1-2 nm range in every instance and the size 

distributions fit to Gaussian profiles (Table 3.2). These deviations are in good 

agreement with other ferrite nanoparticles synthesized by the same 

method.1,2 The Ni ferrite nanoparticle shape is generally spherical, specially 

for Ni0.31Fe2.69O4, Ni0.43Fe2.57O4, Ni0.70Fe2.30 and Ni0.86Fe2.14O4 samples. 

However, a slight deviation from the spherical shape can be appreciated in 

the Ni0.31Fe2.69O4_A growth sample, as a more prism like shape can be 

observed. Similar morphological changes in NPs have been previously 

observed in literature when the NP size rises from lower diameters to 

higher.3 

Similar results have been obtained for Mn ferrite nanoparticle series. The 

average diameters, measured from the histograms presented in Figure 3.4, 

vary from 7 to 11 nm for Mn0.13Fe2.87O4, Mn0.18Fe2.82O4, Mn0.27Fe2.73O4 and 

Mn0.36Fe2.64O4 samples, in a similar range as the Ni ferrites. NP size 

distributions fit also to a Gaussian profile, with deviations around 1.5 nm. In 

this way, Ni and Mn precursors do not strongly affect the synthesis process, 

as in both cases the NP size and shape are similar.  
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As it was performed for Ni ferrite series, one of the samples 

(Mn0.13Fe2.87O4) was also growth by means of the seed mediated one pot 

growth mechanism. Nonetheless, the diameter increase was not as high as in 

the growth Ni sample, rising from 10 nm of the Mn0.13Fe2.87O4 seed sample to 

16 nm of the Mn0.13Fe2.87O4_A growth sample (Table 3.2). Furthermore, a 

great difference in the NP shape can be appreciated in the Figure 3.4 for this 

growth sample. As it was checked in the Ni ferrite growth sample, the NP 

shape tends to shift to anisotropic morphologies at diameters higher than 16 

nm.4 The increase of spin couplings in nanoparticles at higher particle 

diameters is related to a higher ferromagnetic behaviour of NP, which 

induces anisotropy in the particles. This anisotropy increase, together with 

the size homogeneity, can also be verified by the strong tendency of self 

assembling that the nanoprisms show (Figure 3.4).  

Finally, the micrographs of the core shell samples (FeNi2Mag2 and 

Mag2FeNi2) are shown in Figure 3.5. The main diameters of both samples 

are around 15 nm, with standard deviations of ±2 nm. As it has been 

explained in chapter 2, these core shell samples have been prepared by 

means of a seed mediated growth procedure, thus, their diameter can only 

be compared with other growth samples (Mn0.13Fe2.87O4_A and 

Ni0.31Fe2.69O4_A). The main diameters of the core shell NP samples are slightly 

lower than the Ni and Mn growth ferrites, but quite similar between them. 

The spherical shape observed in smaller NPs has been lost, and a prism like 

morphology can be observed in some cases.  
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Figure 3.4. TEM micrographs of Mn0.13Fe2.87O4 (A), Mn0.18Fe2.82O4 (B), Mn0.27Fe2.73O4 (C), 

Mn0.36Fe2.64O4 (D) and Mn0.13Fe2.87O4_A (E), together with size distributions. 

 

Figure 3.5. TEM micrographs of Ni2Mag2(A) and Mag2FeNi2(B) samples, together with the 

size distributions. 
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As a conclusion, there are no evidences of NP size dispersion or 

morphology changes due to Ni or Mn doping. However, a significant 

nanoparticle shape change has been observed in the Mn0.13Fe2.87O4_A growth 

sample, probably induced by the intrinsic anisotropy increase. 

 Size analysis by Dynamic Light Scattering  (DLS) 

As these materials are expected to be applied in colloidal dispersion in 

biomedical applications, the NP size in colloidal dispersion also needs to be 

checked. In this way, Dynamic Light Scattering (DLS) is an useful technique 

since, based on the size dependent light dispersion angle on particles, the 

dynamic NP sizes can be determined in colloidal suspension. 

The aggregation effect in stable colloidal dispersions can be determined 

by comparing the particle diameter measured by electronic microscopy with 

the obtained from the light scattering by DLS. This colloidal stability is mainly 

based on the repulsion forces between particles. For hydrophobic 

nanoparticles, as our ferrite NPs, the final stability depends strongly on the 

oleate coating grade of the NPs, since the hydrophobic repulsions which 

avoid the aggregation increase with oleate density in the NP surface. For 

hydrophilic NPs, the key point lies on the charge density of NP surface, as the 

repulsion between same charges keeps the NPs isolated from each other. 

As it can be observed in Figures 3.6, 3.7, 3.8 and Table 3.2, the values 

obtained from the DLS measurements are in good agreement with those 

obtained from the TEM analysis. In Ni ferrite size distribution curves shown 

in Figure 3.6, the size distribution values are also in the same value range of 

the obtained from TEM analysis. Generally, the average dynamic diameters 

might be higher than values obtained from microscopy depending on the 

coating agent. Considering the length of oleic acid chains, which form the NP 

surface, the length rise should be only about 1 nm, thus, the obtained results 
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support this surmise. As it was expected, the highest dynamic diameter was 

shown for the Ni0.31Fe2.69O4_A growth sample.  

 

Figure 3.6. Dynamic size distributions of Ni0.31Fe2.69O4, Ni0.43Fe2.57O4, Ni0.70Fe2.30O4 , 

Ni0.86Fe2.14O4 and Ni0.31Fe2.69O4_A samples measured by DLS. 

 

Similar results can be observed in Figure 3.7 for the Mn ferrite samples, as 

the measured average diameters are in good agreement with the TEM 

measurements. Although a light increase of the dynamic diameters can be 

appreciated for these ferrites, excepting for Mn0.27Fe2.73O4 sample, it is not 

high enough to be caused by an aggregation effect. The size dispersion for 

the Mn0.13Fe2.87O4_A growth sample is slightly higher than the obtained for 

the other growth sample (Ni0.31Fe2.69O4_A), which could be due to their high 

shape anisotropy. 
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Figure 3.7. Dynamic diameters for Mn0.13Fe2.87O4, Mn0.18Fe2.82O4, Mn0.27Fe2.73O4, Mn0.36Fe2.64O4 

and Mn0.13Fe2.87O4_A samples measured by DLS. 

 

Finally, the DLS results for the core shell NPs represented in Figure 3.8 

show the expected dynamic diameters for both samples. The size dispersion 

is slightly broader for the FeNi2Mag2 core shell sample than for the 

Mag2FeNi2. This effect could be induced by the anisotropic shape of these 

NPs, previously observed in TEM measurements (Figure 3.5). It is to note that 

the size dispersion values are comparable to those obtained from the TEM 

micrographs, discarding any aggregation process. 
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Figure 3.8. Dynamic size distributions of FeNi2Mag2 and Mag2FeNi core shell NPs measured 

by DLS. 

 

Table 3.2. Average diameter and standard deviations of Ni ferrite, Mn ferrite 

and core shell NP samples measured by TEM and DLS. 

SAMPLE DTEM (nm) DDLS (nm) 

Ni0,31Fe2,69O4 8.1 ± 0.9 10.9 ± 2.2 

Ni0,43Fe2,57O4 11.0 ± 1.2 10.6 ± 2.5 

Ni0,70Fe2,30O4 10.7 ± 1.6 12.2 ± 2.5 

Ni0,86Fe2,14O4 11.4 ± 1.7 11.5 ± 2.4 

Ni0,31Fe2,69O4_A 18.0 ± 1.7 19.4 ± 1.8 

Mn0,13Fe2,87O4 10.1 ± 1.6 10.0 ± 2.0 

Mn0,18Fe2,82O4 7.0 ± 1.2 8.7 ± 2.1 

Mn0,27Fe2,73O4 8.5 ± 1.2 7.5 ± 1.8 

Mn0,36Fe2,64O4 7.4 ± 1.0 9.3 ± 2.0 

Mn0,13Fe2,87O4_A 15.5 ± 1.5 16.1 ± 3.1 

FeNi2Mag2 15.2 ± 1.6 16.3 ± 3.2 

Mag2FeNi2 14.9 ± 2.1 17.8 ± 2.6 

 

3.1.1.3 X Ray Diffraction analysis 

The X Ray Diffraction (XRD) technique was employed to verify the 

presence of the inverse spinel structure and to check the presence of 

possible impurities or secondary phases. Furthermore, an increase of Ni or 

Mn doping level in the inverse spinel structure could modify the unit cell 
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parameters of the crystalline structure. The obtained diffractograms for all 

samples are shown in Figure 3.9. 

 

Figure 3.9. X ray diffraction measurements of Ni, Mn ferrite and core shell nanoparticles. 

 

As it can be observed in Figure 3.9, all the diffraction peaks correspond to 

the inverse spinel face centred cubic based structure (S.G.: Fd-3m, PDF 

number 89-0691). No extra peaks have been observed in any sample, thus, 

the absence of any secondary phases at proportions higher than 5 % in mass 

can be ensured.  

In order to verify the possible displacement of the diffraction peaks due 

to the Ni or Mn substitution, the fitting of the most intense peak (311) has 

been performed by means of WinPLOTR software. The fitting of the (311) 

reflexion peak for Ni ferrite samples is represented in Figure 3.10, and the 
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obtained 2θ values for all samples are represented in Table 3.3. Peak fitting 

for Mn ferrite and core shell samples were performed in the same way. 

 

Figure 5.10. (311) peak fitting for Ni ferrite NPs. A: Ni0.31Fe2.69O4, B: Ni0.43Fe2.57O4, C: 

Ni0.70Fe2.30O4, D: Ni0.86Fe2.14O4, E: Ni0.31Fe2.69O4_A. 

 

From these fittings, differences in unit cell parameters can be obtained. 

Moreover the crystal size can be estimated by means of the Scherrer's 

equation from the peak width at half height.5 All obtained results are 

represented in Table 3.3.  
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Table 3.3. 2 positions of (311) planes and crystal sizes calculated by means of Debye Scherrer 

equation for NP samples. 

SAMPLE 311 (2θ °) Size (nm) 

Ni0,31Fe2,69O4 35.70 8.0 

Ni0,43Fe2,57O4 35.67 10.6 

Ni0,64Fe2,36O4 35.64 11.0 

Ni0,86Fe2,14O4 35.68 10.6 

Ni0,31Fe2,69O4_A 35.64 17.7 

Mn0,13Fe2,87O4 35.63 11.7 

Mn0,18Fe2,82O4 35.59 11.8 

Mn0,27Fe2,73O4 35.55 10.2 

Mn0,36Fe2,64O4 35.58 12.1 

Mn0,13Fe2,87O4_A 35.52 19.5 

FeNi2Mag2 35.65 16.3 

Mag2FeNi2 35.62 16.2 

 

No great differences between ferrites with different proportions of Ni or 

Mn cations can be observed in the 2θ values, due to the similar radius of the 

cations (78 pm for Ni2+, 75 pm for Fe2+ and 81 pm for Mn2+) (Table 3.3). 

Furthermore, an estimation of crystal diameter can be performed from the 

peak widths. Considering the nanoparticles as monodomain systems, the 

crystal size is directly related to the particle diameter by means of the 

Scherrer's equation (3.1): 

𝜏 =
𝐾𝜆

𝛽𝜏𝑐𝑜𝑠𝜃
      (3.1) 

Where τ represents the crystal domain (the particle diameter in 

monodomain spherical NPs), K is the shape factor (1 for spherical NP), λ is 

the applied wavelength (1.54178 Å for copper Kα radiation), βτ is the peak 

width at half height and θ is the peak angle position. This is only an 

estimation of the crystal size, since there are other variables as the shape 

factor that are difficult to determine precisely, and could change the final 
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value. In this way, the obtained crystalline diameters shown in Table 3.3 

prove that the obtained nanosystems are monodomain in every case, and fit 

perfectly with the values measured from TEM micrographs. This 

monodomain nature of nanoparticles is crucial for a superparamagnetic 

behaviour, as the presence of magnetic domains induce remanent 

magnetization.6 This confirmation is specially relevant for the core shell NPs, 

since the formation of magnetic domains by interaction of different phases 

in the same nanoparticle has been refused. 

3.1.1.4 Nanoparticle coating analysis 

In the same way as the chemistry and structure analysis, it is also 

important to obtain information about the NP cover. This coating stabilises 

the NPs in colloidal dispersion, which is absolutely essential to eventually be 

applied in biomedical applications. The mass evolution of the organic matter 

with the temperature has been studied by means of thermogravimetric 

measurements performed in Ar atmosphere, applying a 10 °C/min heating 

rate in a the 25-800 °C temperature range (Figure 3.11). 

Thermogravimetric curves show a well-defined mass loss profile over the 

temperature range of 200-600 °C, attributed to the decomposition of the 

organic ligands attached to the particle surface. As can be seen, the mass loss 

profile is similar in all samples. The profile is related to the decomposition of 

the organic matter, what happens in the same way in all prepared NPs. 

Losses below 150 °C correspond to the adsorbed humidity, which is present 

in all samples, especially in core shell and Mn ferrite samples. Slight mass 

losses can also be appreciated below 300 °C in most samples correlated with 

benzyl ether solvent reminders, which boiling temperature is 290 °C.  
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Figure 3.11. Thermogravimetric curves of Ni, Mn ferrites and core shell nanoparticles in 25-800 

°C range. 

 

The presence of two different slopes at 400 and 550 °C suggests two 

different kind of interactions between oleic acid and NP surface, which 

produces different dissociations at two different temperatures. Oleic acid 

molecules are chemically absorbed on the surface of the ferrite 

nanoparticles though the chemical interaction between their -COOH groups 

and the -OH surface groups. Some authors have attributed this two step 

degradation to a double oleate layer in the NP surface, whereas other 

authors argued that these two decomposition temperatures correspond to 

two different dissociations. In our point of view, both hypothesis could be 

possible.2 An excess of oleic acid could induce the formation of a new oleic 

acid layer by Van der Waals's interactions between oleate chains, which 

would be the reason of the two different dissociation temperatures.  
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The organic mass losses are summarized in Table 3.4. No great changes 

can be appreciated between similar NPs. Higher diameter NPs, which have 

been synthesized by the seed mediated growth method (Ni0.31Fe2.69O4_A, 

Mn0.13Fe2.87O4_A, FeNi2Mag2 and Mag2Fe3Ni2 samples) show the lowest 

amount of organic mass. Thus, the coating proportion of nanoparticles is 

directly related to their size and shape, as these factors limit the proportion 

of superficial area available to be functionalized. In contrast, the smallest 

samples show the highest percentage of organic coating, as can be clearly 

observed in the Ni ferrite series, where the highest size sample 

(Ni0.31Fe2.69O4_A) presents the lowest organic mass percentage. 

As conclusion, the high percentage of organic matter of all synthesized 

magnetic nanoparticles is indicative of a complete coating by ligands, which 

is the reason of their high colloidal stability.  

 

Table 3.4. Organic mass percentage losses calculated from the thermogravimetric analysis for 

the NPs. 

SAMPLE Org. Mat. (%) 

Ni0,31Fe2,69O4 24 

Ni0,43Fe2,57O4 20 

Ni0,64Fe2,36O4 20 

Ni0,86Fe2,14O4 22 

Ni0,31Fe2,69O4_A 18 

Mn0,13Fe2,87O4 18 

Mn0,18Fe2,82O4 20 

Mn0,27Fe2,73O4 19 

Mn0,36Fe2,64O4 19 

Mn0,13Fe2,87O4_A 18 

FeNi2Mag2 14 

Mag2FeNi2 14 
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3.1.2 Magnetic properties of prepared NPs 

As it has been explained, the aim of the prepared particles is to be applied 

as magnetic hyperthermia inductors in future medical treatments. For this 

purpose, after their chemical and structural properties have been analyzed 

and their colloidal stability has been verified, their capability to induce 

magnetic hyperthermia response needs to be studied. The magnetic 

behaviour of NPs was analyzed by different methods, as field and 

temperature dependent magnetization measurements M (H) and M (T), and 

Electron Magnetic Resonance (EMR) spectroscopy. These tools have been 

selected based on the previous experience, focusing on achieving a proper 

understanding of NP magnetic behaviour before testing the magnetic 

hyperthermia induced heat generation.  

3.1.2.1 Field dependent magnetization measurements of NPs, M (H) 

By this experiment, materials net magnetization is measured while 

applying a variable magnetic field. Firstly, the saturation magnetization of 

the material can be calculated from the maximum saturation of the 

magnetization loop. Furthermore, for nanoparticle samples, the 

superparamagnetic behaviour can be checked at different temperatures by 

the absence of magnetic remanence in the M (H) cycles. All samples were 

measured in powder (≈ 15 mg) in a Vibrating Sample Magnetometer (VSM) 

from Cryogenic Ltd. up to a maximum field of 100 kOe in a 5-300 K 

temperature range. Sample powder was compressed in a gelatine capsule to 

avoid vibrations during the measurement. The matrix effect in the final 

magnetization value has been discarded by deducting the mass 

corresponding to the organic matter determined by the thermogravimetric 

analysis (Table 3.4). The obtained M (H) signals at 5 and 300 K for Ni and Mn 
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ferrites and core shell nanoparticles are present in Figure 3.12. The obtained 

Ms and Hc values are represented in Table 3.5. 

From the hysteresis loops measured at 300 K the absence of remanent 

magnetization can be noticed for most of the prepared nanoparticles, 

characteristic of a superparamagnetic behaviour.7 By Ni and Mn addition soft 

ferrites have been obtained. A reduction of the coercive field is obtained for 

these bulk ferrites comparing with the magnetite, thus, inducing a higher 

superparamagnetic behaviour for soft ferrite nanostructured materials, 

comparing with equal Fe3O4 NPs. The opposite effect has been observed in 

literature for hard ferrite nanoparticles, as Co ferrites.8 In this case, the 

introduction of Co2+ cations into the inverse spinel structure induces a 

broadening effect of the M (H) cycle by increasing strongly the anisotropy 

constant of the material. In fact, the loss of superparamagnetic behaviour in 

small Fe3O4 nanoparticles has been checked by doping with very small 

proportions of Co2+.9,10 

The heat generation by applying an external magnetic field is directly 

related to the saturation magnetization value. Consequently, the effects of 

the Ni and Mn doping in the saturation magnetization (Ms) values need to be 

analysed. As it can be seen in Figure 5.12 and Table 3.5, the magnetization of 

ferrites at an applied constant magnetic field was higher at 5 K, since the 

absence of thermal fluctuation allows the blocking of magnetic moments 

oriented to the magnetic field. For Ni ferrites, Ms values at 5 K vary from 75 

to 100 emu/gFerrite, depending on the nickel content of the structure. Samples 

with lower nickel proportions (Ni0.31Fe2.69O4 and Ni0.31Fe2.69O4_A) present 

slightly higher saturation magnetizations (100 emu/g) than magnetite bulk 

materials (98 emu/g).11 
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Figure 5.12. M (H) cycles for all nanoparticles measured at 5 and 300 K. The central part is 

enlarged to visualize Hc. 

 

However, the Ms value decreases drastically when increasing the nickel 

percentage, as it can be observed in Ni0.43Fe2.57O4, Ni0.70Fe2.30O4 and 

Ni0.86Fe2.14O4 samples. This could be explained by the modification of the 

antiferromagnetic interactions between Td and Oh sites.11 In structures with 

low Ni2+ proportions (2 µB), these cations would occupy the Td sites, inducing 

partial removal of the antiferromagnetic coupling interactions between Fe3+ 

(5 µB) ions and increasing Ms values. At higher nickel amounts, these cations 
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would fill the octahedral holes, balancing the ferrimagnetic structure spin 

amounts by Fe2+ (4 µB) cation substitution and, therefore, decreasing the net 

magnetization value.12 The possible effects of Ni2+ cation insertion in the 

ferrite magnetization final value are schematically illustrated in Figure 3.13.  

 

Figure 3.13. Schematic illustration of the possible effects Ni
2+

 doping in magnetite. First atom 

row represents the eight tetrahedral holes and second and third rows the 16 octahedral holes 

of an inverse spinel structure. 

 

Similar effects can be observed in Mn ferrite samples. As it can be seen in 

Table 3.5, the Ms reached a maximum value of 92 emu/gFerrite in the lowest 

Mn ratio (Mn0,13Fe2,87O4 and Mn0,13Fe2,87O4_A) at 5 K. Although this value is 

quite high for ferrite NPs, it is slightly lower than the values obtained for the 

Ni ferrites. The trend of Ms values at higher Mn ratios is not as clear as in the 

Ni ferrites. The hypothesis used to explain the decrease of magnetization at 

high Ni2+ ratios is not suitable for Mn2+ doping, since the substitution of Fe2+ 

(4 µB) cations for Mn2+ (5 µB) has not the same effect as the Ni2+ (2 µB) 

insertion. In this case, the Ms value seems to be almost constant whatever 

the ratio of Mn2+ is, having detected a very slight Ms decreasing when 

increasing the Mn2+ doping grade.7 Changes in the Mn oxidation state during 

this kind of synthesis to conform more stable compounds have been 
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reported in literature.13 Hence, the oxidation from Mn2+ to Mn3+ could yield a 

net magnetization decrease in the same way as has been observed for the  

Ni2+ insertion in the octahedral holes. 

In the same way, both core-shell magnetic nanoparticles have similar Ms 

values, being slightly lower than values corresponding to the bulk magnetite. 

The nickel ammount in these cases is too low to induce a measurable effect 

in the total Ms of the core-shell material. Furthermore, the different 

configuration of both layers (Fe3O4 and Ni0.31Fe2.69O4) does not seem to have 

measurable influence in Ms value. 

Most of the sample cycles presented in Figure 5.12 show Hc values around 

200 Oe, being slightly higher for the Mn0,13Fe2,87O4_A and FeNi2Mag2 

samples. However, the Hc values obtained from the VSM measurements are 

not accurate enough to take them into account. The NPs in powder have 

great dipolar and magnetic interactions between them, which skews the 

magnetization value at low applied magnetic fields. To avoid this kind of 

interactions, M (H) measurements at 5 K were performed in a commercial 

Superconducting Quantum Interference Device (SQUID) magnetometer 

(Quantum Design (MPMS-7T), equipped with a 7 T superconducting magnet) 

by depositing the NP toluene colloidal dispersions (0.05 mgFe/mL) on filter 

paper (Figure 3.14 and Table 3.5). Thus, the obtained coercive fields are 

more reliable. Nevertheless, similar values to those obtained from the VSM 

measurements have been deduced for Ni and Mn ferrites and core shell 

samples. The softening effect theoretically induced by the Ni2+ and Mn2+ 

cation presence in the ferrites cannot be verified by the Hc measurements in 

this case. 
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Figure 3.14. Field dependent magnetization measurements, measured at 5 K in samples 

dispersed in filter paper. 

 

Table 3.5. Saturation magnetization (Ms) values at 5 and 300 K (measured in the VSM) and 

coercive fields (Hc) measured in the VSM and the SQUID at 5K. 

SAMPLE Ms5 K/300 K   

(emu/gFerrite) 

Hc VSM  

(Oe) 5 K 

Hc SQUID  

(Oe) 5 K 

Ni0,31Fe2,69O4 100/87 202 - 

Ni0,43Fe2,57O4 92/79 222 255 

Ni0,64Fe2,36O4 73/77 280 - 

Ni0,86Fe2,14O4 75/65 250 171 

Ni0,31Fe2,69O4_A 98/86 203 - 

Mn0,13Fe2,87O4 92/81 262 251 

Mn0,18Fe2,82O4 88/76 237 224 

Mn0,27Fe2,73O4 87/75 235 206 

Mn0,36Fe2,64O4 85/72 208 215 

Mn0,13Fe2,87O4_A 96/86 169 - 

FeNi2Mag2 87/79 148 225 

Mag2FeNi2 86/77 165 298 

 

To summarize, high saturation magnetization values have been obtained 

in every case and all samples have shown superparamagnetic behaviour at 
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room temperature. Moreover, the influence of Ni and Mn cation insertion 

has been verified. The most promising sample would be the Ni0,31Fe2,69O4_A 

growth sample, since its highest saturation magnetization could provide a 

great magnetic hyperthermia response.  

3.1.2.2 Temperature dependant magnetization M(T) measurements of NPs 

For ferro-, ferri- and antiferromagnetic materials, the magnetization value 

evolution with the temperature provides useful information about their 

nature and properties. In this way, the synthesized ferrites are expected to 

show high magnetic susceptibility and ferromagnetic behaviour below 

Curie's temperature (TC), which is around 585 °C for bulk Fe3O4 system. 

Above this temperature the thermal energy overcomes the spin coupling 

energy, and the ferrimagnetic material behaves as a paramagnet.  

As it has been checked by M (H) measurements, the synthesized materials 

show superparamagnetic behaviour at room temperature, and behave as a 

high magnetic susceptibility paramagnetic material. However, there is a 

temperature where the anisotropy energy of NPs overcomes the thermal 

energy, called blocking temperature (TB). Below this point, even being 

monodomain systems without magnetic domains, the NPs behave as 

ferrimagnetic materials as their magnetic moments are anchored. By 

performing the temperature dependent magnetization experiment, this 

blocking temperature can be calculated. Furthermore, the sample 

homogeneity can also be evaluated from the TB distribution. Thus, 

magnetization measurements as a function of temperature after cooling at 

zero field (ZFC curve) and 10 Oe field (FC curve) were performed in the 

SQUID. NPs diluted in toluene dispersion (0.05 mgFe/mL), were dyed in a 

filter paper to avoid dipolar and magnetic interactions between NPs. The 
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diamagnetic contribution of the filter paper was removed. The FC-ZFC curves 

obtained for all the samples are represented in Figure 3.15. 

Above blocking temperature, magnetic moments are fluctuating between 

both directions of the easy magnetization axis, making the net magnetization 

zero in absence of an applied magnetic field. This is called the 

superparamagnetic behaviour, where the high thermal energy overcomes 

the anisotropy energy. However, these fluctuating magnetic moments align 

with the applied magnetic fields, showing a great magnetization value, far 

higher than paramagnetic materials values. After cooling the sample below 

the TB without applying magnetic field (ZFC), these fluctuant magnetic 

moments will anchor equally in both directions of the easy magnetization 

axis, also obtaining a zero net magnetization value. However, at the 

beginning of the ZFC curve, a week magnetization can be observed due to 

the slight orientation of the magnetic moments with the applied magnetic 

field (10 Oe), defined by the previously mentioned Stoner-Wolhfart model.14 

At increasing temperatures, smallest NPs overcomes their blocking 

temperatures and align with magnetic field. Taking the existence of particle 

moment distribution (which comes from the size distribution) into account, 

the macroscopic net magnetization depends on this magnetic distribution 

(f(µ)), which causes a blocking temperature distribution (f(TB)). The 

distribution of the energy barriers can be obtained by a direct subtraction of 

the field cooled and zero field cooled branches of the magnetization versus 

temperature measurements. This difference is proportional to the number of 

particles in the blocked regime (ferrimagnetic behaviour), that decreases 

with temperature when the thermal energy overcomes the anisotropy 

energy of each nanoparticle.15 In this way, the net magnetization gradually 

increases with temperature until most of the NPs are unblocked and the ZFC 

magnetization branch reaches a maximum, ideally the average TB. From this 
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point, increasing temperature induces higher thermal agitation of the 

magnetic moments, which progressively decreases the magnetization value.  

At this point, the system is again cooled under a 10 Oe magnetic field and 

the temperature dependent magnetization is measured again. Cooling the 

NPs under a constant magnetic field below blocking temperature the 

magnetic moments are anchored only in the direction of the magnetic field, 

instead of in both directions of the easy magnetization axis as in the ZFC 

curve. Thus, all magnetic moments are oriented with the magnetic field with 

a minimum thermal agitation force. Consequently, the magnetization value 

reaches its maximum. Increasing the temperature, the unblocking process of 

the NPs starts as happened in the ZFC branch. When the thermal rotation of 

the magnetic moments is activated, the net magnetization value starts 

progressively decreasing due to the increase of the magnetic moment 

fluctuation. The point where the ZFC and FC curves converge is called the 

irreversibility temperature (Tirr) and refers to the unblocking of the higher 

size magnetic NPs, or the NPs which present the highest anisotropy energy. 

In this way, the difference between TB and Tirr is related to the size 

distribution, or the aggregation state. 

As it can be checked in Figure 3.15, all measured samples present 

superparamagnetic behaviour at room temperature, with several differences 

between their average blocking temperatures and TB distributions. The 

original equation for explaining the magnetic behaviour of monodomain 

magnetic particles was developed by Stoner and Wohlfarth, relating the 

saturation magnetization (MS), anisotropy energy constant (K) and coercive 

field (Hc) (3.2 equation):  

𝐻𝐶 = 0.48
2𝐾

𝑀𝑆
 1 −  

𝑇

𝑇𝐵
 

1/2

       (3.2) 
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Figure 3.15. Temperature dependent magnetization curves of prepared NPs measured after 

zero field (ZFC) and field (FC) cooling. 

 

Where 0.48 is the constant calculated from the average of easy 

magnetization axes distribution in the system, T is the measurement 

temperature and TB the NP average blocking temperature. This equation was 

designed for T=0 K, but can be applied at 5 K, by a temperature correction.14 

From fitting the former curves, the mean blocking temperatures and 

anisotropy constants for all samples have been obtained. The TB and K values 

for all NPs are shown in Table 3.6.    

From all these data several conclusions can be obtained. The direct 

dependence of the TB value with the particle diameter has been verified. All 

samples that have been prepared by the one pot seed mediated growth 

process have shown considerably higher blocking temperatures due to their 

higher main diameter. The Ni0.31Fe2.69O4_A sample (19 nm), for instance, 
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shows a TB of 99 K whereas its 8 nm seeds (Ni0.31Fe2.69O4) show a TB of 16 K. 

Furthermore, the observed blocking temperatures are significantly lower 

than those corresponding magnetites,3 mainly due to the softening effect 

that the Ni2+ cation presence induces in the inverse spinel crystalline 

structure, aiding the easy rotation of the NP magnetic moment in both 

directions of the easy magnetization axis. Although different nickel content 

seems not to affect strongly the blocking temperature, it can be observed 

that anisotropy constant, which are independent of particle size, decrease at 

higher nickel concentration. A weaker coupling between the magnetic 

moments is caused by the insertion of Ni2+ cations into the ferrite structure, 

which decreases the anisotropy barrier value (KV). This softening process is 

well known and is caused by the lower intrinsic anisotropy of Ni2+ cations.11,16 

For the small Ni ferrite samples, narrow ZFC signals were obtained due to 

the homogeneity of the particle sizes. However, the Ni0.31Fe2.69O4_A ferrite 

growth sample shows a broadening of the ZFC branch maximum, which is 

related to the strong dependence of the TB with the particle diameter 

(proportional to D3), as well as to the increase of magnetic interactions 

between the higher NPs.17 

A similar effect can be observed for Mn ferrites. However, although the 

amount of Mn atoms in the ferrite structure is almost the middle of the Ni 

atoms in the Ni ferrites, nearly similar anisotropy constants have been 

obtained in both series. Some paramagnetic cations as Ni2+, Mn2+, Mn3+ or 

Co2+ have a great influence in the magnetic remanence and coercive values 

of the inverse spinel structure of the resultant ferrites, obtaining hard 

ferrites (higher Mr and Hc values than Fe3O4) or soft ferrites (lower Mr and Hc 

values than Fe3O4.
18 Depending on the orbital shape, the spins would be 

more directed to an specific orientation. Thus, due to their orbital shapes, 

less spin preferential orientation is caused by the presence of Ni and Mn 
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atoms in the ferrite structure comparing with the Fe2+ orbitals. Therefore, the 

anisotropy of the material is reduced by the presence of such cations.12 

 

Table 3.6. Blocking temperatures and anisotropy constant values for each sample obtained 

from FC-ZFC experiments and particle sizes measured from the TEM micrographs. 

SAMPLE TB (K) K (kJ/m3) (TB) SIZETEM (nm) 

Ni0,31Fe2,69O4 16 21.06 8.1 ± 0.9 

Ni0,43Fe2,57O4 27 17.99 11.0 ± 1.2 

Ni0,64Fe2,36O4 31 16.48 10.7 ± 1.6 

Ni0,86Fe2,14O4 22 14.20 11.4 ± 1.7 

Ni0,31Fe2,69O4_A 99 20.24 18.0 ± 1.7 

Mn0,13Fe2,87O4 34 20.11 10.1 ± 1.6 

Mn0,18Fe2,82O4 26 20.17 7.0 ± 1.2 

Mn0,27Fe2,73O4 26 20.26 8.5 ± 1.2 

Mn0,36Fe2,64O4 28 16.49 7.4 ± 1.0 

Mn0,13Fe2,87O4_A 75 21.03 15.5 ± 1.5 

FeNi2Mag2 42 7.86 15.2 ± 1.6 

Mag2FeNi2 65 11.97 14.9 ± 2.1 

 

An anomalous peak can be observed in the ZFC curve of FeNi2Mag2 and 

Mag2FeNi2 samples at around 125 K. This peak has been identified as the 

Verwey's transition, related to a structural distortion. This structure 

transition below ≈120 K for extra pure ferrites was discovered by Verwey on 

1939, and has been recently confirmed.19 The order of the Fe2+ and Fe3+ 

cations in the crystalline structure changes below 120 K to a lower density 

phase due to the alignment of three octahedral Fe2+ units. This alignment 

avoids the electron hopping between Fe3+ and Fe2+ cations and reduces 

strongly material conductivity.20 The presence of this transition has no effect 

on the magnetic behaviour of these materials at room temperature, neither 

in the saturation magnetization value measured at 5 K. Nevertheless, the 
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phase transition impeded the blocking temperature determination from the 

FC-ZFC experiment. Therefore, the obtained anisotropy values for both core 

shell samples cannot be compared with the other samples or with the data 

obtained from the literature. The presence of this transition is not common 

in the synthetically prepared ferrites, which also supports the crystalline 

purity of the obtained samples.21 

3.1.2.3 Electron Magnetic Resonance (EMR) analysis  

The Electron Magnetic Resonance (EMR) has a broad use in the study of 

the magnetic behaviour of materials with paramagnetic ions. Moreover, this 

technique has also been revealed as a really useful tool to analyse 

microscopic interactions in superparamagnetic nanoparticles. 

The theoretical basis of the EMR are quite similar to the Nuclear Magnetic 

Resonance. The main difference is that in this case the unpaired spins are 

being excited instead of the nuclei. By this technique, microwaves are 

absorbed by materials with unpaired electrons under an external magnetic 

field that achieves the resonant condition under a certain magnetic field.  

This fact limits the range of application of this technique as no signal is 

produced by diamagnetic materials. This limitation makes the method more 

specific, as possible interferences coming from diamagnetic materials are 

automatically removed. The EMR technique is generally focused on the 

identification of paramagnetic systems. However, its usefulness to analyze 

the electronic microscopic interactions extends the applicability of this 

techniques to ferro-, antiferromagnetic materials and spin glasses and is 

starting to be widely used for magnetic nanoparticle analysis.22,23,3 

In this way, in NP superparamagnetic systems, some important 

parameters as NP size, system homogeneity, magnetic anisotropy and 

magnetic interactions between NPs can be studied by this technique. The 
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magnetic moments achieve the resonant condition at a specific magnetic 

field which has enough energy to change the magnetic moment orientations. 

This resonance magnetic field in this kind of uniaxial anisotropy 

superparamagnetic systems present contributions from the applied magnetic 

field and from the internal anisotropy. The EMR in this kind of 

superparamagnetic nanoparticles was studied by Raikher and Stepanov and 

defined by this equation (3.3):24 

𝐻𝑟 =
ℎ𝜈

𝑔
−

𝐻𝑎

2

1

𝐿 𝑥 
 1 −

3𝐿 𝑥 

𝑥
  3𝑐𝑜𝑠2𝜗 − 1      (3.3) 

Where Ha is the internal anisotropy field (2K/Ms), L (x) is the Langevin 

function, ϑ represents the angle between the applied magnetic field and the 

NP anisotropy axis and Hr is the resonant magnetic field. From this resonant 

magnetic field the electronic gyromagnetic effective factor (geff) can be 

obtained. This factor represents the proportionality between the angular 

momentum and the magnetic moment of e-.  

Hence, different magnetic nanoparticles with different net magnetic 

moments will show different resonant magnetic fields. This heterogeneity 

can be induced by differences in the NP magnetocrystalline anisotropy, size 

or shape. Furthermore, the short time window of this experiment, comparing 

with M (H) or M (T) measurements, offers the possibility to detect 

microscopic interactions that are no detected by other techniques. The time 

window of this kind of measurements is in the same range of the NP 

magnetic moment spontaneous rotation, therefore, the time window of the 

used measurement technique could change completely the perception as 

superparamagnetic or ferromagnetic system. The measurement techniques 

with time windows below the NP magnetic moment rotation time would 

identify the NP as ferromagnetic, whereas the techniques with time windows 

above would be detected as superparamagnetic. As conclusion, the 
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superparamagnetic nature of a system can only be ensured under certain 

conditions (a specific magnetic field, temperature). Mn, Ni ferrite and core 

shell nanoparticle samples have been measured by Dr. Luis Lezama in a 

Bruker ELESYS spectrometer in the conditions explained in Appendix I. 

The absence of interparticle interactions is essential to analyze the NP 

samples in a single particle regime. Hence, the samples have been measured 

in 0.05 mgFe/mL toluene dispersion to avoid dipolar interactions between 

NPs. The obtained EMR spectra for all the systems are represented in Figure 

3.16. 

 

Figure 3.16. Electronic Magnetization Resonance spectroscopy measurements for all prepared 

NPs in toluene dispersions at room temperature. 
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As it can be seen in Figure 3.16, most spectra show single peaks (double 

in Mn0.13Fe2.87O4_A and FeNi2Mag2 samples), which fit to a gaussian profile. 

The broadness of the obtained signals is related to differences in resonant 

magnetic fields (Hr) between the NPs present in the sample. This Hr value can 

be strongly influenced from differences in NP size, shape or in the crystalline 

structure (the Ni and Mn doping in our case). Thus, heterogeneity in size, 

shape or Mn or Ni doping levels would lead to a great broadening effect in 

the EMR signal. In some cases where two different NP groups are present in 

the same sample, two different signals can be detected, as in the FeNi2Mag2 

sample. The peak to peak distances (ΔHpp) have been measured fitting the 

signals to a gaussian profile (Table 3.7). The ΔHpp values are slightly lower for 

Ni ferrite samples than for Mn ferrites, probably due to the higher 

heterogeneity of the Mn ferrite samples. As it can be observed in Figure 3.16, 

the FeNi2Mag and Mn0.13Fe2.87O4_A samples show two different peaks. The 

presence of these two peaks could be due to different groups of particle 

sizes, shapes or chemistry (NixFe3-xO4 and Fe3O4). For the rest of Ni ferrite and 

core shell samples, the homogeneity in the magnetic response of samples 

can be ensured. A small peak can be observed in most of Mn ferrite samples 

at a 3300 Oe applied magnetic field. This signal appears frequently in the 

EMR spectra of NP samples and is representative of a little population of 

small size (≈4 nm) particles. 

The ferromagnetic contribution for each sample can be tested by 

measuring the deviation of the effective gyromagnetic factor (geff) from the 

ideal value for a free electron without orbital contributions, that is 2.0023.15 

Considering that the Ni2+ cation has an orbital contribution (d8), a 

displacement of the geff value is expected to higher values. On the other 

hand, no displacements are expected by the presence of the Mn2+ cation 

(d5), as its orbitals are balanced, annulling the orbital contribution in this 
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case.25 Furthermore, considering that the previously discussed M (T) 

experiments have proved the effect of Mn and Ni doping in the NP 

anisotropy value, it also could have an effect in the NP rotation in the EMR 

analysis. In this way, any small interparticle interaction affects its orientation 

with magnetic fields by producing preferential orientations, and it might 

have an influence in the final result.15,3,25 

The effective gyromagnetic factor has been calculated by means of this 

equation, that is a simplified version of previously exposed Raikher and 

Stepanov equation (3.4) (Table 3.7).  

∆𝐸 = ℎ𝜈 = 𝑔𝜇𝐵𝐻𝑟 → 𝑔𝑒𝑓𝑓 =
ℎ𝜈

𝜇𝐵𝐻𝑟
      (3.4) 

Where h is planks constant, ν is the frequency of the magnetic field, µB is 

Bohr magneton (9.27·10-21 erg/G) and Hr is the resonant field, what comes 

from the zero intensity point in the EMR spectra. For the previously 

mentioned  FeNi2Mag2 and Mn0.13Fe2.87O4_A samples, the resonant magnetic 

fields and geff factor for both peaks have been calculated.  

Regarding the geff factor values obtained for Ni ferrites, there is a clear 

association between the obtained gyromagnetic factor and the particle size. 

The Ni0.31Fe2.69O4_A samples geff value (g=2.21) is much higher than the geff 

value obtained for its seed sample (Ni0.31Fe2.69O4, g=2.06) (Table 3.7). This 

correlation has been previously detected in some magnetite samples, in such 

a way that the dependence can be fitted to a simple exponential function.3 

The great difference in the geff values of two samples with the same 

morphology, phase and magnetocrystalline anisotropy makes evidence of 

the effect of the NP size on the EMR signal. 
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Table 3.7. Peak width (ΔHpp) value extracted from EMR spectra, geff factors calculated from 

mean resonant magnetic field in each case and compared with means size and size dispersion 

obtained from TEM micrographs. 

SAMPLE geff DTEM (nm) ΔHpp (Oe) 

Ni0,31Fe2,69O4 2.06 8.1 ± 0.9 450 

Ni0,43Fe2,57O4 2.11 11.0 ± 1.2 370 

Ni0,70Fe2,30O4 2.09 10.7 ± 1.6 397 

Ni0,86Fe2,14O4 2.18 11.4 ± 1.7 493 

Ni0,31Fe2,69O4_A 2.21 18.0 ± 1.7 429 

Mn0,13Fe2,87O4 2.02 10.1 ± 1.6 720 

Mn0,18Fe2,82O4 2.01 7.0 ± 1.2 1072 

Mn0,27Fe2,73O4 2.01 8.5 ± 1.2 883 

Mn0,36Fe2,64O4 2.04 7.4 ± 1.0 628 

Mn0,13Fe2,87O4_A 2.6/- 15.5 ± 1.5 756 

FeNi2Mag2 2.48/2.12 15.2 ± 1.6 412/351 

Mag2FeNi2 2.10 14.9 ± 2.1 398 

 

However, taking the strong dependence of the geff value with the particle 

size into account, the geff variations cannot be directly ascribed to the nickel 

doping but also to small differences in particle sizes. In order to perform a 

proper analysis of the geff value displacement by influence of Ni doping, many 

monodisperse samples with exactly the same diameter and shape but 

different Ni doping levels would be necessary. However, in the case of the 

Ni2+ cation, there is a δN+ orbital contribution, which leads to higher g 

effective values due to the orbital interaction with the spin.  

The presence of one unique peak without a great broadening effect in the 

Ni0.31Fe2.69O4_A growth spectrum comparing with smaller samples 

demonstrates the efficiency of the aliquot separation process performed 

after the synthesis (explained in the 2nd chapter). Many previous works have 

revealed the sensibility of this technique to small populations of different 
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size particles,3 what makes it an exhaustive quality control for this kind of 

monodisperse NP systems.  

The conclusions obtained from the geff values of Mn ferrites go in the 

same direction as the obtained for the Ni ferrites. Firstly, the g effective 

value of the Mn0.13Fe2.87O4_A sample is far higher than its seed sample. 

However, the extremely high geff value, as well as the presence of two peaks 

in the spectrum, indicates that this increase has also been induced by other 

factors. Once again, different factors which are having influence in the final 

result as particle size, shape and doping level make impossible to analyze 

properly the Mn doping influence in the main geff value. 

Finally, as it was expected, the core shell nanoparticles have shown 

relative large geff values, taking their high particle size into account. The 

gyromagnetic ratio values are around 2.1 for both samples, nevertheless, 

two well differentiated peaks can be observed in the FeNi2Mag2 sample 

spectra (at g=2.48 and 2.12). There are many different reasons that could 

generate this phenomenon. The most common one for this kind of results, 

checked previously for similar samples in literature,3 is the presence of two 

different particle size groups. Although the EMR spectroscopy has revealed 

as more sensitive technique to detect small particle groups, such big particle 

group should have been detected by some of these techniques. On the other 

hand, the higher geff ratio peak could represent a group of aggregated 

particles. The aggregation is another way to increase the interparticle 

interactions and, therefore, to rise the geff value. The EMR peak of this 

sample was expected to be in the same range of Mag2FeNi2 sample. In fact, 

the less displaced geff value (2.12) fits perfectly with the value of the 

Mag2FeNi2 sample (2.10), as its diameter is slightly higher. This supports this 

last theory to explain the presence of the most displaced group, as a partial 
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particle aggregation phenomena would explain the appearance of a higher 

geff value peak.  

On balance, lower geff values have been obtained for Mn ferrite 

nanoparticles, due to its lack of orbital contribution, comparing with core 

shell and Ni ferrite samples. However, as has been explained, the performed 

analysis has not yield to acquire undeniable evidences of Mn and Ni cation 

influence in the NP geff factor. The main conclusion that can be obtained from 

this analysis is the confirmation of the homogeneous magnetic response of 

all Ni ferrite and core shell NPs, excepting the FeNi2Mag2 sample. The Mn 

ferrites can also be considered as homogeneous samples, however, a signal 

corresponding to small size particles has been detected in most of Mn ferrite 

NP samples.    

3.1.3 Magnetic hyperthermia response of MNPs 

The magnetic hyperthermia response of NPs is the key factor to 

determine their potential applicability in future magnetic hyperthermia 

anticancer therapies. By these measurements, the thermal energy produced 

by each sample under an alternating magnetic field is measured at different 

conditions (different frequencies and magnetic fields).  

Basically, magnetic nanoparticles interact with the applied resonant 

magnetic field and release the absorbed energy as thermal energy. The 

magnetic hyperthermia response of a material is described as the Specific 

Absorption Rate (SAR), which defines the amount of produced thermal 

energy. Two different approaches can be used to measure the experimental 

SAR value of colloidal dispersion samples. On the one hand, the specific 

absorption rate can be determined by direct measurement of the time 

dependent temperature change under an AC magnetic field (3.5 equation): 
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𝑆𝐴𝑅 =
𝐶

𝑚

∆𝑇

∆𝑡
      (3.5) 

Where ΔT/Δt is the time dependent temperature evolution, m is the 

sample mass (represented as gFe3O4, gsample or gFe) and C is the specific heat 

capacity of the fluid (1.72 J·g-1·K-1 for toluene) and material (0.16 J·g-1·K-1 for 

magnetite). However, the accuracy of this method to analyze the intrinsic 

material behaviour is poor, since many factors as NP internal temperature 

gradients and thermal the energy absorption of the smallest nanoparticles 

generate distortions, making impossible to obtain a clear measurement of 

the NP heat generation. 

The other approach, and the one used in this thesis, is based on the time 

dependent NP dynamic magnetization measurement obtained from the 

integral of the time dependent magnetization value with the applied 

magnetic field amplitude (equation 3.6):  

𝑆𝐴𝑅 = −
𝑓

𝑐
𝜇0  𝑀 𝑡 · 𝑑𝐻 =

𝑓

𝑐
𝜇0𝜋𝐻0

2 · 𝜒′′      (3.6) 

By this method, the NP SAR value is directly measured from the AC field 

dependent magnetization response, that is characteristic from the material. 

The amount of heat depends on many different factors as NP size, 

homogeneity, anisotropy and applied conditions. Under an alternating 

magnetic field all the magnetic materials tend to absorb this magnetic 

energy, however, the amount of absorbed energy and how this energy is 

released depends on the material. On the one hand, the monodomain or 

multidomain character of the material is essential to analyze the magnetic 

hyperthermia response. A great part of the thermal energy generated by 

magnetic hyperthermia of multidomain materials is absorbed by Bloch walls 

movement, which needs much more energy (or time) to orient with the 

applied magnetic field than the single magnetic moments.6 
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On the other hand, depending on the physical state of the ferrimagnetic 

material, in solid state or in a colloidal dispersion, the magnetic 

hyperthermia generation mechanisms will be different. Solid materials only 

show one kind of hyperthermia mechanism, Nèels mechanism, whereas 

colloidal dispersions will release thermal energy by means of two 

mechanisms, Nèel and Brown. Nèels mechanism refers to the orientation of 

the magnetic moments with the applied magnetic field, which induces a 

rotation of these magnetic moments inside the NP. As it has been previously 

explained, the rotation of intrinsic NP magnetic moment is influenced by its 

size, shape and anisotropy constant. These three factors define the magnetic 

energy that is necessary to induce the rotation of the magnetic moments or, 

in other words, the time necessary to orient these magnetic moments to a 

magnetic field, that is the Nèels relaxation time (τN). This relaxation time can 

be defined as an intrinsic material property and can be calculated by the 

following equation (3.7): 

𝜏𝑁 =
𝜏0

2
 

𝜋𝑘𝐵𝑇

𝐾𝑉
𝑒

𝐾𝑉
𝑘𝐵𝑇 

      (3.7) 

Where K is the material anisotropy constant, V the particle volume, T the 

temperature, kB the Boltzmann constant and τ0 the attempt time. The 

attempt time is related to the probability of the magnetic moment 

spontaneous inversion in the easy magnetization axis, and is about 10-10 s for 

this kind of materials, as an estimation. The KV factor represents the rotation 

energy barrier of the NP, while the first part of the equation is related to the 

probability of this spontaneous rotation at this temperature. Thus, this 

relaxation time is strongly influenced by the anisotropy constant and particle 

volume. 

The other magnetic hyperthermia mechanism, the Brownian mechanism, 

has only effect in colloidal dispersions. This mechanism refers to the physical 
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rotation of the NPs by applying the AC magnetic field and to the energy 

generated by the friction of the NPs with the surrounding fluid. This 

relaxation time is defined by the Debye's equation, and depends on the 

hydrodynamic diameter of the NP (rh), the fluid viscosity (η) and the 

temperature (equation 3.8): 

𝜏𝐵 =
4𝜋𝜂 𝑟ℎ

3

𝑘𝐵𝑇
      (3.8) 

As the Brownian relaxation mechanism is related to the friction between 

the NP surface and the fluid, the relaxation time will depend on the NP 

surface area and the solvent viscosity. Both relaxation mechanisms are 

schematically illustrated in Figure 3.17.  

 

Figure 3.17. Schematic illustration of the two mechanisms for magnetic hyperthermia 

generation, in ferrofluids. 
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The efficiency of the hyperthermia response under an applied magnetic 

field can be predicted by comparing different relaxation times with the 

constant frequency of the applied magnetic field (Figure 3.18A). 

To analyze the total hyperthermia response of a material, both relaxation 

times must be considered to obtain the effective relaxation time (τeff) 

(equation 3.9): 

1

𝜏𝑒𝑓𝑓
=

1

𝜏𝑁
+

1

𝜏𝐵
      (3.9) 

Both mechanisms have different contributions to the effective relaxation 

time, and are differently influenced by the NP properties. For small NPs, with 

diameters around 4-6 nm, the main relaxation mechanism is the Brown one 

since the heat generated by the short amount of magnetic moments inside 

NPs is negligible. However, the thermal energy generated by Brown 

mechanism in this kind of small NP samples is also negligible. Thus, these 

small sized systems are not able to produce a measurable response.  

However, Nèels mechanism gains relevance with the particle size, as the 

higher number of magnetic moments increases exponentially the generated 

thermal energy (Figure 3.17). The nanoparticles considered for magnetic 

hyperthermia treatments have diameters around 16-20 nm. In this size 

range, the contribution of Brown mechanism can be considered negligible 

(depending on the mediums viscosity), and only Nèel's mechanism is taken 

into account.  

 The relaxation times of the NPs are directly related to their magnetic 

hyperthermia response. In order to induce a measurable response, 

relaxation times need to be comparable to the period time of the applied 

magnetic field, as it can be seen in Figure 3.18A. The time window of the 

hyperthermia experiments, defined by the time period of the applied AC 
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magnetic field, defines the character of the NP as ferrimagnetic or 

superparamagnetic. Particles will behave as superparamagnetic at effective 

relaxation times shorter than the magnetic field time period, whereas at 

higher relaxation times the NP net magnetic moment does not have enough 

time to orient with the magnetic field. Consequently, the NP behaves as a 

blocked ferrimagnetic particle. In this way, the maximum hyperthermia 

efficiency occurs when the NP effective relaxation time has the same value 

as the magnetic field time period (Figure 3.18A). At this point, the NP 

magnetic moment is in resonance condition with the applied magnetic field. 

For instance, for a 15 nm magnetite NP (K≈14 kJ/m3) with an effective 

relaxation time of 1.4·10-8 s the maximum magnetic hyperthermia efficiency 

will be achieved by applying a 71.5 MHz magnetic field.  

The thermal energy generated by the superparamagnetic NPs is related to 

the delay of the magnetization response regarding to the magnetic field 

phase. Hence, the magnetization response of the NP is considered as linearly 

proportional to the applied magnetic field. However, under an AC dynamic 

magnetic field, this magnetization value is time dependent and the magnetic 

susceptibility is a complex number where the χ'' imaginary part represents 

the non phased part related to the magnetic energy absorption (equation 

3.10): 

𝑀 𝑡 = 𝜒𝐻𝜒 = 𝜒′ − 𝑗𝜒′′      (3.10) 

The value of χ'' can be solved by means of the Shliomis equation (3.11): 

χ′′ = χ0
ωτeff

1+(ωτeff )2      (3.11) 

 The experimental Specific Absorption Rate (SAR) expression depends also 

on the size distribution, adding the contribution of all sized nanoparticles 

(equation 3.12): 
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𝑆𝐴𝑅 =  𝑃 𝐷, 𝑓, 𝐾 𝑓 𝐷 𝑑𝐷
𝐷𝑚𝑎𝑥

0
      (3.12) 

Where f (D) represents the diameter distribution and P (D,f,K) the 

absorbed potency at an specific frequency. From the effective relaxation 

time, the power generated by the NP dispersion can be estimated for a NP 

by means of the following equation (3.13): 

𝑃  
𝑊

𝑔
 = 𝑃 𝑊 𝑚3  =

𝜋𝜇0
2𝑓𝑀𝑠

2𝐻2𝑉

3𝑘𝐵𝑇
 

𝑓𝜏𝑒𝑓𝑓

1+ 𝑓𝜏𝑒𝑓𝑓  
2       (3.13) 

Where µ0 is the vacuum magnetic permeability, f the frequency of the 

applied magnetic field (Happ), Ms the saturation magnetization, H the 

magnetic field amplitude, V the particle volume, kB the Boltzmann's constant 

and τeff the effective relaxation time.11 

Concerning biomedical applications, there are some limitations for the 

magnetic fields to be applied to human tissues. However, there is not a 

unified criterion about the specific limit of the frequency and amplitude of 

the magnetic field to be applied used without inducing serious damages in 

the human body. The large number of factors which influence the final 

absorbed radiation is the source of this uncertainty. The so-called eddy 

currents that form in the tissues by influence of the absorbed electric field 

produce a thermal energy that could damage the tissues if the currents are 

intense enough. Obviously, the frequency and the amplitude of the applied 

magnetic field directly influence the Eddy currents formation. Moreover, the 

geometry and the area where the radiation is being applied have also to be 

considered, besides the geometry of the magnetic field generator. In this 

way, an estimation can be perform, considering the geometrical factors, to 

ascertain the f·H limit of the applied magnetic field (equation 3.14):26 

𝐻𝑎𝑝𝑝 · 𝑓 <
1

𝑅
 

2𝑊𝐸
𝑚𝑎𝑥

𝜇0
2𝜋2𝜎

      (3.14) 
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Where R represent the radius of the treated part (whole body, limb, 

specific part...), WE is the maximum power density dissipated by the Eddy 

currents, µ0 is the vacuum magnetic permeability and σ represents the tissue 

conductivity. As a general estimation, it was accorded that the H·f relation 

should not lead the 4.85x108 A·m-1·s-1 value.27 

Firstly, according to the previously explained equations, Neèl, Brown and 

effective relaxation times were calculated for all NP samples in order to 

understand which is the predominant mechanism in each case, and to 

ascertain the highest hyperthermia response (Table 3.8). The NP shapes have 

been considered spherical in order to perform the relaxation time 

estimation. 

 

Table 3.8. Nèel (τN), Brown (τB) and effective (τeff) relaxation times at room temperature 

calculated for all prepared samples according to previously described equations. NP shape has 

been taken as spherical for all samples to obtain this estimation. 

SAMPLE τn (s) τB (s) τeff (s) 

Ni0,31Fe2,69O4 3.06·10-9 1.13·10-7 2.98·10-9 

Ni0,43Fe2,57O4 1.05·10-8 2.83·10-7 1.01·10-8 

Ni0,70Fe2,30O4 7.11·10-9 2.60·10-7 6.92·10-9 

Ni0,86Fe2,14O4 7.75·10-9 3.14·10-7 7.57·10-9 

Ni0,31Fe2,69O4_A 6.88·10-4 1.24·10-6 1.24·10-6 

Mn0,13Fe2,87O4 7.51·10-9 2.19·10-7 7.26·10-9 

Mn0,18Fe2,82O4 2.27·10-9 7.28·10-8 2.20·10-9 

Mn0,27Fe2,73O4 3.40·10-9 1.30·10-7 3.32·10-9 

Mn0,36Fe2,64O4 2.24·10-9 8.60·10-8 2.19·10-9 

Mn0,13Fe2,87O4_A 5.58·10-6 7.90·10-7 6.92·10-7 

FeNi2Mag2 1.55·10-8 7.45·10-7 1.52·10-8 

Mag2FeNi2 5.90·10-8 7.02·10-7 5.44·10-8 
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As it can be observed in Table 3.8, the NP size has a great influence in the 

τN values, as was expected according to the exponential dependence with 

the volume and the anisotropy constant. The relaxation process is dominated 

by Nèel mechanism in most of cases. However, growth samples, according to 

their higher volume, show much higher τN values, especially for 

Ni0,31Fe2,69O4_A growth sample. This Ni ferrite sample has an estimated Nèel 

relaxation time above 6·10-4 s, much higher than experiments time window, 

which goes from 6.7·10-6 to 9.7·10-7 s in the typical applied frequencies.  

The effective relaxation times obtained by combining contributions of 

both mechanisms show that the growth NPs (Ni0,31Fe2,69O4_A, 

Mn0,13Fe2,87O4_A, FeNi2Mag2 and Mag2FeNi2) are the most promising 

samples for the hyperthermia treatments due to their higher NP main 

diameter that lead to τeff values similar to the resonance condition.  

By applying the 3.13 equation, the SAR values for different relaxation 

times at a specific magnetic field amplitude and frequency ((H: 10 kA/m, f 

532 kHz) can be estimated. Thus, the resonant condition of a sample at a 

specific applied alternating magnetic field can be determined, as it can be 

observed in Figure 3.18A. In this graph the SAR has been represented for the 

Ni0,31Fe2,69O4_A sample in a large relaxation time value range. The calculated 

SAR at values close to the usual magnetic hyperthermia experiments time 

window (from 10-7 to 10-5 s) the line fits to a Gaussian profile, which reaches 

the maximum value at τeff=1.9·10-6 s, that is the resonant condition. Although 

this graph only represents the SAR response of the Ni0,31Fe2,69O4_A sample, 

all NP samples follow the same behaviour.  
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Figure 3.18. SAR value evolution with effective relaxation time for Ni0.31Fe2.69O4_A sample at 

532 kHz and 10 kA/m magnetic field simulated applying the 3.13 equation (A) and magnetic 

field frequency dependent SAR values for Ni series ferrite samples at 20 kHz magnetic field 

amplitude (B).  

 

The thermal energy generated by different samples (Ni ferrites, Mn 

ferrites and core shell nanoparticles) has been measured at different 

frequencies and magnetic field amplitudes. These measurements have been 

carried out by Dr. Eneko Garaio in a homemade instrument developed in the 

Departamento de Electricidad y Electrónica of UPV/EHU.28 

The SAR values of Ni ferrite samples have been measured in the 150-1000 

kHz range, under a magnetic field amplitude of 20 kA/m. As it can be 

observed in the spectra shown in Figure 3.18B, the SAR values of Ni ferrite 

samples exponentially rise with increasing frequency, in good agreement 

with the previously studied relation between the τeff values and the 

experiment time window. The slope is higher for the Ni0.31Fe2.69O4_A sample 

as its effective relaxation time (1.24·10-6 s) is closer to the resonant 

condition. Hence, this sample would yield the greatest magnetic 

hyperthermia response. For the rest of the samples, the obtained results fit 
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perfectly to the estimated effective relaxation time values. However, the 

hyperthermia response also depends on the saturation magnetization, NP 

shape and size dispersions. These factors have induced the small differences 

in the SAR values between the non growth Ni ferrite samples. 

The produced thermal energy also depends on the amplitude of the Happ, 

in a different way as the frequency dependence, since the SAR value is 

linearly proportional to the magnetic field amplitude (SAR (W/g) α H2), at low 

applied magnetic field amplitudes. This relation has been checked by 

measuring the SAR value of the prepared samples under a constant AC 

magnetic field frequency of 532 kHz at magnetic field amplitudes from 1 to 

28 kA/m. As it can be observed in Figure 3.19A, B and C, all SAR values 

increase with the field amplitude. The SAR values are in the same range in all 

samples, excepting in Mn0,13Fe2,87O4_A and Ni0,31Fe2,69O4_A growth samples, 

which show much higher magnetic hyperthermia response.  

According to the particle main diameter influence in the hyperthermia 

response, it was expected to obtain higher responses from FeNi2Mag2 and 

Mag2FeNi2 core shell samples. The low SAR values obtained could be related 

to the lower sample homogeneity checked in the EMR characterization. 

Previous works have demonstrated the negative influence of high size 

dispersions in this hyperthermia response.3 The thermal energy production 

efficiency is much lower in small NPs, as the heat generated could be 

negligible. Moreover, from this magnetic field dependent SAR evolution, an 

estimation of the anisotropy constant can be carried out to check their 

agreement with the values determined from the M (T) analysis. These data 

have been obtained by fitting the H dependent SAR values in the linear 

response at low H values, generally below 10 kA/m as can be observed in 

Figure 3.20A and B. 
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Figure 3.19. Magnetic field amplitude dependent SAR measurements at 1 mg/mL 

concentration in toluene for NP samples at 532 kHz frequency magnetic field (A Ni ferrite 

series, B Mn ferrite series and C core shell series). 

 

These anisotropy constant values (Table 3.9) have been obtained by 

means of an estimation of the H vs SAR slope that theoretically the system 

should follow for a known field frequency, average diameter, size dispersion, 

saturation magnetization, dynamic diameter, material density and medium 

viscosity. This fitting has been performed with the collaboration of Dr. Iñaki 

Orue (sgiker, UPV/EHU). As it can be observed in Figure 3.20A and B, this 

estimation fits well with the experimental data. 
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Table 3.9. Anisotropy constants for all samples estimated from the H vs SAR slope fitting and 

compared with the values determined from the FC-ZFC analysis. 

SAMPLE DTEM (nm) K (kJ/m3) (FC-ZFC) K (kJ/m3) (SAR) 

Ni0,31Fe2,69O4 8.1 ± 0.9 21.1 24.8 

Ni0,43Fe2,57O4 11.0 ± 1.2 18.0 14.7 

Ni0,70Fe2,30O4 10.7 ± 1.6 16.5 17.9 

Ni0,86Fe2,14O4 11.4 ± 1.7 14.2 11.5 

Ni0,31Fe2,69O4_A 18.0 ± 1.7 20.2 5.6 

Mn0,13Fe2,87O4 10.1 ± 1.6 20.1 18.0 

Mn0,18Fe2,82O4 7.0 ± 1.2 20.2 24.3 

Mn0,27Fe2,73O4 8.5 ± 1.2 20.3 18.8 

Mn0,36Fe2,64O4 7.4 ± 1.0 16.5 18.4 

Mn0,13Fe2,87O4_A 15.5 ± 1.5 21.0 9.3 

FeNi2Mag2 15.2 ± 1.6 7.9 6.9 

Mag2FeNi2 14.9 ± 2.1 12.0 6.9 

 

Although the anisotropy constants estimated from the SAR 

measurements do not suit perfectly with the ones obtained from the FC-ZFC 

measurements, all non growth NP samples are in the same value range. 

Thus, the well concordance of the obtained results with the non interacting 

superparamagnetic model can be assured for non growth samples. In 

contrast, all growth samples show much lower anisotropy values than it was 

expected. This effect could be induced by dipolar and ferromagnetic 

interactions between particles with bigger sizes, according to their relatively 

high effective relaxation times. 

The SAR value evolution could be displaced from the linear response at 

high magnetic field amplitudes in this kind of measurements. In order to 

verify this fact, Ni0.31Fe2.69O4_A sample magnetization cycles under a constant 

field frequency (532 kHz) at different field amplitudes have been 

represented in Figure 3.20C. 
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Figure 3.20. SAR vs H curves fitting for Ni ferrite (A) and Mn ferrite (B) non growth samples, 

below 10 kA/m Happ. Measured experimental data values are represented as points and 

theoretical fittings as lines. Magnetic field dependent magnetization measurements at 

different magnetic field amplitudes for the Ni0.31Fe2.69O4_A sample (C). 

 

On the one hand, a strong magnetization hysteresis increase at higher 

Happ can be observed. This increase is directly related to the specific 

absorption rate, as the area inside each cycle represents the absorbed 

magnetic energy. On the other hand, the linear relation between the SAR 

and the Happ can be observed in these cycles by the ellipse shape 

magnetization curves. This elliptical cycle shape can only be observed in the 

cycle measured at the lowest field amplitude, 4 kA/m. This cycle shows by far 

the lowest magnetic hyperthermia response as the area inside the cycle is 

much smaller than the others. However, the ellipsoidal shape of M (H) slope 
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fits to the linear response theory, previously explained. At higher field 

amplitude measurements the area inside cycles rises powerfully, what 

implies a greater absorbed magnetic energy. But these intense magnetic 

fields induce also a displacement from the linear response as a consequence 

of the saturation of magnetic moments.  

Although the Ni0.31Fe2.69O4_A ferrite sample seems to have the highest 

SAR value, it is necessary corroborate the SAR values under an Happ suitable 

to be applied in humans. Consequently, the SAR values under a 149 kHz and 

4 kA/m AC magnetic field have been measured and represented in Table 

3.10.26,27 

These values represent the effect that would be obtained in a 

hyperthermia therapeutic treatment, avoiding the distortion that an in vivo 

environment would induce (viscosity, immunological response, 

aggregation,...). The low hyperthermia response of the non growth ferrite NP 

samples is related to their small size, being completely useless in a 

therapeutic hyperthermia treatment. The only two samples which show a 

hyperthermia response suitable to be applied as magnetic hyperthermia 

inductor agents are the Ni0.31Fe2.69O4_A and Mn0,13Fe2,87O4_A samples. The 

values shown in Table 3.10 seem to be quite low comparing with other 

values provided in literature for this kind of NPs.29,13 However, the SAR data 

appearing in literature are mainly measured under high frequencies and 

amplitudes that do not represent realistically the response that the samples 

would present in an in vivo experiment. In this way, the sample that has been 

revealed as the best candidate for the following experiments is the 

Ni0.31Fe2.69O4_A sample. 

 



3. Nanocompound characterization 

120 
 

Table 3.10. SAR values of samples under a human compatible AC magnetic field (149 kHz and 

4 kA/m) at a 1 mg/mL concentration in toluene. 

SAMPLE SAR (W/g)  

149 kHz, 4 kA/m 

Ni0,31Fe2,69O4 1.80 

Ni0,43Fe2,57O4 2.77 

Ni0,64Fe2,36O4 3.63 

Ni0,86Fe2,14O4 2.15 

Ni0,31Fe2,69O4_A 22.53 

Mn0,13Fe2,87O4 2.40 

Mn0,18Fe2,82O4 2.28 

Mn0,27Fe2,73O4 2.67 

Mn0,36Fe2,64O4 3.36 

Mn0,13Fe2,87O4_A 18.46 

FeNi2Mag2 4.21 

Mag2FeNi2 3.36 

 

3.1.4 Chemical and structural characterization of Ni0.31Fe2.69O4_A_PMAO 

sample 

As it has been previously explained, Ni0.31Fe2.69O4_A is the sample which 

has been chosen to be tested in in vitro and in vivo tests. Consequently, it has 

been transferred to water media with PMAO polymer to obtain the 

Ni0.31Fe2.69O4_A_PMAO sample. This treatment has not influence in the 

magnetic properties, and could have only a small effect in its hyperthermia 

response, due to the increase of the hydrodynamic diameter. Thus, in order 

to verify the correct association of the PMAO polymer, TEM, TGA and DLS 

characterizations were carried out after the water transfer treatment. These 

characterizations are summarized in Figure 3.21.  
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Figure 3.21. Thermogravimetric analysis (A) and dynamic light scattering (B) of Ni0.31Fe2.69O4_A 

and Ni0.31Fe2.69O4_A_PMAO samples and TEM micrograph of Ni0.31Fe2.69O4_A_PMAO sample 

(C). 

 

As it can be observed in Figure 3.21A, an important increase of the 

organic matter amount has occur after polymer coating, from 18 % in the 

Ni0.31Fe2.69O4_A oleate coated sample to 28 % in the PMAO coated sample. 

This value is in good agreement with literature data for similar samples, 

suggesting a successful polymer coating.1,30 

The comparison of the dynamic diameter before and after the polymer 

coating process (Figure 3.21B) shows an important increase of the average 

dynamic diameter, from 18 to 30 nm, without changing the standard 

deviation (≈ ±3) nm. This increase would be related to the increment of the 

dynamic diameter by coupling large chain polymers on the surface. 

Furthermore, the constancy of the standard deviation value also indicates 
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that mostly single particles have been coated, instead of forming 

nanoclusters composed by more than one NP. Finally, any changes in NP 

inorganic nucleus size or shape have been discarded when visualizing the 

Ni0.31Fe2.69O4_A_PMAO water transferred sample by TEM (Figure 3.21C). 

 

3.2 Biopolymeric magnetic nanospheres 

The previously characterized Ni0.31Fe2.69O4_A NP sample has been chosen 

as the magnetic core material for the developing of NP-biopolymer magnetic 

nanospheres. As it has been previously explained, the aim has been to obtain 

biopolymeric based magnetic materials to be applied as drug delivery and 

release agents more than to be applied as direct magnetic hyperthermia 

inductors. In this way, the designed release system would be based on the 

biopolymeric nanosphere decomposition by means of heat generation by 

magnetic hyperthermia. Consequently, the NPs with the highest magnetic 

hyperthermia response have been selected for this purpose. 

Two polymers have been chosen to conform the nanospheres. Firstly, 

chitosan was used to develop the magnetic nanosphere formation by 

encapsulating the Ni0.31Fe2.69O4_A NPs with chitosan shells, as has been 

explained (CS-MNS). A complete chemical, structural and magnetic 

characterization has been performed for these nanospheres. Furthermore, 

some stability experiments by modifying different conditions as 

temperature, pH and enzyme presence have been carried out. After that, 

different fibroin nanospheres were synthesized by following the same 

mechanism developed for the CS nanosphere formation. In this case, only a 

superficial characterization was carried out for these fibroin nanospheres to 

test their potential usefulness for future projects. 
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3.2.1. Chemical and structural characterization of CS-MNS 

3.2.1.1 Transmission Electron Microscopy (TEM) and Environmental 

Scanning Electron Microscopy (ESEM) of CS-MNS 

Size and shape analysis of CS-MNS nanospheres were carried out by 

means of ESEM and TEM microscopy. The ESEM microscopy has been used 

for this sample characterization as its high size makes possible to check the 

nanosphere diameters. However, the resolution of the ESEM microscope is 

not high enough to visualize properly the NP assembly inside the 

nanospheres, therefore, TEM microscopy has been also used to determine 

the presence and organization of the NPs inside the CS shells.  

For ESEM and TEM measurements, one drop of CS-MNS 0.05 mgFe/mL 

water dispersion was dried on a carbon covered copper grid. The 

measurement conditions are described in the appendix I. The obtained 

micrographs by ESEM and TEM microscopy are shown in Figure 3.22, as well 

as the histograms. 

As it can be observed in Figure 3.22A, well defined spherical nanospheres 

have been obtained. The size distribution of the CS nanospheres varies from 

30 to 200 nm with an average size of 92 nm (Figure 3.22D). This size 

distribution is broader than the obtained for magnetic NPs, as it has also 

been reported in literature for other nanocluster formation.31,32,33 Only the 

inorganic core of the nanosphere can be observed by the transmission 

detector, hence, the secondary electron scanning has been employed to 

analyze the chitosan shell. As it can be observed in Figure 3.22B, the chitosan 

shells also present a perfect spherical morphology. The lack of porosity and 

its compactness proves the strong interactions between the chitosan chains. 

Furthermore, there are not magnetic NPs in the nanosphere surface, 

verifying that all the NPs are encapsulated in the internal inorganic core.  
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Figure 3.22. ESEM micrographs obtained by means of transmission (A) and secondary electron 

dispersion (B) detectors, TEM micrograph (C) and histogram of the CS-MNS sample. 

 

The NP assembly inside the nanospheres is also an interesting point, as 

the nanosphere magnetic behaviour depends on the magnetic couplings and 

dipolar interactions between the nanoparticles inside the nanosphere. As it 

can be observed in the TEM micrograph (Figure 3.22C), the NPs are really 

close to each other forming a close packaging inside the nanospheres, only 

separated by the oleate chains. In this way, it seems that the chitosan chains 

do not induce an important separation between the NPs due to sterical 

repulsions, being impossible to measure the amount of NPs inside each 

nanosphere. The average NP amount inside nanospheres will be estimated 

from other sources, as it cannot be determined from the micrographs. 

Although specific assemblies cannot be appreciated in most of the 

nanospheres, the tendency of the NPs to form linear self-assemblies can be 

observed in some cases (Figure 3.23). 
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Figure 3.23. TEM micrograph of a CS-MNS sample where NP self-assembly can be observed. 

 

This phenomena could be related to the small distances and the 

magnetocrystalline anisotropy energy of the NPs, which induces a higher 

ferromagnetic behaviour due to the increasing magnetic interactions 

between the NPs.34 The control of this self-assembly would open many new 

possibilities for these materials, as the final magnetic properties could be 

tuned.  

3.2.1.2 CS-MNS hydrodynamic diameter and Zeta potential analysis by 

Dynamic Light Scattering (DLS) 

The DLS and Zeta potential measurements have been performed in a BI 

90 Plus Particle Size Analyser (Brookhaven Instruments Corporation). The 

hydrodynamic diameter has been obtained using particle sizing software by 

means of the photocorrelation spectroscopy (PCS) technique (Appendix I). 

The concentration of the CS-MNS water solution (0.01 mgFe/mL) was the 

same as the previously used for NP measurements. 

The hydrodynamic size distribution shown in Figure 3.24 assesses once 

again that, although some nanosphere aggregation can be observed in Figure 

3.22, single nanospheres are forming the water colloidal dispersion. The size 

distribution range varies from 100 to 150 nm and fits to a log normal profile, 
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with an average hydrodynamic diameter of 130 nm. As it was expected, the 

main hydrodynamic diameter is considerably higher (41 % higher) than the 

main diameter measured from the micrographs due to the presence of the 

chitosan shell. 

 

Figure 3.24. Hydrodynamic size distributions of the Ni0.31Fe2.69O4_A inorganic core sample and 

the CS-MNS magnetic nanospheres. 

 

Comparing the DLS data obtained for Ni0.31Fe2.69O4_A inorganic core NPs 

and CS-MNS nanospheres a high diameter and size dispersion increase can 

be verified in Figure 3.24. Apparently, the impact of the coating agent on the 

hydrodynamic diameter is different in both cases. Furthermore, the CS 

chains are not covalently bonded to the nanoparticles, what it means that 

many polymer chains can interact with the inorganic core, making even more 

thick the polymer shell.  

As it has been explained, for materials that are going to be applied in 

colloidal dispersion, a wide knowledge about the surface charge is essential 

to have a proper control of its behaviour in different media. Hence, a pH 

dependant Zeta potential (ζ) analysis has also been performed. The Zeta 
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potential measurements have been carried out in the BI 90 Plus Particle Size 

Analyser using the Zeta PALS software. In the conditions described in 

appendix I, the CS-MNS nanospheres were measured in 0.01 mgFe/mL 10 

mM KCl colloidal suspension at different pHs (from 2 to 12, 6 points). The 

Zeta potential values at different pHs have been represented in Figure 3.25.  

 

Figure 3.25. Zeta potential measurements of CS-MNS at 0.01 mgFe/mL concentration in 10 

mM KCl solutions at different pHs. 

 

As it can be observed in Figure 3.25, the value of zero charge has been 

established at pH 6.25. This isoelectric point is referred to the pH value 

where the magnetic nanospheres lose all the surface charge. At this pH, the 

magnetic and dipolar attractive forces between nanospheres overtake the 

repulsion forces, inducing the aggregation and precipitation of the 

nanospheres. This fact is inconvenient considering that this pH is close to the 

pH value of the physiological fluid. However, as it can observed in Figure 

3.25, the ζ absolute value rises quickly above and below the isoelectric point, 

explaining the high colloidal stability of nanospheres in neutral pH.  
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In any case, due to the high amino groups density on the surface, these 

nanospheres are more stable in acid pHs. The high potential values 

registered at pHs below 6 can be explained by the pKa value (6.3) of the 

amino groups of chitosan. Below this pH the amino groups are positively 

charged, increasing the repulsion forces and avoiding their aggregation.35 At 

higher pH values, the colloidal stability decreases because of the amino 

group deprotonation. Therefore, these nanospheres only will be stable in 

neutral or acid water colloidal dispersions.  

3.2.3 Thermogravimetric analysis (TG) of CS-MNS 

The coating grade of CS nanospheres has been analyzed by means of the 

thermogravimetric analysis, as it was performed for the magnetic NPs. 

Taking into account that more than one organic contribution is present in the 

sample (oleate and chitosan), their specific degradation points need to be 

known to ascertain their specific proportions in the sample. Furthermore, 

once that the proportions of each material present in the nanospheres has 

been obtained, an estimation of the NP amount inside the nanospheres can 

be deduced. Hence, the CS-MNS nanospheres and the Ni0.31Fe2.69O4_A NPs 

which form the nanosphere magnetic nuclei, as well as the oleic acid and the 

chitosan, have been analyzed by means of a NETZSCH STA 449C equipment. 

The measurements were performed under Argon atmosphere to avoid 

oxidation processes. The measurement conditions are described in appendix 

I.  

The thermogravimetric analysis corresponding to CS-MNS nanospheres 

and Ni0.31Fe2.69O4_A NPs can be observed in Figure 3.26A. The CS-MNS profile 

shows three weight losses at 160, 225 and 330 °C, being 36 % the total 

organic mass loss. This is significantly higher than the proportion of organic 

matter recovering the Ni0.31Fe2.69O4_A NPs (11 %) which form the nanosphere 
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magnetic core. This strong organic matter proportion increase indicates that 

the CS represents a large part of the nanosphere volume, as its density is 

considerably lower than the ferrites (5.2 g/cm3 for Fe3O4 and 0.255 g/cm3 for 

CS). In order to check the accurate weight loss points, the derivative 

thermogravimetry (DTG) analysis of the CS-MNS nanospheres, chitosan and 

oleic acid have been compared in Figure 3.26B. There is not a good 

agreement between the decomposition points of chitosan, oleic acid and CS-

MNS DTG peaks. However, it is usual that interacting materials have different 

decomposition profiles than the non-interacting ones. As it was previously 

explained, some of the oleate chains are covalently bonded to magnetic 

nanoparticles, modifying strongly its decomposition pathway. Moreover, the 

hydrophobic interactions between CS chains and the oleate molecules, as 

well as the H bonds formed between the CS alcoholic groups, also modify 

strongly the decomposition kinetic and the thermodynamic.  

No humidity has been absorbed by the CS nanospheres, as no mass losses 

occur at 100 °C. The first mass loss, corresponding to the chitosan starting 

degradation point, is located between 100 and 200 °C. The decomposition of 

the oleate coating layer starts at higher temperatures than the CS 

decomposition, as can be observed in the Ni0.31Fe2.69O4_A profile in Figure 

3.26A. The next two mass losses, from 200 to 400 °C, represent the second 

step of the chitosan degradation and also the decomposition of the MNP 

surface oleate layer.36 The chitosan layer decomposition, as well as it has 

been previously explained for the oleate decomposition, occurs in two 

different steps. In the first step (in the 100-200 °C range), the loss of the 

chitosan chains that are only attached to other CS chains occur, whereas the 

CS chains attached to the intrinsic oleate layer are decomposed at higher 

temperatures (around 300 °C).37,2 Based on the comparison between the CS-

MNP magnetic nanospheres and the NPs, the chitosan content of the 



3. Nanocompound characterization 

130 
 

magnetic nanospheres was estimated to be the 28 % of the total CS-MNP 

sample weight. 

 

Figure 3.26. Thermogravimetric curves of CS-MNS and Ni0.31Fe2.69O4_A samples (A) and DTG 

curves of CS-MNS, chitosan powder and oleic acid (B). 

 

This information makes possible an estimation of the NP amount inside 

each magnetic nanosphere, using the density of the materials (ferrite, oleic 

acid and chitosan), and the average volume of magnetic nanospheres and 

NPs. Thus, by a comparison between the nanoparticle and CS-MNS weigh, 90 

MNPs per nanosphere can be estimated: 

𝑉𝑁𝑃 = 3053.63𝑛𝑚3
𝑑=4.7𝑔·𝑐𝑚−3

          𝟏. 𝟒𝟒𝟑𝟐 · 𝟏𝟎−𝟏𝟕 𝒈/𝑵𝑷 

𝑉𝐶𝑆−𝑀𝑁𝑆 = 523598𝑛𝑚3
𝑑=3.5𝑔·𝑐𝑚−3

          1.8248 · 10−15𝑔/𝐶𝑆𝑀𝑁𝑆

 72% 𝑁𝑃  𝟏. 𝟑𝟎𝟔𝟔 · 𝟏𝟎−𝟏𝟓𝒈/𝑪𝑺𝑴𝑵𝑺
 

Where d was calculated taking the proportion of each material (ferrite, 

oleic acid and CS) into account: 

𝑑𝑁𝑃 = 5.2
𝑔

𝑐𝑚3
· 0.89 + 0.895 

𝑔

𝑐𝑚3
· 0.11 = 4.726 

𝑔

𝑐𝑚3
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𝑑𝐶𝑆−𝑀𝑁𝑆 = 4.726
𝑔

𝑐𝑚3
· 0.72 + 0.225 

𝑔

𝑐𝑚3
· 0.28 = 3.466 

𝑔

𝑐𝑚3
 

1.3066 · 10−15𝑔/𝐶𝑆𝑀𝑁𝑆

1.4432 · 10−17𝑔/𝑁𝑃
= 90 𝑁𝑃/𝐶𝑆𝑀𝑁𝑆 

However, this number is always hugely conditioned by the size dispersion 

of magnetic nanospheres, which changes greatly the number of 

nanoparticles inside each nanosphere. 

3.2.1.4 Fourier Transform Infrared Spectroscopy (FTIR) of CS-MNS magnetic 

nanospheres 

Although the presence of chitosan can be assumed by the stability of the 

nanospheres in water or the increase of the organic matter in the TG 

analysis, not direct evidences of the chitosan presence have been obtained. 

In this sense, Fourier Transform Infrared Spectroscopy (FTIR) would provide 

information about the functional groups present in the sample. The FTIR 

analysis of the Ni0.31Fe2.69O4_A magnetic nanoparticles and CS-MNS magnetic 

nanospheres (Figure 3.27) was performed to obtain a wider understanding of 

the nanosphere surface chemistry, and also to study the interactions 

between NPs and CS after the nanosphere formation. The chitosan powder 

spectrum is also reported for comparison in Figure 3.27. The measurements 

were performed in powder in the conditions described in Appendix I. 

The CS polymer spectrum shows a broad band in the range of 3400-3200 

cm-1 corresponding to νOH stretching vibrations from the chitosan chains. The 

same band can be recognized in the CS-MNS sample, proving the presence of 

the polymer in the magnetic nanospheres. 

 

 



3. Nanocompound characterization 

132 
 

 

Figure 3.27. FTIR analysis of CS-MNS nanosphere sample compared with Ni0.31Fe2.69O4_A NPs 

and chitosan powder. 

 

Nevertheless, the presence of this band might also be caused by the 

absorbed humidity, as it can be also identified in the Ni0.31Fe2.69O4_A sample 

spectrum. The presence of chitosan can also be verified in the CS-MNS 

spectrum by the intense peak at 1025-1050 cm-1, corresponding to the νC-N 

stretching vibration of the primary amino groups. Furthermore, the large 

intensity of this peak in the nanosphere spectra is also related to the 

noteworthy presence of the primary amine groups on the surface. 

In both Ni0.31Fe2.69O4 and CS-MNS spectra, the presence of the oleic acid 

molecules could be checked by two bands in the 2800-3000 cm-1 range, 

corresponding to νCH2 stretching vibrations. The interaction of the magnetic 

NP surface oleate molecules can be disclosed by analysing the distance 

between the peaks at 1635 and 1523 cm-1. These bands can be recognized in 

both Ni0.31Fe2.69O4 and CS-MNS sample spectra and correspond to asymmetric 

(νas) and symmetric (νs) COO- stretching vibrations, respectively.2 By the 

presence of these bands, a chelating bidentate interaction between the 
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oleate molecules and ferrite nanoparticles can be ensured in CS-MNS 

nanospheres.  

Thus, the FTIR characterization not only has corroborated the presence of 

chitosan in the nanospheres, but has also shown that the encapsulation 

process did not change the NP conformation. 

3.2.1.5 Surface amino group determination 

Despite the presence of surface amino groups in the chitosan 

nanospheres has been already confirmed, a quantification of these amino 

groups would be also interesting. A quantification of the amino group 

surface density is key for the future surface functionalization of the CS-MNS. 

There are a number of different chemical-colorimetric methods for amino 

group quantification.38,39 A mostly used one is based on the Orange II salt 

association to nanosphere surface primary amino groups at low pHs. The 

release of this dye can be achieved at basic pHs. Thus, by measuring the 

absorbance of supernatants the amount of the associated orange molecules 

can be determined and, therefore, the amount of the surface primary amino 

groups.  

The surface amino groups quantification of the CS-MNS sample has been 

performed by measuring the pH-dependent adsorption of Orange II sodium 

salt dye. This determination is based on the electrostatic interactions 

between the positively charged amino groups and the negatively charged 

sulfonate groups at acid media, using the Orange II sodium salt dye 

spectroscopic determination.38 First of all, an Orange II salt calibration curve 

was carried out in the 0.003-0.03 mM range at pH 3 by measuring the 

absorbance at 484 nm in a Cary 50 prove UV-VISIBLE VARIAN 

spectrophotometer (Figure 3.28).  
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In a typical experiment, a total of 0.6 mg of CS-MNS magnetic 

nanospheres were mixed with an excess of Orange II sodium salt dye (2 

µmol) in 1 mL of HCl solution (pH 3) and mechanically stirred for 30 minutes 

at 40 °C. This dye interacts electrostatically with the amino groups in acid 

media. Then, four washing steps were performed with 1 mL of a pH 3 

solution in each case until all the unbound dye is removed. In order to to 

release the absorbed dye, another three washing steps were performed with 

a pH 12 NaOH solution. At these basic pHs the Orange II salt is released from 

nanosphere surface due to the decay of the electrostatic interactions. Finally, 

the absorption of the supernatants (which have the disengaged dye) was 

measured, obtaining the concentration of the Orange salt dye, 

representative of the amino groups surface concentration in the CS-MNS 

nanospheres. The pH of these solutions must be adjusted to pH 3 before 

measuring the absorbance at 484 nm, since the calibration curve was 

performed at this pH.  

 

Figure 3.28. VIS spectra of Orange (II) salt calibration at pH3 for surface amino group 

quantification experiment. 

 

The obtained amount of surface primary amino groups was 264.90 nmol-

NH2/mg nanosphere, with a standard deviation of ±19.69 nmol-NH2/mg. 

Considering the previously calculated nanosphere weight (1.81·10-15 g/CS-
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MNS), it has been established that there are 289·103 -NH2 

groups/nanosphere on the nanosphere surface. This number would 

represent the amount of active functional amine groups for 

functionalization, also providing colloidal stability. This amino group amount 

should be taken into account when performing future functionalizations. An 

excessive functionalization of these available amino groups would lead to a 

colloidal stability loss and to the nanosphere aggregation, due to the surface 

charge reduction. Moreover, the toxicity usually shown by compounds with 

high density of amino groups, makes this data relevant for future biomedical 

applications. 

The results obtained from previously performed chemical and structural 

characterizations are resumed in Table 3.11. 

 

Table 3.11. Main chemical and structural data determined for CS-MNS sample, compared with 

the data obtained for Ni0.31Fe2.69O4_A NPs. 

SAMPLE Ni0.31Fe2.69O4_A CS-MNS 

SizeTEM (nm) 18.0 ± 1.7 92.0 ± 37 

SIZEDLS (nm) 19.4 ± 1.8 152.5 ± 28 

Zeta Pot. pH 7 (mV) - -11 

Isoelectric point - 6.25 

Organic matter (%) 11 36 

Weight (g) 1.44·10-17 g/NP 1.81·10-15 g/CS-MNS 

NP/CS-MNS - 90 

-NH2/nanosphere - 289·103 

 

Summarizing, the successful formation of well defined spherical chitosan 

nanospheres has been verified. The DLS and Zeta potential measurements 

have shown that the nanospheres form stable colloidal dispersions in neutral 

water media, but are even more stable at acid pHs, whereas their stability at 
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basic pHs decreases strongly. Although the amount of the NPs inside each 

nanosphere could not be calculated from the electron microscopy, this 

amount was estimated from the thermogravimetric analysis. Thus, an 

average of 90 NPs per nanosphere, with 289·103 of superficial amino group (-

NH2) per nanosphere have been estimated. The high amount of NPs inside 

the nanosphere suggests the present of dipolar and magnetic interactions 

inside nanospheres, hence, a modification of the magnetic properties is 

expected for the CS-MNS nanospheres comparing with the Ni0.31Fe2.69O4_A 

single NPs.  

3.2.2 Magnetic properties of CS-MNS chitosan nanospheres 

The same magnetic characterization as the performed for the ferrite 

magnetic NPs has been carried out for the CS-MNS, always comparing with 

the NPs which form the nanosphere inorganic nuclei (Ni0.31Fe2.69O4_A). 

Hence, M (H), M (T) and EMR characterization have been performed for the 

nanospheres. In contrast to the ferrite NPs, this kind of materials could be 

more suitable as drug delivery and release agents or as contrast agents for 

Magnetic Resonance Imaging (MRI). Therefore, their relaxivity value will also 

be measured. Their application as drug delivery agents will be analyzed by 

the association of two different fluorophores.       

3.2.2.1 Magnetization measurements of CS-MNS 

Field dependent magnetization M(H) measurements have been 

performed at room temperature in a home-made VSM magnetometer up to 

a maximum field of 18 kOe with high field resolution. This instrument is more 

accurate than the used for the ferrite and core shell NPs to analyze small 

changes in magnetization values at low Happ. Thus, it is more suitable to 

determine the presence of coercive field and to verify its superparamagnetic 

behaviour. The samples have been measured in powder after compressing in 
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gelatine capsules, as in ferrite NP analysis. The obtained field dependant CS-

MNS magnetization cycle, as well as the obtained for the Ni0.31Fe2.69O4_A 

nanoparticles is represented in Figure 3.29. 

 

Figure 3.29. M (H) cycles of CS-MNS nanospheres at R.T., compared with the cycle obtained for 

Ni0.31Fe2.69O4_A core nanoparticles. The central part is enlarged to visualize the Hc. 

  

As it can be observed in Figure 3.29, the superparamagnetic behaviour 

can be confirmed by the absence of coercivity. In this sense, the presence of 

interparticle interactions between NPs inside the nanosphere cannot be 

assured by this technique. This fact indicates that the NP assembly into 

chitosan nanospheres does not modify the anisotropy of single NPs at the 

time window of this experiment. It is clear by this coercivity absence that all 

NPs in the inorganic core of the nanosphere do not behave as a unique large 

magnetic particle. Such a large magnetic particle should show an enormous 

remanence magnetization value and different susceptibility and saturation 

magnetization due to the generated great demagnetizing  field.40 In fact, the 

magnetic nanocluster rarely have induced a significant modification in the 

coercive field or remanent magnetization.31,33,32 However, the presence of 

dipolar and magnetic interactions between NPs cannot be discarded, as 

could be detected by other techniques with shorter time windows. 



3. Nanocompound characterization 

138 
 

As expected, the saturation magnetization value (Ms) is 81 emu/gFerrite 

(51.8 emu/gSample) for the CS-NMS nanospheres, that it is comparable to 

the 84.6 emu/gFerrite of the Ni0.31Fe2.69O4_A NPs. Hence, the ferrite intrinsic 

magnetization has not suffered an important modification after the 

encapsulation treatments. In this kind of surface modification treatments 

temperature increases should always be avoided, as these phases are 

sensitive to the oxidation under air atmosphere at high temperatures. 

The temperature dependent magnetization evolution will provide further 

information about differences induced by the NP agglomeration inside the 

nanospheres. Once again, the FC-ZFC experiments for CS-MNS nanospheres 

and Ni0.31Fe2.69O4_A nanoparticles were performed in a commercial 

Superconducting Quantum Interference Device (SQUID) magnetometer as 

described in Appendix I. The samples diluted in toluene (in the case of 

Ni0.31Fe2.69O4_A sample) or water (CS-MNS) dispersions (0.05 mgFe/mL) were 

dried on a filter paper to avoid dipolar and magnetic interactions between 

NPs. The diamagnetic contribution of the filter paper has been removed. The 

FC-ZFC curves of both samples are shown in Figure 3.30A. 

 

Figure 3.30. Temperature dependant magnetization measurements after zero field (ZFC) and 

field (FC) cooling (A) and hysteresis loops at 5 K measured in samples dispersed on a filter 

paper (B) of  Ni0.31Fe2.69O4_A NPs and CS-MNS nanospheres. 
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The CS-MNS sample shows a higher broadness effect in the ZFC peak and 

higher separation between ZFC and FC curves. The blocking temperatures 

have been determined in the same way as explained for the ferrite NPs, and 

the anisotropy constants were calculated by means of Stoner-Wohlfarth 

equation (3.15):41 

𝐾 =
25𝑘𝐵𝑇𝐵

𝑉
      (3.15) 

As it can be observed in Table 3.12, both samples show nearly identical 

blocking temperatures and anisotropy constants, which supports that NPs 

are single and independent magnetic nanosystems inside the nanosphere 

instead of behaving as one single big particle. Otherwise, if the diameter of 

the nanosphere would be taken as 92 nm (the main diameter of the CS-

MNS), the obtained anisotropy constant value would be 1.24 kJ/m3. Thus, 

the CS-MNS behaviour fits much better to a cluster of multiple independent 

magnetic NPs than to a one single 92 nm particle system. In order to relief 

the data obtained from the FC-ZFC analysis, the anisotropy constants have 

also been calculated from coercive fields of the hysteresis loops measured at 

5 K dispersed in filter paper (Figure 3.30B). The anisotropy constants are in 

the same value range as the obtained from the blocking temperatures and 

are in good agreement with the expected values. 

 

Table 3.12. Blocking temperature (TB), coercive field (HC) and anisotropy constant values 

obtained from different sources of  Ni0.31Fe2.69O4_A and CS-MNS samples. 

SAMPLE Ni0.31Fe2.69O4_A CS-MNS 

TB (K) 72 66 

HC (Oe) 204 162 

K (ZFC-FC)  (kJ/m3) 20.06 18.76 

K (HC) (kJ/m3) 28.28 22.17 
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In spite of the similar blocking temperature, coercive field and anisotropy 

constant values obtained for nanospheres and NPs, the broadening effect in 

the FC-ZFC maximum of CS-MNS has to be considered. This broad curve 

could be related to the presence of dipolar interactions between NPs. In 

literature, the broadening of the ZFC blocking temperature peak, as well as 

the increase of the difference between the TB maximum and the Tirr point (as 

in this case), is usually attributed to an aggregation effect. This possibility 

must be considered taking the high number of NPs inside each nanopshere 

into account.16,17 

3.2.2.2 Electronic Magnetic Resonance (EMR) analysis of CS-MNS  

The Electronic Magnetic Resonance (EMR) spectroscopy has been 

revealed as a useful tool to determine small changes in the magnetic 

response, as well as the heterogeneity in this response.7,8 For this reason, 

this is the best way to verify the interparticle interactions deduced from the 

FC-ZFC experiments. The magnetic couplings between the adjacent NPs will 

be evidenced in the EMR analysis by an increase of the geff value, induced by 

the slower NP rotation because of the increase of these magnetic couplings. 

The CS-MNS nanospheres and Ni0.31Fe2.69O4_A NPs have been measured in 

aqueous (nanospheres) and toluene (NPs) 0.05 mgFe/mL colloidal 

dispersions at room temperature, as described in Appendix I. The obtained 

EMR spectra for both samples are represented in Figure 3.31. 

Both spectra show a single narrow band in the 2000-3000 Oe range, as it 

can be observed in Figure 3.31. This single peak supports that the CS-MNS 

nanospheres behave like a homogeneous magnetic system. The peak to peak 

line widths (ΔHpp values) of both bands, 410 Oe for Ni0.31Fe2.69O4_A and 620 

for CS-MNS, are in good accord with the homogeneity of the magnetic 

systems. However, a displacement of the geff value (2.19 for Ni0.31Fe2.69O4_A) 
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to higher values (g = 2.45 for CS-MNS) can be observed. In this case, the 

presence of dipolar or magnetic interactions between the NPs has been 

detected, which would increase the NP relaxation time and originate 

ferromagnetic interactions.15  

 

Figure 3.31. Electronic Magnetic Resonance spectra of CS-MNS nanospheres and 

Ni0.31Fe2.69O4_A NPs in colloidal dispersion. 

 

Nevertheless, if all the NPs inside the nanosphere would be behaving as 

one single big NP, the geff increase would be much higher, since this value 

rises exponentially with the diameter as was reported by Castellanos et al.3 

Therefore, the higher geff value would be related to weak interparticle 

interactions between magnetic moments. These couplings decrease the NP 

net magnetic moment rotation, that would need more energy to orient with 

the magnetic field.  

Another interesting point that should be considered is that the relative 

high size dispersion of the CS-MNS does not seem to affect this 

displacement, as the signal homogeneity of the Ni0.31Fe2.69O4_A sample has 

maintained. Therefore, the explained interparticle magnetic couplings would 

only occur between adjacent particles instead of between all NPs forming 
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the nanosphere. Magnetic couplings between all the NPs inside nanospheres 

would had yield great differences between nanospheres with different sizes, 

providing an extremely broad EMR peak. In this way, the presence of small 

magnetic interactions between neighbouring NPs inside nanospheres can 

only be assumed.23 

3.2.2.3 Magnetic relaxivity measurements of CS-MNS and  

Ni0.31Fe2.69O4_A_PMAO samples. 

The sample response in the Magnetic Resonance Imaging (MRI) diagnosis 

is usually tested by measuring the relaxivity behaviour. Basically, the MRI 

relies on the counterbalance between the small magnetic moment on a 

proton and the high proton amount in the environment, as in biological 

tissues, which are mostly composed by water. Thus, the signal is based on 

the of water protons  signals, what it means that the signal would be 

completely different in different mediums. Although the signal of each 

proton at an applied magnetic field is quite small (it is estimated that only 

the 0.0003 % of protons align with the applied magnetic field) the high 

amount of protons in aqueous samples and wet tissues makes the signal 

detectable.42 Under a constant magnetic field (B0), a transverse 

radiofrequency field is also applied to excite the oriented protons. The 

protons tend to align again with the B0 magnetic field (relaxation). The 

presence of magnetic nanocompounds disturbs the normal alignment of the 

protons, producing an easily detectable contrast effect.43 

The proton relaxation can be produced by two different mechanisms: on 

the one hand, the longitudinal relaxation, T1, which represents the time 

required for the 63 % of the excited H1 to align with the B0. In this case, the 

absorbed energy during the radiofrequency excitation is released to the 

surrounding tissues. The transverse relaxation, T2, refers to the relaxation 
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between the excited spins, which magnetic fields interacts between them, 

resulting in an energy exchange between the proton spins. Thus, T2 refers to 

the time in which the transversal magnetization value (induced by the 

applied radiofrequency) decrease to 37% of its initial value. Examples of T1 

and T2 relaxation are represented in Figure 3.32. 

 

Figure 3.32. Longitudinal T1 and transversal T2 relaxation slopes for Ni0.31Fe2.69O4_A_PMAO 

sample at 0.5 mM Fe concentration dispersed in 10% gelatin solutions. 

 

Magnetic relaxivity measurements were performed using a minispec m1-

one Analyzer from Bruker at 1.41 T (appendix I). The longitudinal (T1) and 

transversal (T2) relaxation times have been measured at five different iron 

concentrations in the 0.1-1 mgFe/mL range for Ni0.31Fe2.69O4_A_PMAO and 

CS-MNS samples. Both nanocompounds have been dispersed in 10 % 

gelatine aqueous solution in order to obtain a more suitable in vivo media. 

The water transferred Ni0.31Fe2.69O4_A_PMAO NPs have been measured in 

order to compare with nanospheres relaxivity.44 The zero concentration 

solution (10 % gelatine aqueous solution) was measured and its contribution 

was deducted from the measured values in the different nanocompound 

concentrations. Four different measurements of T1 and T2 were performed 

for every sample and concentration for a statistical correction. The T1 values 

were determined by the inversion-recovery method and T2 values by the 
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Carr-Purcell-Meirboom-Gill sequence.45 The longitudinal (r1) and transversal 

(r2) relaxivity values were calculated from the slope of the linear plot of 

longitudinal and transversal relaxation times (1/T1 and 1/T2) with the iron 

concentration. The in vitro relaxation times (T1 and T2) of CS-MNS and 

Ni0.31Fe2.69O4_A_PMAO samples at different concentrations are represented 

in Figure 3.33. 

 

Figure 3.33. Longitudinal (T1) and transversal (T2) relaxation times at different concentrations 

obtained for Ni0.31Fe2.69O4_A_PMAO (squares) and CS-MNS (rhombus) samples. 

 

As it corresponds to superparamagnetic nanoparticles, the longitudinal r1 

relaxivity (1.98 s-1mMFe-1 for NPs and 0.062 s-1mMFe-1 for CS-MNS) resulted 

to be smaller than the r2 transversal one (250 s-1mMFe-1 for NPs and 45 s-1 

mMFe-1 for CS-MNS) for both samples. This also can be checked in the 

example represented in Figure 3.32 for Ni0.31Fe2.69O4_A_PMAO sample at 

0.05 mM concentration, where the time shown in x axis is around 100 lower 

in T2 than in T1. As superparamagnetic nanocompounds behave as 

paramagnets with high magnetization values, they lose the magnetization at 

the moment when the transversal magnetic field is removed, being the 

transversal T2 relaxation time much quicker than the longitudinal one.46 For 

this reason, superparamagnetic particles are considered as T2 contrast 

agents, thus, the r1 values are negligible comparing with the r2 values. 

Actually, the CS-MNS sample did not present T1 relaxivity at all. Hence, both 
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samples behave as high magnetization superparamagnetic compounds, 

suitable for be applied as MRI contrast agents. Nevertheless, the calculated 

slope (r2) from the linear fitting of the 1/T2 values is, as well as the r1 values, 

higher for the Ni0.31Fe2.69O4_A_PMAO single NPs than for the CS-MNS 

nanospheres. In contrast, some studies in literature supports that the NP 

assembly, caused by the aggregation, increases its effectiveness as T2 

relaxation agent.47 However, this effect has not been observed in our CS-

MNS nanospheres. The confirmation by EMR measurements of the presence 

of magnetic couplings between the NPs inside nanospheres is in good accord 

with the measured lower relaxivities. Furthermore, the lower net 

magnetization of the nanospheres due to their higher organic matter content 

would have affected their relaxation. The combination of these effects could 

be the reason of the relaxivity value decrease after the nanospheres 

formation. In any case, the relaxivity values obtained for both samples are in 

the usual range for this kind of nanoparticles, being even higher in the case 

of the Ni0.31Fe2.69O4_A_PMAO NPs.37,42,43 

3.2.3 Structural stability of CS-MNS magnetic nanospheres 

As a previous step before testing the nanocompounds in in vitro and in 

vivo experiments, it is useful to study the stability of the nanocompounds in 

different conditions. Hence, their structural and colloidal stability at  extreme 

pH solutions, as well as high ionic strength solutions, should be known. 

Furthermore, the effects that some biologic fluids (intestinal and gastric 

fluids) could induce in the nanosphere structural and colloidal stability 

should also be predicted.48,49,50 For this purpose, some solutions which 

simulates these conditions have been prepared.51,36 The effects that some 

chitosan specific enzymes have in the nanosphere structure were also  

studied.50,52 In fact, the encapsulation of such kind of enzymes inside the 

nanospheres it is being considered in order to provide an alternative 
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controlled release mechanism.53 Finally, the temperature dependant 

evolution would give information about the structural configuration and the 

density of the CS shell, as well as the shell decomposition temperature, 

which would be useful to control the release mechanism.54,55 

Hence, with the aim of achieving a broader understanding of the 

structural and chemical changes that some factors can induce in the chitosan 

nanospheres, different stability tests were carried out at different 

temperatures, pH solutions, simulated physiological fluids and enzymes.  

3.2.3.1 CS-MNS stability tests at different pH and simulated physiological 

fluids 

A broad knowledge of the nanosphere stability at different pH is 

necessary to be applied in future in vivo experiments. Depending on the part 

of the human body where the nanospheres are going to be applied, there is a 

wide range of pHs that the nanospheres could be in contact with. These 

changes could induce the decomposition or the aggregation of the CS-MNS.  

Thus, the CS-MNS sample was incubated in 2 mL solutions at different 

pHs (1, 3, 5, 7, 9 and 12), in 0.4 mg/mL concentration at 37 °C for 90 min 

under stirring. In the same conditions, the nanospheres were dispersed also 

in 2 mL of simulated gastric fluid (80 µM sodium taurocholate, 20 µM 

lecithin, 34.2 mM NaCl, pH 1.6) and simulated intestinal fluid (3 mM sodium 

taurocholate, 0.2 mM lecithin, 19.12 mM maleic acid, 34.8 mM sodium 

hydroxide, 68.62 mM sodium chloride, pH 6.5).56 After the incubation, the 

nanospheres were centrifuged at 13000 rpm for 5 min and separated from 

the supernatant. Finally, the nanospheres were washed twice and analysed 

by ESEM microscopy to check the effects of the fluid in the nanosphere 

structure. Furthermore, so as to verify if the chitosan of the nanosphere shell 

has been partially decomposed and dissolved, the amount of chitosan 
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dissolved in the supernatant was measured by a modified Schales method 

using potassium ferricyanide.57,58 After the 90 min of incubation, a total of 

1.5 mL of the centrifuged supernatants were mixed with a 2 mL solution of 

0.5 M Na2CO3 and 0.05 % potassium ferricyanide. This mixture was incubated 

at 80 °C for 30 min and the absorbance was measured at 420 nm in a Cary 50 

UV-VISIBLE VARIAN spectrophotometer. Glucosamine concentration in 

solution was calculated by previously performed calibration curve in the 

0.001-0.03 mM range.  

ESEM micrographs of the nanospheres incubated at different pH values 

and in different simulated physiological solutions are reported in Figure 3.34. 

The magnetic CS nanospheres maintained their colloidal and structural 

stability at acidic and neutral pH values and also at slightly basic media. This 

pH response is in good agreement with the results obtained in the pH 

dependant Zeta potential analysis. However, the Zeta potential values only 

referred to the surface charge value of the nanocompounds, not providing 

any information about the structural condition. At pH values below 6.2 (point 

of zero charge) the surface amino groups are positively charged, that assures 

the necessary repulsion forces to maintain a good colloidal stability, as can 

be observed at pH 1, pH 3 and pH 5 micrographs in Figure 3.34. At high pH 

values, the nanospheres appear completely aggregated due to the strong 

dipolar and magnetic interactions between NP, being the amino groups 

deprotonated, as it can be observed in Figure 3.34. Apparently, although the 

colloidal stability has been lost, no substantial changes in the nanosphere 

structure can be appreciated in those incubated at pH 9 and pH 12. 
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Figure 3.34. ESEM micrographs of CS-MNS nanospheres after being incubated at 37 °C at 

different pHs and physiological fluids for 90 min. 

 

Additionally, the stability in gastric and intestinal simulated solutions (GS 

and IS respectively) was tested. The magnetic nanospheres are structurally 

stable in IS (pH 6.8), but the polymeric coating resulted partially dissolved 

after the incubation in gastric solution. In this case, the high salt 

concentration in addition to the extremely low pH value of this fluid 

produces the partial solubilisation of chitosan. From the micrograph shown 

in Figure 3.34, this effect can be recognized by the presence of some porosity 

in the nanosphere structure. The acid media, in addition to the high salt 

concentration, could cause the disruption of dipolar interactions between 

the CS chains, as well as the o-glycosidic bonds breaking, producing the 
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release of chitosan oligomers.50,59 To support this hypothesis, the analytical 

determination of free chitosan present in supernatants after nanosphere 

separation from the incubation medium was carried out by a redox reaction 

of glucosamine by potassium ferricyanide.58 

In good agreement with the electron microscopy evidences, the analytical 

method only revealed a detectable amount of chitosan in the GS incubation 

supernatant. A total of 0.06 mg of glucosamine, which comes from the 

chitosan breaking, were detected in the GS supernatant, which represents 

the 40% of the initial chitosan amount in the nanosphere sample. No 

glucosamine presence has been detected in the other supernatants, hence, 

the nanosphere decomposition was no severe in the other cases. 

3.2.3.2 CS-MNS stability testing in contact with chitosanase specific enzyme 

Before testing the magnetic nanospheres in complex organisms, it is 

necessary to have a general knowledge about their behaviour in contact with 

chitosan specific enzymes as chitosanase. This enzyme selectively hydrolyses 

the glycosidic bonds, inducing the degradation of the chitosan chains.60 This 

enzyme can be obtained from many different bacteria and fungi as Bacillus 

circulans, fusarium solani or Matsuebacter chitosanotabidus.61,62 For this 

study, chitosanase from the Streptomyces griseus was selected. The 

incubation conditions used during the treatment have been chosen focused 

on obtaining the greatest performance of the enzyme, being these 

conditions compatible with a physiological environment. Thus, sodium 

acetate buffer has been chosen as dispersion media to increase the enzyme 

activity, and the incubation temperature was 37 °C to simulate the 

physiological conditions.63 

Chitosanase is the enzyme that specifically endohydrolyses the β-1,4-

bonds between glucosamine monomers in partially acetylated chitosan.60 A 
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total of 1.3 mg/mL of CS-MNS magnetic nanospheres were incubated in 

sodium acetate buffer (0.1 M at pH 5.75) at 37 °C in the presence of 0.008 

U/mL (0.12 U) of chitosanase during 15 hours under stirring.63 The enzymatic 

activity was stopped by heating the solution at 100 °C for 5 minutes. The 

incubated sample was then centrifuged at 13000 rpm to isolate the 

supernatant. The glucosamine amount in the supernatants was measured by 

spectrophotometric determination by potassium ferricyanide assay as it was 

previously described.64 The presence of chitosan and glucosamine in the 

supernatant was also checked by Thin Layer Chromatography (TLC). After the 

incubation with chitosanase, 8 µL of supernatant were placed in a silica gel 

plate (Silica gel 60, Merk) with glucosamine (1 mM) and chitosan (0.5 mg/mL) 

as controls. A mixture of n-propanol:H2O:ammonia (30%) 70:15:15 was used 

as developing solvent.63 The spots were made visible by a ninhidrine 

solution, which stains the chitosan amino groups. 

The measured amount of dissolved glucosamine in the supernatant was 

25 µg, which represents the 3% of the initial nanosphere chitosan. A control 

experiment at the same conditions was performed using dissolved chitosan 

to check the enzymatic activity. In this control experiment, a significant 

amount of the added chitosan, the 28 %, was disrupted under the enzymatic 

activity. In this way, the 3% of the discomposed chitosan in the chitosan 

nanospheres represents a negligible nanosphere decomposition, compared 

with the 28% of decomposed dissolved chitosan.  

Moreover, the presence of chitosan and glucosamine in supernatants was 

also checked by Thin Layer Chromatography (TLC) (Figure 3.35). As control, 

the marks corresponding to glucosamine and enzyme have also been 

represented. As can be observed, only glucosamine has produce an 

observable mark in the plate. The CS-MNS (S in Figure 3.35) does not show 

any evidences of glucosamine presence, thus, the decomposition of the CS 
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nanospheres induced by the chitosanase enzyme activity has been again 

discarded. 

 

Figure 3.35. TLC plates of the control performed with glucosamine (G), glucosamine + enzyme 

(G+E) and enzyme (E) and the sample (S) plate compared with glucosamine and chitosan 

marks. 

 

These results suggest that, in the case of the CS-MNS magnetic 

nanospheres, the chitosanase was not able to decompose the chitosan once 

it is forming the nanosphere shell. This is probably due to the stiffness of the 

structure. Nevertheless, it cannot be excluded that this low digestion degree 

could be due to the low accessibility of chitosan to the enzyme once it is 

forming the shell of the sphere. Thus, when the CS is dissolved as in the 

control the enzyme activity is more direct, whereas when is forming the 

nanosphere shell the enzyme has not direct access to the β-1,4-bonds. In any 

case, nanospheres have shown a great structural stability under the activity 

of this specific enzyme.  
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3.2.3.3 Temperature dependant CS-MNS stability 

The study of the CS-MNS colloidal behaviour in different temperatures 

will provide important information about the structural effects of the 

temperature in the nanospheres. This would be useful in order to 

understand the effects of the magnetic hyperthermia in the nanospheres and 

also in the colloidal stability. 

 

Figure 3.36. Micrographs of CS-MNS nanospheres after have been treated at 

different temperatures for 90 minutes. 
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Thus, the CS-MNS magnetic nanospheres were incubated in 0.4 mg/mL 

concentration in 2 mL of milliQ water at 0, 40, 60, 80 and 100 °C for 90 min. 

After the incubation, possible changes in the nanosphere structure and 

diameter were checked by ESEM microscopy. The obtained micrographs for 

the exposed nanospheres to different temperatures are shown in Figure 

3.36. 

As it can be observed in the ESEM micrographs, no structural changes can 

be detected in any of the exposed nanospheres. Even after the incubation at 

100 °C, no morphological changes can be observed in the nanospheres, in 

terms of shape and apparent stiffness. Although the nanospheres could have 

suffered some changes not detected by ESEM, the thermal stability of the 

prepared CS-MNS seems to be high. 

3.2.4 Fluorophore association with CS-MNS magnetic nanospheres 

As it has been previously explained, two fluorophores, Nile Red and 

Rhodamine b isothiocyanate, were chosen to associate with the nanospheres 

due to their dissimilar nature and different association mechanisms, since 

Nile Red is hydrophobic and Rhodamine is hydrophilic. The association grade 

of these polymers will test the capability of the CS-MNS nanospheres to 

encapsulate this kind of drugs and the mechanism and efficiency of this 

association. 

3.2.4.1 Nile Red encapsulation in CS-MNS  

Different amounts of Nile Red (from 10 to 200 nmol) were encapsulated 

inside the CS-MNS nanospheres during the nanosphere formation, together 

with the NPs. The amount of the encapsulated Nile Red has been calculated 

by an indirect determination. Thus, the non-encapsulated Nile Red has been 

determined by fluorescence measurements of the supernatants obtained 
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from the washing processes after the encapsulation. Firstly, the 

absorption/emission spectra (Figure 3.38A) has been performed in a 75:25 

CH3OH:H2O mixture solvent to determine the optimum excitation and 

emission wavelength, which are Ex: 572 nm and Emi: 644.17 nm for this 

solvent mixture. After that, the calibration of Nile Red in the 0.2-4 µM range 

at 572 nm excitation wavelength in this solvent mixture was performed 

(Figure 3.38B).  

 

Figure 3.38. A: excitation/emission spectra of Nile Red in 75:25 CH3OH:H2O and B: Nile Red 

calibration in the 0.2-4 µM range at 572 nm of excitation and 644 nm of emission 

wavelengths. 

 

Based on this calibration, the amounts of non-encapsulated fluorophore 

were measured and, hence, the encapsulated Nile red and the encapsulation 

efficiency were calculated (Table 3.13). 

The obtained encapsulation amounts, as well as the efficiency values, 

show that the encapsulation process was successful in all the tested amounts 

of Nile Red. Furthermore, the presence of Nile Red has not induced any 

change in the normal nanosphere formation. 
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Table 3.13. Obtained emission values and calculated amounts of encapsulated Nile Red and 

encapsulation efficiency. 

SAMPLE Added Nile Red 

(nmol) 

Supernatant 

Emission644.17nm 

Intensity  

(a. u.) 

Encapsulated 

Nile Red (nmol) 

Efficiency (%) 

CS-MNS-NL200 200 8 199.7 99.5 

CS-MNS-NL100 100 28.79 98.9 98.9 

CS-MNS-NL50 50 13.28 49.5 99.0 

CS-MNS-NL20 20 24.25 19.1 95.5 

CS-MNS-NL15 15 16.17 14.4 96 

CS-MNS-NL10 10 17.25 9.3 93 

 

Consequently, it seems that the encapsulation of hydrophobic drugs 

would be suitable with these nanospheres. However, in order to visualize the 

Nile Red inside nanospheres a fluorescence optic microscope has been used. 

Although Nile Red was easily detected in all samples, in CS-MNS-NL200 and 

CS-MNS-NL100 samples Nile Red aggregates were observed inside the 

nanospheres. Therefore, the easy encapsulation of the hydrophobic 

compounds has been proved. Nevertheless, it was also found that at 

concentrations higher than 50 nmol, the internal distribution of the 

compound could be heterogeneous. Thus, an excessive amount of drug 

encapsulations should be avoided. 

3.2.4.2 CS-MNS functionalization with rhodamine B isothiocyanate 

The same procedure used for Nile Red encapsulation has been tried to 

apply for the rhodamine B fluorophore. Nevertheless, due to the polar 

nature of the fluorophore, the rhodamine has been attached to the 

nanosphere surface by a sulfenamide N-S bond.65 As it was previously 

explained, a key feature that should be taken into account when a 
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functionalization is being carried out is the amount of the amine groups that 

are being blocked. Depending on the amount of functionalized amino 

groups, the net surface charge of the nanosphere could change, changing the 

colloidal stability.   

As it can be observed in Table 3.14, three different amounts of rhodamine 

have been added in three different experiments, 25, 50 and 75 nmol. The 

amounts below 25 nmol of rhodamine in nanospheres were undetectable by 

the fluorescence optic microscope. on the other hand, at the highest tested 

amount, 75 nmol, the stability limit was exceeded (reducing excessively the 

net surface charge) and the nanospheres were aggregated and precipitated. 

The same procedure as in Nile Red experiments has been followed to 

ascertain the amount of the functionalized rhodamine. Thus, after 

performing a calibration of rhodamine dye absorption in the 1-20 µM range 

(Figure 3.39), the absorbance of the supernatants obtained after washing 

processes was measured at 550 nm. The non associated and associated 

rhodamine amounts, together with the association process efficiency (Table 

3.14) has been calculated. 

 

Figure 3.39. Calibration of rhodamine B isothiocyanate dye absorbance at 550 nm in water in 

1-20 µM range. 
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Since the CS-MNS-RH75 nanospheres precipitated during the 

functionalization process, their functionalization grade could not be 

determined. As it has been explained, the amount of added rhodamine was 

too high in this case, blocking a great proportion of the nanosphere surface 

amino groups. This excessive amino group blocking reduced the net positive 

charge of the nanospheres. In this point, the van der Waals and magnetic 

attractive interactions between the nanospheres overtook the electrostatic 

repulsion forces between the positively charged nanospheres, inducing their 

aggregation. Despite the great difference between the added rhodamine 

amounts in the CS-MNS-RH25 and CS-MNS-RH50 sample preparation, the 

obtained efficiency values were similar in both cases. Hence, the proportion 

between the added and associated amounts of rhodamine seems to be 

constant whatever the added amount is. However, the efficiency in both 

cases, 39 and 38 %, is far from the high efficiency grade obtained for the Nile 

Red encapsulation, which was around the 100 % in every instance. Thus, the 

efficiency of the developed functionalization process with rhodamine is quite 

lower than the developed one for Nile Red. 

 

Table 3.14. Amounts of added and functionalized rhodamine, association efficiency and 

calculated relative amount of rhodamine per total amount of amino groups in one 

nanosphere. 

 

Furthermore, by applying the previously calculated relations (1.81·10-15 

g/nanosphere and 289·103 -NH2/nanosphere), the percentage of the 

SAMPLE Added 
rhodamine 

(nmol) 

Functionalized 
rhodamine (nmol) 

Efficiency (%) rhodamine/-NH2 

(%) 

CS-MNS-RH25 25 9.7 39 6.3 

CS-MNS-RH50 50 19.2 38 12 

CS-MNS-RH75 75 - - - 
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functionalized amino groups has been calculated. As it can be observed in 

Table 3.14, the percentage of the occupied amino groups was the 6 % for the 

CS-MNS-RH25 and the 12 % for the CS-MNS-RH50 sample. Although these 

proportions seem to be low, the consequent surface charge decrease would 

be important. In this way, this fact could explain the nanosphere aggregation 

when higher amounts of rhodamine were added in the CS-MNS-RH75 sample 

preparation. 

3.2.5 Chemical and structural properties of prepared fibroin nanospheres 

The chemical and structural stability of the previously prepared fibroin 

and fibroin-chitosan nanospheres have been tested. Among all the 

preparations performed for obtaining different chitosan-fibroin 

nanospheres, only the Fi-CS3.1, Fi-CS3.2, Fi-CS3.3 and Fi-CS3.4 samples, as 

well as the fibroin nanospheres (Fi-MNS), have shown enough stability to 

continue with characterization. In this sense, these nanospheres have been 

characterized by ESEM and zeta potential measurements at neutral pH, to 

achieve a general knowledge about their surface chemistry and morphology. 

All samples were measured in 0.01 mgFe/mL concentration.  

One of the greatest achievements that this Fi-CS mixed nanospheres 

could provide would be the ability to control the surface charge of the 

resultant compound, as both biopolymers have opposite charges. The ESEM 

micrographs, besides the Zeta potential values at pH 6.8, are shown in Figure 

3.40.  

As it can be seen, the nanospheres prepared by mixing both polymers 

have lost the well defined spherical shape that was obtained for the CS-MNS 

nanospheres. 
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Figure 3.40. ESEM micrographs and Zeta potential values measured at pH 6.8 of fibroin 

nanospheres and Fi:CS mixed nanospheres. 

 

In fact, the sample with the highest fibroin proportion (Fi-CS3.1, 50%) has 

completely lost its spherical morphology, as only amorphous polymer coated 

NP aggregates can be observed in the micrograph. Better defined spherical 

morphologies have been obtained by reducing the fibroin proportion in the 

nanospheres, being perfectly defined in the sample with the lowest fibroin 
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proportion (Fi-CS3.4, 15%). However, this effect is not due to the presence of 

the fibroin, as the Fi-MNS shows a perfectly defined spherical morphology, 

with an average diameter of 97 nm, quite similar to the diameter of the CS 

nanospheres. This effect could be related to the interactions between 

different polymer chains, which would not allow the proper formation of the 

nanospheres. 

The presence of both polymers has been evidenced by the Zeta potential 

values obtained for the different samples, as this value decreases when 

increasing the fibroin proportion in nanosphere structure (43.65 mV (15%), 

27.3 mV (35%), 19.47 mV (40%), 12.89 mV (50 %) and -21.66 mV (100%)). 

This fact demonstrates the presence of fibroin in the structure, and the 

correlation between the amount of fibroin and the surface charge. However, 

even at a 50% of fibroin proportion, the surface charge is still positive. 

Consequently, higher amounts of fibroin would be needed to obtain 

negatively charged mixed nanospheres. Furthermore, so as to analyze 

properly the new Fi-MNS fibroin nanospheres surface chemistry, an infrared 

spectra measurement has been performed (Figure 3.41).  

The fibroin nanosphere FTIR spectra can be observed in Figure 3.41, 

where the most characteristic fibroin bands are represented. The peak at 

3280 cm-1 is attributed to the (N-H) stretching band. The presence of one 

single band confirms that only secondary amide groups are present in the 

sample, as primary amide groups produce two differentiated bands. The 

alkene group of the oleate chains is represented by the small band at 2950 

cm-1 corresponding to the (=C-H) stretching band. 
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Figure 3.41. FTIR spectra of the Fi-MNS fibroin magnetic nanospheres. 

 

Its low intensity is due to the small proportion of oleate chains in the 

sample, besides that the oleate chains only have one unique alkene group. 

The multiple bands in the 2800-3000 cm-1 frequency range correspond to the 

ν(C-H) stretching vibrations of oleate and fibroin chains, assuming that the 

most intense bands are due to the presence of C-H bonds in the fibroin 

structure (from glycine and alanine aminoacids). However, the presence of 

these multiple ν(C-H) bands, together with the presence of the alkene group, 

demonstrates that the organic ligand of the magnetic nuclei is included in 

the polymeric matrix after the nanosphere formation.  

The characteristic bonds of the fibroin multiple amide groups can be 

appreciated in the 1700-1200 cm-1 range. These bands represent the amide 

bond corresponding to the (NC=O) stretching vibrations, which are related 

to the secondary and tertiary protein structures. In this way, three different 

amide bands can be observed in the extended region of Figure 3.41, 

representing the different amide groups of the fibroin chemical structure (3 
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totally).66  The presence and position of these groups is related to the β-

sheet protein secondary conformation.67 However, the presence of an 

intense double peak at 1407 and 1430 cm-1 is also indicative of the random-

coil conformation existence in the fibroin structure.66,68 

In summary, the fibroin and fibroin:nanosphere preparation experiments 

have achieved promising results, as negatively charged fibroin nanospheres 

have been obtained. Nevertheless, so as to control the formation of the 

mixed polymer nanospheres a deep study and optimization would be 

necessary. 

 

3.3 Summary 

The presence of the Ni2+ and Mn2+ cations in the final samples has been 

demonstrated by the ICP measurements. The TEM and DLS analysis have 

shown that the obtained diameters are in the 8-12 nm range for the main 

samples, being considerably higher for the growth samples. The prepared 

NPs showed spherical shape, excepting the Mn0,13Fe2,87O4_A sample which 

present prismatic shape. Their monodomain and superparamagnetic nature 

has been confirmed by the crystal size estimation performed from the XRD 

analysis and by the lack of coercive field in the field dependant 

magnetization measurements. Both cations have a great influence in the 

magnetic properties, as lower Ms and K values have been obtained at 

increasing doping degrees. The EMR analysis only has demonstrated the high 

size dependence of the geff value. Finally, the Ni0.31Fe2.69O4_A sample has 

shown the highest magnetic hyperthermia response due to its higher size, Ms 

and K values, and it has been selected to be functionalized. 
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The Ni0.31Fe2.69O4_A nanoparticles have been successfully functionalized 

with the poly(maleic anhydride-alt-1-octadecene) (PMAO) polymer, 

obtaining the Ni0.31Fe2.69O4_A_PMAO negatively charged single NPs. On the 

other hand, a mechanism to encapsulate the nanoparticles in the chitosan 

biopolymer has been developed. By this method, 90 nm diameter stable 

nanoparticle spherical aggregates with positive surface charge have been 

obtained (CS-MNS). Important differences in the structural and magnetic 

properties have been observed comparing with the single NPs. The proximity 

between the NPs has generated dipolar interaction, inducing a more 

ferromagnetic behaviour, detected by the temperature dependant 

magnetization and the EMR.  
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4. IN VITRO AND IN 
VIVO EXPERIMENTS 

The final objective of this thesis is to develop nanocompounds which 

could be helpful in the treatment of some significant human diseases. The 

prepared nanosystems are specially focused on cancer treatments by drug 

delivery and controlled release or by direct application of magnetic 

hyperthermia in tumours.1 Thus, the heating ability of the nanocompounds, 

their theoretical lack of toxicity and the absence of remanence 

magnetization provide interesting ways to achieve these goals. Moreover, 

the suitability of this kind of nanocompounds in the diagnosis area has also 

been previously proven in the literature.2 In fact, magnetite nanoparticles 

have currently been using as contrast agents in magnetic resonance 

imaging.3,2   

However, there are many previous steps to be overtaken in order to 

develop new therapeutical applications of novel nanomedicines. Firstly, it is 

important to estimate the safety of the nanocompounds using simple 

cytotoxicity studies in basic cell culture assays. Comparing the toxic effect of 

such nanomaterials with control cultures will allow us to exclude those 

preparation with high toxicity and also to establish the tolerability of the cells 

to them. 

In order to increase the complexity of model systems for toxicity 

evaluation before going to complex animals, more complex cell co-cultures 

need to be optimized. These co-cultures mimic more accurately the natural 

tissues. However, there are not perfect model systems, and animal 
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experimentation is required in order to study the biodistribution and fate of 

such nanomaterials. 

Considering all the synthesized nanoparticles and nanospheres, the 

Ni0.31Fe2.69O4_A_PMAO nanoparticles and the CS-MNS magnetic nanospheres 

were chosen to be tested as candidates for biomedical applications due to 

these reasons:  

Ni0.31Fe2.69O4_A_PMAO is the best candidate for magnetic hyperthermia 

treatments due to its high specific absorption rate (SAR). on the other hand,  

CS-MNS  could be used as drug delivery and control release platforms due to 

their high loading efficiency. 

It is worthy to mention that both systems have opposite superficial 

charge. Ni ferrite nanoparticles present strong negative surface charge, 

whereas the chitosan nanospheres are positively charged. These changes on 

superficial charge could also affect their interactions with living systems.  

 

4.1 Stability test of Ni0.31Fe2.69O4_A_PMAO and CS-MNS in 

cell culture media  

It is important to take into account that the physico-chemical properties 

of nanocompounds could be affected by physiological media such as cell 

culture media in in vitro experiments. The high ionic strength, changes in pH 

and the presence of a huge variety of proteins in such solutions can cause 

nanoparticles aggregation.4 Hence, their stability in these conditions needs 

to be previously tested. Thus, Ni0.31Fe2.69O4_A_PMAO nanoparticles and CS-

MNS nanospheres stability were evaluated by means of hydrodynamic 

diameter and Z potential measurements using non-supplemented and 
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supplemented (10% foetal bovine serum (FBS), penicillin (100 U/mL), 

streptomycin (100 µg/mL) and glutamine (2 mM)) Dubelcco's Modified 

Eagle's Medium (DMEM) cell culture media.  

The hydrodynamic diameter of this kind of samples cannot be determined 

by conventional Dynamic Light Scattering (DLS) measurements, as the high 

protein concentration of the cell culture interferes strongly with the light 

dispersion. There are other techniques that are commonly used to evaluate 

the NP physico-chemical properties and the dispersion level in such 

conditions.4 The depolarized DLS (DDLS) extends the DLS technique to 

particles with optical or shape anisotropy, being also useful to eliminate 

artefacts that appear in polydisperse samples.5 By this technique, the 

hydrodynamic diameter of the NPs suspension in DMEM media was obtained 

by means of a 3D LS Spectrometer (LS Instruments AG, Switzerland. 90°, 6 

runs and 3 min/run). 

Furthermore, the Zeta potential value was measured in non-

supplemented and supplemented DMEM at pH 4 and pH 7 in order to 

explore stability behaviour of NPs at different physiological pHs. The Zeta 

potential was measured in a BI 90 Plus Particle Size Analyser (Brookhaven 

Instruments Corporation) using the Zeta PALS software in 0.01 mg Fe/mL 

concentration. Control samples (nanocompounds dispersed in water media) 

were dispersed in a 10 KCl mM solution. 

The obtained hydrodynamic diameters and Zeta potential values for the 

Ni0.31Fe2.69O4_A_PMAO and CS-MNS samples dispersed in non-supplemented 

and supplemented DMEM are resumed in Table 4.1, and compared with the 

values in water. 
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Table 4.1. Average values of hydrodynamic diameter and Zeta potentials (in pH 4 and pH 7) of 

Ni0.31Fe2.69O4_A_PMAO and CS-MNS samples in miliQ water, non-supplemented and 

supplemented DMEM.  

 Ni0.31Fe2.69O4_A_PMAO CS-MNS 

 H2O DMEM Supl. 

DMEM 

H2O DMEM Supl. 

DMEM 

Hydrodynamic diameter 

(nm) 

20.6 

±8.4 

524.3 

±234.1 

74.7  

±49.3 

161.3 

±79.5 

160.0 

±46.3 

109.7  

±50.5 

Zeta pot. (mV) pH 4 -30.2 -34.4 0.2 46.1 32.8 0.9 

Zeta pot. (mV) pH 7 -23.7 -23.4 -9.9 -7.3 -2.7 -11.5 

 

The Ni0.31Fe2.69O4_PMAO magnetic nanoparticles are aggregated in non-

supplemented culture media, as it can be observed by changes in the 

hydrodynamic diameter (from 21 nm in H2O to 524 nm in non-supplemented 

DMEM). The obtained Zeta potential (ζ) value at pH 7 was in this case the 

same as in water media (-23 mV). Therefore, the strong aggregation could be 

caused by the effect of the high DMEM ionic strength (calcium chloride, 

ferric nitrate, potassium chloride or sodium phosphate). The great impact of 

phosphate salts in negatively charged nanoparticle colloidal stability has 

been documented in literature.6 The high ionic strength induces the collapse 

of the colloidal system by compression of the repulsive electrostatic NP 

double layer.7 Surprisingly, the same Ni ferrite NPs dispersed in 

supplemented DMEM show only a small aggregation effect. The measured 

hydrodynamic diameter in this case was slightly higher (75 nm) than the 

diameter in water media, but nowhere near as high as the observed in non-

supplemented DMEM. The aggregation effect in this case is correlated with a 

decrease in the Zeta potential value at pH 7 (-9 mV). However, according to 

the results obtained in not supplemented DMEM, the aggregation effect was 

expected to be much higher. The high protein concentration of the added 
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bovine serum would have induced the NP protein adsorption, which would 

cover the NP surface and also avoids the aggregation by steric repulsion. This 

combination of electrostatic and steric repulsion between NPs, induced by 

the adhered proteins, could lead to a steric stabilization of nanoparticles in 

the high ionic strength solution.8,9  

On the other hand, the CS-MNS nanospheres show quite similar main 

hydrodynamic diameter and ζ values in DMEM (both non-supplemented and 

supplemented at pH 7) and in H2O. In this case, the amino groups of the 

nanosphere surface were not affected by the high ionic strength of the 

DMEM media, neither by the high protein concentration of the foetal bovine 

serum of the supplemented DMEM. Therefore, both hydrodynamic diameter 

and ζ values at pH 7 are in good agreement with the obtained values in 

water.  

The Zeta potential values of both samples at low pH (pH 4) are similar to 

the values in water, in the case of non-supplemented DMEM. The ionic 

strength increase seems to have less impact on the NPs at acid media. In 

contrast, the ζ values for both samples decrease drastically in supplemented 

DMEM indicating colloidal instability. This instability should be taken into 

account when inserting these NPs in acid biological media. Thus, the Ni 

ferrite nanoparticles and CS nanospheres seem to have not suffered great 

changes in supplemented DMEM at pH7, as only a small aggregation of the 

Ni0.31Fe2.69O4_A_PMAO sample has been noticed. Besides, such NPs are 

suitable for further in vitro studies due to their stability in cell culture media.   
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4.2 Nanocompound cytotoxicity in Vero cells  

Usually, the first biocompatibility test to be carried out for a new 

developed material is a cytotoxicity assay in a 2D cell culture. This kind of 

assay allows to discard highly toxic compounds or to determine the tolerated 

dose of nanomaterials. It is important to select well the cell line to be tested 

in order to be similar to the target tissue. One of the main limitation of these 

assays is the short time periods to be studied, depending on the cell line, it 

can go from one to three days in average. Other important issue to take into 

account is the number of replicates to be carried out in order to obtain 

statistically significant results. 

In order to test the cytotoxicity of new compounds in simple cell 

monocultures, different assays can be used.10 Most of them are based on 

metabolic changes in the cell function after apoptosis, or on the release of 

some intracellular compounds due to degradation of the cell membrane.11,12  

One of the most widely used test is based on the presence of the 

NAD(P)H oxidoreductase enzyme.13 This colorimetric assay uses a 

tetrazolium salt (MTT, (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 

bromide) (Figure 4.1) which reacts with the mitochondrial NAD(P)H 

oxidoreductase enzyme and producing water insoluble dark blue formazan 

crystals (C14H15ClN4). Such crystals can be dissolved in dimethyl sulfoxide 

(DMSO). The absorbance of the resulting crystal solution (in DMSO) is 

directly proportional to the amount of living cells in the analysed cell culture.  

Thus, the cell viability, after the Ni ferrite nanoparticles and CS 

nanosphere exposures, was tested in Vero cells (African green monkey 

kidney epithelial cells) and analysed by means of 3-[4,5-dimethylthiazolyl-2]-

2,5-diphenyltetrazolium bromide (MTT) colorimetric assay.11 
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Figure 4.1. Chemical structure of MTT dye salt used in cytotoxicity assays. 

 

The Vero cells were purchased from the American Type Culture 

Collection, number CCL-81 and grown at 37 °C in a 5% CO2 atmosphere in 

DMEM supplemented with 10% foetal bovine serum (FBS), penicillin (100 

U/mL), streptomycin (100 µg/mL) and glutamine (2 mM) (following the 

standard procedure for cell growth used in literature).14 The 

supplementation products were added to the cell media in order to improve 

the cell growth and to prevent possible bacterial contamination.  

A total of 5 000 cells were seeded using a standard 96-well plate (TPP). 

After 24 h of incubation in a humidified atmosphere containing 5 % CO2, the 

cell medium was replaced with 200 µL of new medium containing 6 different 

concentrations (0.01, 0.02, 0.05, 0.1, 0.25 and 0.5 mg/mL) of the different 

nanocompounds (Ni0.31Fe2.69O4_A_PMAO and CS-MNS). A negative control 

(cell media without MNPs) and positive control (cells treated with a Triton 

X100 0.2% solution in PBS) were also evaluated. Each concentration was 

repeated 6 times. After 24 h, the medium was replaced with fresh medium 

containing the MTT solution to a final concentration of 0.5 mg/mL in DMEM. 

After 2 h of incubation at 37 °C and 5 % CO2, the medium was removed and 

the formed water-insoluble formazan crystals were dissolved in 200 µL of 
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DMSO. The absorbance was read on a microplate reader (Thermo Scientific 

Multiskan GO UV/Vis Microplate) at 570 nm. The relative cell viability (%) 

related to negative control wells containing cells without nanoparticles was 

calculated by [[A]test-[A]control/[A]control] x 100. The obtained results are 

illustrated in Figure 4.2. 

 

Figure 4.2. MTT Cytotoxicity experiments of Ni0.31Fe2.69O4_A_PMAO and CS-MNS samples, 

exposed to Vero cells for 24 hours in the 0.01-0.5 mg/mL concentration range. 

 

Both samples have neglectable effect on the cell viability at the used 

concentrations and exposed times.  

 

4.3 Nanocompound exposures to blood vessel model co-

culture 

In order to increase the complexity of the in vitro model system, we have 

tested a co-culture of cells simulating blood vessel tissue.  
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Basically, the human blood vessels are composed by an endothelial cell 

thin layer in the inside part (in direct contact with bloodstream) and 

macrophages in the external part of the vessel. The endothelial cells form a 

single cell layer that aligns all blood vessels and regulates exchanges 

between the bloodstream and the surrounding tissues. This layer also acts as 

a barrier between the bloodstream and the internal tissues. Signals from 

endothelial cells organize the growth and development of connective tissue 

cells that form the surrounding layers of the blood vessel wall.15 There is an 

elastic fibber called internal elastic lamina, which separates the endothelial 

cell layer form the rest of the tissues. Macrophages also play an important 

role in the blood vessel function. Macrophages remove the debris through 

the process of phagocytosis, which prevents secondary necrosis and 

inflammation by removing apoptotic bodies before their decomposition.16,17 

Using this model system, not only the cytotoxicity of the nanocompounds 

in the cell culture was determined, many other possible effects such as 

changes in the cell morphology, permeability of the cell layer, oxidative 

stress and inflammatory response were also analysed. 

Thus, to predict the effects of our nanocompounds in the blood vessels, 

the Ni0.31Fe2.69O4_A_PMAO nanoparticles and the CS-MNS nanospheres were 

exposed to a simulated blood vessel model co-culture. This co-culture is 

composed by endothelial cells and macrophages (Figure 4.3). In order to 

compare the effects of our nanocompounds in the co-culture, the 

experiment was also performed in endothelial cell monocultures, under the 

same conditions. This comparison could provide useful information about 

the role of the macrophages in the system.  

As in previous cytotoxicity experiments, the Ni0.31Fe2.69O4_A_PMAO 

nanoparticles and the CS-MNS magnetic nanospheres have been tested in 
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the blood vessel co-culture model in different concentrations (5, 10 and 20 

µg/mL), according to literature.14,18 

4.3.1 Endothelial cell monoculture and endothelial cell-macrophage co-

culture preparation 

The co-culture was formed by EAhy296 human endothelial cells and 

human monocyte derived macrophages. The EAhy296 human endothelial 

cells were obtained from the American Type Culture Collection, and were 

grown in DMEM supplemented with 10 % foetal bovine serum, 1 % L-

glutamine and 1 % penicillin/streptomicyn. The Monocytes for macrophages 

were isolated from healthy donors (blood donation service, Bern, 

Switzerland),19 and cultured in phenol red free RPMI medium supplemented 

with 10 % foetal bovine serum, 1 % L-glutamine and 1 % 

penicillin/streptomicyn.  

The co-cultures and monocultures were prepared using special inserts 

with 3 µm porous PET layers (BD Falcon cell culture inserts with a surface 

area of 4.2 cm2 and transparent PET membranes with 3 µm pores) to 

simulate the intermediate internal elastic lamina. Thus, the endothelial cells 

(106 cells) were seeded on one part of this membrane in a monolayer to be in 

direct contact with the nanocompounds. After 48 h of incubation (37 °C, 5 % 

CO2), the macrophages (50 000 cells) were seeded on the flipside of the 

membrane. Thus, the inserts were located in 6 well plates, with the 

macrophages on the upper part. The scheme of the prepared co-culture is 

shown in Figure 4.3. The structure of the endothelial cell monoculture 

system is the same, without the macrophages. 
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Figure 4.3. Illustration of the human blood vessel in an “in vitro” model. 

 

In a typical blood vessel model co-culture and an endothelial cell 

monoculture preparation, one million of endothelial cells were seeded on 

the lower side (in direct contact with the nanocompounds) of the inserts and 

placed in 6 well plates. In the case of the co-cultures, after 48 hours of 

incubation at 37 °C and 5 % CO2 in DMEM, 50 000 macrophages were seeded 

on the upper chamber of the insert and incubated for 24 hours at 37 °C and 5 

% CO2 in 6 well plates (in a 70:30 DMEM:RPMI compound medium, 3 mL in 

the lower chamber and 2 mL in the upper chamber of the insert).  

4.3.2 Nickel ferrite nanoparticle and chitosan magnetic nanosphere 

exposures 

After preparing the blood vessel model co-cultures, the colloidal 

dispersions of Ni0.31Fe2.69O4_A_PMAO nanoparticles and CS-MNS 

nanospheres were added in DMEM at three different concentrations (5, 10 

and 20 µgFe/mL). These concentrations were chosen according to previous 

studies.18,14 The specific amounts of the exposed nanoparticles and 

nanospheres are represented in Table 4.2. A total of 3 mL of nanocompound 

DMEM dispersions were added to the lower chamber of the insert, the upper 
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chamber was filled with 2 mL of fresh DMEM. The cultures were left exposed 

to the nanocompounds for 24 hours at 37 °C and 5% CO2. All experiments 

were carried out three times for a statistical validation. After that, different 

analysis were performed to determine the effects of the nanocompounds in 

the mono- and co-cultures. The process is schematically described in Figure 

4.4. 

 

Table 4.2. Amounts of Ni0.31Fe2.69O4_A_PMAO nanoparticles and CS-MNS nanospheres exposed 

to mono- and co-cultures in each concentration. 

Sample [Fe] (µg/mL) Total amount (nanoparticles, 
nanospheres) 

 
Ni0.31Fe2.69O4_PMAO 

5 
10 
20 

2739·105 MNP 
5478·105 MNP 
1096·106 MNP 

 
CS-MNS 

5 
10 
20 

2134·105 MNS 
4269·105 MNS 
8538·105 MNS 

 

 

Figure 4.4. Schematic illustration of the different steps carried out for Ni0.31Fe2.69O4_A_PMAO 

and CS-MNS exposure experiments. 
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4.3.3. Cell morphology analysis 

The interaction between the magnetic nanocompounds and the cell 

cultures could modify the cell morphology or cause several damages in the 

cell membrane, nucleus or cytoskeleton. The interaction should be stronger 

with the endothelial cell layer, since it is in direct contact with the 

nanocompound suspension. These hypothetical changes in cell morphology 

after exposures were checked by visualizing the co-cultures and 

monocultures in an inverted laser scanning confocal microscope (LSM) 710 

(Axio Observer.Z1, Carl Zeiss). For this purpose, the cells were fixed on the 

PET membrane and stained with DAPI and phalloidin to identify the nucleus 

and actin fibres respectively. 

After the exposures, the mono- and co-cultures were washed with 

phosphate buffered saline (PBS) to remove the cell media and the 

nanocompounds. Then, the cells were fixed for 15 min in 3 % 

paraformaldehyde (PFA) in PBS solution. After that, the fixed cells were 

treated with 0.1 M glycine in PBS for another 15 min. 0.3 % Triton X-100 

solution in PBS was added for 15 minutes to permeabilize the cell layers. 

Then, the cell nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI) 

fluorophore and the cytoskeletons with phalloidin rhodamine (phRh). This 

stain was performed by exposing the cell membranes to a 1 % bovine serum 

albumin (BSA) 0.1 % triton X-100 solution in PBS with 1:100 proportion of 

phRh and 1:50 proportion (in volume) of DAPI, for 60 min in darkness and 

humidity. This procedure was performed by following the fixation-staining 

procedures previously reported in the literature.20 

The obtained micrographs for mono and co-cultures are illustrated in 

Figure 4.5. The cell nuclei are marked in blue colour (stained by DAPI dye) 

and the cell cytoskeleton in red (stained by rhodamine-phalloidin dye). 
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As it can be observed in Figure 4.5A, comparing all exposed cell co-

cultures with the negative control, the absence of any morphological 

changes or cell layer damages can be confirmed. Similar behaviour can be 

observed in Figure 4.5B for the exposed endothelial cell monocultures. The 

micrographs show a dense endothelial cell monolayer with the typical 

endothelial cell elongated morphology. The cytoskeleton density and nuclei 

definition do not present any appreciable changes. Apparently, the 

nanocompound interaction with the cytoskeleton has not induced any 

damages by protein denaturalization or cell layer decomposition.  

In contrast, lower cytoskeleton density and less cells can be observed in 

the positive control (cell culture treated with triton X-100 0.2% solution in 

PBS). The triton surfactant is known to damage the cell layer by creating 

holes in the membrane, consequently, a great cytoskeleton deterioration is 

caused by its interaction in both monoculture and blood vessel model co-

culture.21 These damages also induce cell necrosis, as it can be appreciated in 

the low cell density present in the positive control micrographs. 

Thus, by comparing the positive control damaged cells with the 

apparently intact exposed cell cultures, the interaction between 

Ni0.31Fe2.69O4_A_PMAO and CS-MNS with blood vessel model cell co-cultures 

apparently cause no macroscopic damages in the cell integrity, in 24 hour 

exposure time and in the tested concentration range. 
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Figure 4.5. LSM images of Ni0.31Fe2.69O4_A_PMAO and CS-MNS exposed co-cultures (A) and 

monocultures (B), compared with a non-exposed negative control and a positive control 

treated with a 0.2% triton PBS solution. 
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4.3.4. Cellular uptake of nanocompounds 

Ni0.31Fe2.69O4_A_PMAO nanoparticle and CS-MNS nanosphere 

internalization was quantified by ICP measurements of the Fe and Ni metals 

present in the cell cultures.22,23 It was expected a different cellular uptake for 

both samples taking into account the different size and superficial charge of 

both samples.   

After the incubation with both nanocompounds, the samples were 

washed with PBS five times in order to remove all remaining 

nanocompounds. The cell were then pre-digested with 300 µL of 2:1 

HNO3:H2O2 v/v solution in a six well plate for 3 h. The plates were sonicated 

for 15 min at 50 °C to avoid the effervescence of the gases in the next 

digestion step. Then, 400 µL of HCl were added to the wells and the cell 

cultures were digested overnight at room temperature. The solutions were 

extracted from the 6 well plates and diluted to 15 mL.  

The Fe and Ni concentrations were measured by means of an ICP-

MS (7700x, Agilent Technologies) spectrometer using a MicroMist micro-

uptake glass concentric nebulizer (Glass Expansion). The results obtained are 

represented in Figure 4.6. 

As it can be observed in Figure 4.6, the same metal amount increase 

tendency inside the cell co-cultures (also in monocultures) is measured when 

higher concentrations of nanocompounds have been exposed. This fact 

indicates that the cells are not still saturated by nanocompounds. This 

increase tendency also verifies that the presence of Fe and Ni is due to the 

nanocompound exposure. 
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Figure 4.6. Iron and nickel content co-cultures (up) and monocultures (down) after have been 

exposed to different concentrations of Ni0.31Fe2.69O4_A_PMAO and CS-MNS nanocompounds, 

compared with negative control. 

 

It must be considered that some cells could present traces of iron ions, 

although no such high amounts. Furthermore, the Fe and Ni presence in 

negative controls is negligible for co-cultures and monocultures. The 

amounts of the internalized nanocompounds have been calculated from the 

iron content of cultures, taking into account the weight of each 

nanocompound calculated in chapter 3.2 (1.59·10-17 g/Ni0.31Fe2.69O4_A_PMAO 

and 1.99·10-15 g/CS-MNS, (g/NP)) and the specific weight of Fe in each 

material. The internalized particle amounts are presented in Table 4.3 (for 

co-cultures) and Table 4.4 (for monocultures). 
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In good agreement with their lower size, the amount of the internalized 

Ni0.31Fe2.69O4_A_PMAO nanoparticles in the blood vessel model co-cultures is 

much higher than the internalized CS-MNS, as it can be observed in Table 

4.3. In this case, the smaller size of the Ni ferrite magnetic nanoparticles 

increases its internalization into the cells, since the permeability of the cell 

membrane is much higher for particles with diameters in the 10-50 nm 

range.24 Nonetheless, the negatively charged Ni ferrite nanoparticle surface 

should theoretically induce less uptake than the positively charged 

equivalents. The electrostatic attractive interactions with the negatively 

charged cell membrane surface should increase the kinetic of the positively 

charged NP absorption.24 In spite of that, some studies have revealed that 

the cell internalization of negatively charged NP is possible by means of a 

clustering process of NPs on cationic sites of the plasma membrane, and final 

internalization by an endocytosis mechanism.25  

 

Table 4.3. Concentrations of exposed nanocompounds in each blood vessel model co-culture 

exposure experiment and calculated rates of uptaken and exposed nanocompound and 

internalized nanocompound per cell. 

SAMPLE Exposed NP 

(µgFe) 

Uptaken NP 

(µgFe) 

Uptaken NP/exposed NP 

(%) 

Uptaken 

NP/cell 

 15 0.68 4.55 6.34·104 

Ni0.31Fe2.69O4_

A_PMAO 

30 1.03 3.42 9.52·104 

60 2.12 3.53 1.97·105 

 15 0.13 0.84 1.29·102 

CS-MNS 30 0.22 0.72 2.23·102 

 60 0.49 0.81 4.99·102 

 

The higher cellular uptake of Ni0.31Fe2.69O4_PMAO NPs demonstrates the 

higher influence of the NP size comparing with the surface charge in the 
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cellular internalization. In fact, the amount of the internalized nanoparticles 

is 500 times higher than the internalized CS nanospheres in the lower 

exposed concentration, while in the higher exposed concentration the 

uptake amount is 400 times higher.  

 

Table 4.4. Concentrations of exposed nanocompounds in endothelial cell monoculture 

exposure experiment and calculated rates of uptaken and exposed nanocompound and 

internalized nanocompound per cell. 

SAMPLE [exposed NP] 

(µgFe/mL) 

Uptaken mFe 

(µg) 

Uptaken NP/exposed NP 

(%) 

Uptaken 

NP/cell 

 5 0.40 2.66 3.70·104 

Ni0.31Fe2.69O4_

A_PMAO 

10 1.08 3.59 1.00·105 

20 1.31 2.18 1.21·105 

 5 0 0 0 

CS-MNS 10 0.06 0.21 66.5 

 20 0.29 0.48 2.94·102 

 

Finally, as it can be observed in Table 4.4, the amount of the internalized 

nanocompounds is lower for monocultures than for co-cultures, specially for 

CS-MNS nanospheres. This comparison has even more relevance in this case, 

as the obtained associated nanocompound differences verifies the well 

formation of the blood vessel model. Hence, this big difference proves the 

great influence of macrophages in the control of strange compounds in the 

bloodstream, as most of our nanocompounds have been phagocyted by the 

macrophages. This explains the obtained differences in the uptake level 

between the monocultures and co-cultures. 
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4.3.5. LDH cytotoxicity assays 

In order to determine the cytotoxicity of nanocompounds in mono- and 

co-cultures, the lactate dehydrogenase (LDH) intracellular enzyme level assay 

was used. Higher concentrations of LDH in supernatants is associated to 

damages in the cell membranes and to cell necrosis.26,27 The cell medium 

from the upper and lower chambers after exposures was analysed using a 

LDH cytotoxicity detection kit (Roche Applied Science) following the protocol 

described in the manufacturer's manual (Appendix III).  

The LDH concentration was quantified by measuring the absorbance at 

490 nm (reference wavelength, 630 nm to maintain the same background). 

All samples were measured by triplicate. For positive control, mono- and co-

cultures were exposed for 24 hours to a Triton X-100 0.2% solution in PBS, as 

was previously explained. The positive control was diluted 10 times before 

measuring its absorption. The LDH release results obtained for the exposed 

co-cultures and monocultures have been represented in Figure 4.7. 

As it can be observed in Figure 4.7, the LDH levels of all exposed blood 

vessel model cell cultures are in the same range as the negative control. 

Furthermore, the measured relative LDH release for the Triton 0.2 % PBS 

treated co-cultures is around 20 times higher than the nanocompound 

exposed cell cultures and negative control. Moreover, non-significant 

differences can be observed between cultures exposed to different 

nanocompounds, nor to different concentrations. Only the co-cultures 

exposed to the highest NP and nanosphere concentrations show slightly 

higher LDH release, around 1.5, but still too far from the release level of the 

positive control.  
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Figure 4.7. LDH release of different concentrations of Ni0.31Fe2.69O4_A_PMAO and CS-MNS 

exposed at blood vessel model co-cultures (up) and endothelial cell monocultures (down), 

relative to negative control (value=1, marked with discontinuous line), compared with a 

positive control exposed to a 0.2% PBS solution. 

 

Similar results have been obtained for endothelial cell monocultures, as 

the exposed monocultures have shown nearly the same LDH release values 

as the negative control.  

On summary, the lack of direct cytotoxicity of both tested samples in 

blood vessel model culture has been confirmed, in good agreement with the 

lack of morphological changes observed by LSM analysis.  

4.3.6. Assessment of the cell layer integrity 

Nanocompounds could affect to the blood vessel integrity by inducing a 

higher wall permeability of its primary endothelial cell layer. This effect 
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would increase the exchange process between the blood stream and internal 

tissues, and also allow the insertion of toxic or non-desirable particles or 

compounds. Therefore, the absence of this kind of effects needs to be 

ensured. Hypothetic changes in the cell layer permeability after 

nanoparticles treatment have been tested by means of the Blue Dextran 

experiment. This assay is based on the determination of Blue Dextran dye 

molecule translocation through the mono- and co-culture cell layer.28 This is 

a widely used simple and effective method to verify the cell layer integrity by 

passing a known concentration of dye through the cell culture. In this way, a 

reduction in the cell viability value is usually connected with an increase in 

the cell layer permeability. Hence, a decrease of cell permeability is directly 

proportional to the cytotoxicity of the material.28,29 

To perform this test, the cell media was removed after the exposures and 

the samples with the mono- and co-cultures were washed with PBS. A total 

of 2 mL of phenol red free Roswell Park Memorial Institute (RPMI) cell media 

were added to the lower chamber and 0.5 mL to the upper chamber. Phenol 

red free cell media was employed to avoid interferences in the final 

absorbance measurements. A total of 0.5 mL of a 1 % Blue Dextran solution 

in PBS were added to the upper chamber and incubated at 37 °C and 5 % CO2 

in 6 well plates for 2 h. The contents from the lower chambers were 

collected and the absorbance at 600 nm was quantified using a multimode 

plate reader (BioRad Benchmark Plus, R&D Systems) in 96 well plates. As 

positive control, the translocation of Blue Dextran molecules through an 

empty insert was measured under the same conditions.  

As it can be observed in Figure 4.8, neglectable increments of cell layer 

permeability can be noticed in the blood vessel model co-cultures. All 

permeability values for the NP and nanosphere at different concentrations 

are in the same range as the negative control value.  
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Figure 4.8. Cell permeability values determined by Dextran Blue experiments of exposed blood 

vessel model co-cultures (up) and endothelial (down) cell monocultures and positive control 

performed by an empty insert. The negative control (value=1) is marked by a discontinuous 

line. 

 

It is important to highlight that the error of this methodology could be 

attributed to the Dextran Blue translocation, as well as to the heterogeneity  

of porous size and density from insert to insert. 

Similar results have been obtained in endothelial cell monocultures 

treated with the nanocompunds. Obtained Dextran Blue translocation values 

after treatment are similar to the negative control value.  

In good agreement with the cytotoxicity analysis of LDH release 

measurements, the absence of any kind of direct effect of nanocompounds 

on the cell culture density or thickness can be assured. Hence, no changes in 

the blood vessel exchange process would be induced, by exposing 

Ni0.31Fe2.69O4_A_PMAO and CS-MNS samples. 
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4.3.7. Oxidative stress 

In many cases, the presence of external compounds could induce 

modifications in the cell metabolism, which could alter the cellular behaviour 

and cause the necrosis or apoptosis in middle or long time periods. One of 

the most frequently discussed negative effect is the introduction of an 

oxidative damage, either due to the generation of reactive oxygen species 

(ROS) or by inactivation of the antioxidant defense system.30 Under 

conventional conditions, the ROS are generated in low quantities and are 

easily neutralized by the antioxidant defenses such as glutathione (GSH) and 

antioxidant enzymes. However, under an excess of ROS production, the 

natural antioxidant defenses may be overwhelmed.30 Oxidative stress refers 

to a state in which the GSH is depleted while the oxidized glutathione (GSSG) 

accumulates.31 The experimental evidences have shown that this kind of 

oxide based nanoparticles induced DNA damages and apoptosis through 

oxygen species generation and oxidative stress.31   

The induced oxidative stress was analysed by measuring the intracellular 

reduced glutathione (GSH) antioxidant levels with a diagnostic glutathione 

assay kit provided by Cayman Chemical Company, Ann Arbor, MI, according 

to the manufacturer's manual (Appendix III). All GSH obtained values were 

compared with the protein expression measured by a BCA protein 

determination (Pierce Protein research Products, Thermo Scientific, 

Rockford, IL), as its activity is related with the cytoplasmic protein reduction. 

As positive control, a cell culture was exposed to a 7.3 M tert-butyl hydrogen 

peroxide (tBHP) oxidant solution in PBS for 24 hours (Figure 4.9). 

The GSH levels of the blood vessel model co-cultures after 

Ni0.31Fe2.69O4_A_PMAO nanoparticle and CS-MNS nanosphere exposures 

were in the same value range of the negative control. 
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Figure 4.9. GSH levels, relative to negative control (marked with a discontinuous line), of 

exposed co-cultures (up) and monocultures (down) exposed to Ni0.31Fe2.69O4_A_PMAO and CS-

MNS samples at different concentrations and exposed to a 7.3 M 
t
BHP solution (positive 

control).  

 

There were not evidences of oxidative stress induced by nanocompounds 

for this time range and concentration, as it can be observed in Figure 4.9. 

However, low reproducibility was obtained as in the case of previous 

experiments. Similar results have been obtained for the exposed endothelial 

cell monocultures, showing slightly highly GSH values compared with co-

cultures. 

Taking the positive control as a reference of an oxidative stress inductor, 

it can be concluded that the exposed nanocompounds are not producing 

significant oxidative stress in the applied concentration range and exposure 

time.  
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4.3.8. Inflammatory response analysis 

Inflammation is a usual answer of some tissues against an internal or 

external stimuli. The role of pro-inflammatory cytokines, chemokines, 

adhesion molecules and inflammatory enzymes have been linked with 

chronic inflammation. Some cells express and secrete a number of 

interleukins, growth factors and chemotactic molecules in response to 

chemical irritants, physical agents or pathogenic organisms. These products, 

including the interleukin 8 (IL-8), have an important role in many diseases, by 

mediating the activation of the immune reactions in the presence of 

toxicological agents.32,33 The pro-inflammatory response of the co-cultures 

after the exposures was checked by measuring the release of the interleukin 

8 (IL-8) pro-inflammatory mediator.32,33  

The experiment was assessed via the use of a commercially available IL-8 

ELISA assay kit (R&D Systems, Switzerland) following the provided protocol 

(Appendix III). As positive control, the mono- and co-cultures were treated 

with a 1 µg/mL Lipopolysaccharide (LPS) solution in DMEM for 24 hours to 

induce the IL-8 pro-inflammatory protein release. The obtained IL-8 release 

values for the exposed mono and co-cultures are expressed as relative to 

negative control in Figure 4.10. 

A significant increase of interleukin 8 release was measured after both 

nanocompound exposures. As was previously explained, the higher 

measured IL-8 mediator concentration in co-cultures is directly connected 

with an inflammatory damage in the cell culture, as this molecule activates 

the immune response. 
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Figure 4.10. Inflammatory response of mono and co-cultures after Ni0.31Fe2.69O4_A_PMAO and 

CS-MNS different concentration exposures, relative to negative control, marked with a 

discontinuous line. Cell cultures were treated with a lipopolysaccharide solution as positive 

control. 

   

Thus, according to the results represented in Figure 4.10, higher relative 

IL-8 release has been induced by the CS-MNS nanospheres, comparing with 

the Ni0.31Fe2.69O4_A_PMAO NPs in the three tested concentrations. This 

effect could have been induced, on the one hand, by the higher size of the 

CS-MNS magnetic nanospheres, which could hinder the normal function of 

the cell metabolism. On the other hand, this response could be due to the 

positive surface charge of the nanospheres.  

Several studies have previously shown similar pro-inflammatory response 

of endothelial cell cultures exposed to different NPs.29,34 Some of these 
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works support that particles with smaller sizes usually have a stronger pro-

inflammatory effect.35 In contrast, the results shown in Figure 4.10 conclude 

that the CS-MNS, which have much higher particle diameter, induce more IL-

8 release than the Ni0.31Fe2.69O4_A_PMAO nanoparticles. In this case, the 

increasing of the exposed concentration also rises the IL-8 release, which 

means that the nanocompounds are definitely the inductors of the release. 

Actually, the chemokine release in the co-culture exposed to the highest CS-

MNS concentration provided similar release value as the positive control 

(2.5). These results are in good agreement with previously reported  results 

using ultrafine polyestyrene NP.35 

 

4.4 In Vivo CS-MNS biodistribution in mice 

Although the nanocompound short-term effects on a specific tissue have 

been estimated, their influence in complex organisms also needs to be 

studied. In this case, the CS-MNS chitosan nanospheres were chosen for the 

in vivo experiments, as their stability and functionability is more suitable 

than the Ni0.31Fe2.69O4_A_PMAO nanoparticles. The potential applicability of 

these nanospheres is also higher, since as drug delivery and release 

biocompatible agents, they could be eventually used in treatments for many 

kind of diseases. However, before planning future applications, it is 

necessary to have a better knowledge about the effects of the nanospheres 

in complex organisms. Thus, the effects that the nanospheres could have in 

different organs, functions and enzymes must be analysed. Furthermore, it 

would be helpful to acquire information about the normal biodistribution of 

the nanospheres.   

Although these in vivo experiments could be performed in many different 

kind of animals, during this thesis we used mice.36 5 controls without 
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nanospheres and 5 exposed mice have been used, which were intravenously 

injected with 150 µL of 1mg/mL CS-MNS 0.9 % NaCl solution through the tail 

vein. To discard the injection shock effect, the control mice were injected 

with 150 µL of physiological serum. The injections, as well as the animal 

treatment and organ and blood extractions, have been performed by Dr. 

María Moros and Dr. Grazyna Stepien in the Centro de Investigaciones 

Médicas de Aragón (CIBA). The mice were weighted every day to control any 

changes in their mass. After 48 hours of exposure, the mice were scarified 

and the major organs (spleen, heart, lung, livery, testicles and kidney) were 

extracted and weighed. The blood was also extracted from the neck vein 

after the sacrifice. After the extraction, the blood was centrifuged at 9 000 

rpm for 10 min to obtain the plasma from the supernatant. From this plasma, 

the concentration of some biochemistry relevant parameters as glucose, 

creatinine, aspartate, aspartate aminotransferase (AST), bilirubin, total 

protein, alkaline phosphatase (ALP) and cholesterol were determined in the 

Servei de Bioquímica Clínica Veterinaria (Universitat Autònoma de 

Barcelona).37,38,39 The biodistribution of nanocapsules in the organs was 

checked by means of ICP measurements of Fe and Ni metals, in the same 

way as in the blood vessel model experiment. The main scheme of the whole 

experiment is resumed in Figure 4.11.  

The organs were washed, calcined and digested before measuring the 

metals concentrations by ICP. First, the organs were washed 4 times with 

distilled water to remove the blood, before being lyophilized. After that, the 

organs were calcined at 600 °C for 50 min.  After the calcination, the organs 

were digested with 500 µL of aqua regia (1000 µL for livers) at 60 °C for two 

hours. The non-digested organ pieces were filtered and the metal solution 

was diluted 30 times. The Fe and Ni concentration was measured by means 

of the ICP-MS (Appendix I). 
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Figure 4.11. Schematic resume of in vivo experiment carried out with CS-MNS nanospheres.  

 

The analysed parameters have been divided in two different groups. 

Firstly, the effects of the CS-MNS injection in the animal’s behaviour, 

physiology and metabolism have been analysed by the animal weight control 

and the blood analysis. Additionally, the CS-MNS biodistribution in mice has 

been analysed by iron and nickel ICP measurements.  

4.4.1. CS-MNS toxicity in mice 

No one of the tested mice died after the injection, before being sacrificed. 

However, the exposed animals showed more active behaviour during the 

following minutes, due to the shock of the nanospheres injection. The weight 

values of the control and CS-MNS exposed mice measured at three different 

times (0, 24 and 48 hours after the injection) are represented in Table 4.5 

and Figure 4.12. It can be observed that treated and non-treated animal 

weights decreased during the first 24 h. In average, all mice recovered their 
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original weight 48 h after the injection, having passed the shock effect 

induced by the injection.  

Table 4.5. Time dependant mice weights of control and CS-MNS exposed mice. 

SAMPLE 0 h 24 h 48 h 

 

 

Control (g) 

28.4 27.6 28.5 

25.4 24.2 24.9 

27.9 28.0 27.6 

25.4 25.8 26.8 

28.1 27.3 28.5 

 28.8 30.4 30.6 

 

Exposed (g) 

30.3 27.6 30.5 

26.6 26.8 26.2 

27.7 26.2 27.6 

28.8 28.0 29.1 

 

 

Figure 4.12. Average weight values of control and CS-MNS exposed mice at different times (A) 

and average weights of single organs of exposed and non- exposed mice (B). 

 

Some organs were extracted and weighted after the mice slaughter. The 

average results, as well as the error values, are shown in Figure 4.12B. No 

significant differences can be appreciated between the CS-MNS exposed and 

the non-exposed organs. However, the treatment could induce damages or 
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metabolism changes in some organs. In this experiment, no visual or mass 

changes have been noticed in any organ.  

 Some representative enzymes, proteins and chemical compounds 

present in the bloodstream have been measured from the blood plasma in 

order to monitor differences in metabolism.40 Changes in creatinine or total 

protein concentration could be a signal of kidney disease. Creatinine is a 

chemical waste protein derived from creatine metabolism in the muscle 

tissues. The concentration of this protein in the bloodstream is controlled by 

the kidneys activity, which filters this molecule to maintain a constant 

concentration in the bloodstream. Thus, higher creatinine concentrations are 

usually caused by a non-proper kidney function. In the same way, lower total 

protein blood concentration can also be connected with a kidney or liver 

disease, malnutrition or fatigue. Whereas an excess of total protein 

concentration is related to a chronic inflammation or viral infection. 

Consequently, when unusual total protein contents are obtained, further 

analysis is required (as differentiated protein analysis) to find the specific 

source of this anomalous concentration. Liver diseases can be also noticed by 

higher AST, bilirubin or ALP blood concentrations. Aspartate 

aminotransferase (AST) and alkaline phosphatase (ALP) enzyme higher 

concentrations are directly connected with the liver disease grade. Both 

enzymes are present in most of body tissues and organs, and a small 

concentration is present in the bloodstream. As both enzymes are involved in 

the aminoacid metabolism by protein decomposition, anomalous 

concentrations in blood indicates a wrong liver activity. Livers function also 

maintains the blood bilirubin concentration stable. This yellow pigment is 

released to bloodstream when old erythrocytes start discomposing, and the 

excess is eliminated from the bloodstream by the liver. Thus, a liver disease 

or damage could induce a higher bilirubin presence in the bloodstream, 
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which can be noticed by yellow colored skin and eyes. Nevertheless, this 

effect can also be caused by an abnormal hemolysis.41,42 

Finally, glucose and cholesterol concentrations have been measured, as 

these molecules are the best indicators of a correct metabolic behavior. The 

average concentration of creatinine, glucose, aspartate aminotransferase 

(AST), total bilirubin, total protein, alkaline phosphatase (ALP) and 

cholesterol, together with the error bars, are represented in Figure 4.13. 

 

Figure 4.13. Hematology and blood chemistry data averages and error bars of 5 control and 5 

CS-MNS exposed mice. Concentration units of each quantified factor have been modified to 

obtain an easily interpretable graph. 

 

All data has been collected for the control mice and those treated with 

CS-MNS. The statistical study has been performed by means of the two way 

ANOVA statistical analysis using the GraphPad Prism software with a 0.05 

alpha value.20 Apparently, there is not a general relation between the treated 

and non-treated animals. According to this statistical analysis, only the AST 

enzyme value has shown a significant difference between the control and 
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the CS-MNS exposed mice. Although there are great differences in the AST 

concentration from one mouse to another in the same group, a considerably 

higher main concentration can be observed in Figure 4.13 for the CS-MNS 

exposed mice. As it has been explained, this enzyme plays an important role 

in the aminoacide metabolism by catalyzing the reversible transfer of the α-

amino group between the aspartate and glutamate, and it is present in the 

kidney, pancreas, muscle tissue, heart, liver and erythrocytes. A strong 

increment in the AST levels is usually related to liver diseases, being linearly 

proportional to hepatic tissue damages, as their release to bloodstream 

came from the hepatocyte collapse. However, the observed value is only two 

times higher than the control AST value, whereas the liver diseases derived 

from the AST values are usually around 10-100 times higher than the normal 

values.43 Therefore, the observed slight increase is probably caused by 

damages in the muscle or heart tissues, that are releasing AST from the 

destroyed cells mitochondrias.44  

Although no more significant differences between the control and the CS-

MNS exposed mice have been found by statistical analysis, the Figure 4.13 

also shows a slight hyperglycemia phenomena in the exposed mice. 

Nevertheless, these differences are not significant if we consider the error 

bars associated in each case. On balance, no big evidences of damages have 

been found in the CS-MNS exposed mice after two days of exposure.  

4.4.2. CS-MNS biodistribution in mice 

The second objective of this in vivo study was to achieve information 

about the biodistribution of the CS-MNS nanospheres over the mouse body. 

Specifically, it is important to know the organs where the nanospheres tend 

to accumulate preferentially. Hence, the nanosphere biodistribution has 

been analyzed by measuring the metal content in each organ (liver, spleen, 
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heart, lungs, testicles and kidneys) by ICP, relating the extra metal content of 

the exposed mice to the nanosphere presence. The most abundant metal in 

the nanosphere structure is the iron. However, most organs have a great 

amount of intrinsic iron, which could also be considerably different from one 

mouse to another. This fact makes even more difficult to obtain trustworthy 

conclusions from the iron content data. For this reason, the Ni content has 

been also measured by ICP, as the analyzed organs should not have 

detectable amounts of Ni. Thus, the Fe and Ni total amounts in the organs 

were calculated and expressed as proportions per total dry organ weight 

(Figure 4.14). 

 

Figure 4.14. Iron (A) and nickel (B) content of control and CS-MNS exposed mice organs, 

together with error bars, expressed as metal mass proportion per total dry organ mass.  
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As it was expected, the high iron content of some organs makes difficult 

to assert if the iron increase is due to the presence of nanospheres or to 

differences between mice. As it can be observed in Figure 4.14A, the organs 

with higher iron proportions are the spleen, liver, heart and lungs, as these 

are the organs which present most interaction with the erythrocytes.45,46 The 

comparison of iron amount in these organs is even more difficult, as the 

intrinsic iron amount deviation between different animals would be 

statistically higher. The correlation analysis between both mice groups, as 

well as the two-way ANOVA statistical analysis (comparing two mice group 

for individual organ analysis) were therefore carried out to evaluate the 

significance of the observed differences (0.05 alpha confidence level). No 

statistically relevant differences have been found in these terms between 

the exposed and non-exposed mice. However, the ANOVA analysis 

performed for single organ iron proportion values show that the most 

significant difference is present in the liver iron amount. Thus, much higher 

iron proportion has been found in the CS-MNS exposed mice livers, fact that 

suggests that the liver could be filtering the nanospheres from the 

bloodstream. Nevertheless, taking into account the obtained high error 

values and the used short mice population, this result should not be taken as 

conclusive.  

Therefore, the Ni metal analysis was also performed. However, large error 

values have also been obtained for the Ni content analysis. Furthermore, 

many of the measured concentrations were below the ICP-MS detection 

limit, as the Ni weight in the nanospheres represents only the 5 %. Thus, 

even considering a high nanosphere presence in mice organs, the low nickel 

proportion would be easily confused with small Ni contaminations during the 

organ digestion. The Ni proportion for the different organs and mice groups 
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is represented in Figure 4.14B. Although the obtained error values are quite 

high, significant proportions of Ni have been detected in some CS-MNS 

exposed mice organs, especially in heart, lungs and testicles. However, a 

relatively high Ni presence has been detected in the spleen of control mice, 

which would be a certain signal of an external contamination. The global 

correlation analysis for different mice groups determines in this case a 

statistically significant difference between the non-exposed and the CS-MNS 

exposed mice organs. Specifically, the differences have been found in heart 

and lungs by means of the ANOVA analysis, fact which disagrees with the 

iron proportion analysis.  

It must be highlighted that the nanosphere accumulation depends on the 

time.37 Initially, the nanocompounds tend to accumulate in heart, spleen, 

lungs, kidneys and bloodstream. Around 24-48 hours after the injection, the 

nanocompounds could have been removed from the heart, lungs and 

bloodstream, maintaining the tendency to accumulate in the liver and 

spleen. Although different biodistribution is expected for different kind of 

nanocompounds, the same behavior has been displayed by other 

compounds, as carbon nanotubes, graphene or gold NPs.37,38,39 The 

nanoparticle size has also been revealed as an important factor, as bigger 

NPs accumulates easier (quicker) in the organ tissues, especially in the liver 

and spleen.47  

Taking all these studies into account, the preferential organs to 

accumulate the 100 nm nanospheres after 48 hours should be the liver and 

the spleen. However, the great irreproducibility of the obtained Ni and Fe 

values from one mouse to another makes impossible to confirm this 

statement. Although high concentrations of Fe and Ni have been found in the 

CS-MNS exposed mice spleens, great proportions have also been detected in 

control mice. These irregular proportions are related to differences between 
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mouse physiology and metabolism in the case of iron and to small Ni 

contaminations in the case of Ni. Nonetheless, higher Ni and Fe proportions 

have been found in the exposed mice livers, which is in good agreement with 

the previously results of other similar studies.47 

 

4.5 Summary  

On balance, the suitability of the Ni0.31Fe2.69O4_A_PMAO NPs and the CS-

MNS nanospheres to be applied in biomedical applications has been assured 

by a broad toxicity analysis in Vero and in blood vessel model co-cultures. 

None of the nanocompounds has shown any cytotoxicity in Vero cells in 24 h 

exposure, determined by the MTT assay.  

Moreover, after being exposed to the simulated blood vessels for 24 h, no 

cytotoxicity, changes in cell morphology, cell layer permeability increase or 

oxidative stress has been observed. Only a slight increase of the Interleukin 8 

inflammatory mediator has been detected. 

Finally, a toxicity and biodistribution test in mice has been carried out for 

the CS-MNS nanospheres. This test has proved the lack of toxicity of these 

nanospheres in complex organisms, in short periods of time (48 hours). 

However, it has not been possible to assess their biodistribution accurately 

over the mice body.  
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5. CONCLUSIONS 
In the following points, the main conclusions obtained from this work are 

summarized. 

 The thermal decomposition of metalorganic metal precursors has 

revealed as an ideal method to prepare controlled sized, high 

crystallinity and colloidal stable hydrophobic ferrite magnetic 

nanoparticles. Furthermore, the seeded mediated growth process 

allowed us to control the increase of the NP size to obtain higher 

NP diameters.  

 The presence of Ni2+ and Mn2+ cations in the prepared NPs has 

been demonstrated by ICP measurements. However, the 

insertion of Mn2+ cations was not complete due to its different 

ionic radius comparing with Fe2+ cations. The Mn presence affects 

the final morphology of the obtained particles, as more prismatic 

shapes have been obtained. 

 The Ni2+ cations tend to occupy the tetrahedral holes at doping 

levels up to 10%, what increases the saturation magnetization 

value, comparing with the magnetite. Nevertheless, at higher 

doping levels the Ni cations tend to occupy the octahedral holes, 

decreasing the Ms value.  

 The doping induce a softening effect in the magnetic structure as 

lower magnetocrystalline anisotropy values have been obtained 

at increasing doping grades for both cations. This effect induces 

lower blocking temperatures comparing with magnetite. 
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 Disappointing results have been obtained from the core-shell 

structured sample analysis. The magnetic characterization (M (H), 

M (T) and EMR) did not show any significant differences with 

homogeneous magnetite or Ni ferrite systems caused by the two 

phase interaction. Furthermore, the obtained magnetic 

hyperthermia response was insufficient to be considered as 

promising materials for biomedical applications. 

 As expected, the particle diameter has a major relevance in the 

magnetic hyperthermia response. The seeded mediated growth 

particles show, by far, the greatest magnetic hyperthermia 

response. Between them, the system which showed the biggest 

Ms value (Ni0.31Fe2.69O4_A) has the greatest magnetic 

hyperthermia response. 

 A method to encapsulate the Ni0.31Fe2.69O4_A hydrophobic NPs in 

chitosan shell has been successfully developed and optimized to 

obtain ≈100 nm chitosan magnetic nanospheres (CS-MNS). Based 

on the same mechanism, a promising fibroin magnetic 

nanosphere formation experiment has been carried out, 

presenting this protein as an appealing option for future 

experiments. 

 An interesting change in the CS-MNS magnetic properties has 

been measured comparing with its single particle counterparts 

(Ni0.31Fe2.69O4_A). The interactions generated between different 

NP inside nanosphere due to its proximity result in a higher g 

effective value and in a broadening of the M (T) signal. 

 High amounts of Nile red hydrophobic dye and Rhodamine b 

isothiocyanate have been fruitfully encapsulated or bonded to CS-
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MNS nanospheres, presenting them as promising agents for drug 

delivery based therapies. 

 The in vitro toxicity experiments performed in Vero and 

endothelial cell monocultures and in blood vessel model co-

cultures support the non-toxicity of Ni0.31Fe2.69O4_A and CS-MNS 

samples, only showing a slight inflammatory response after 

exposures. 

 The higher cellular uptake of Ni0.31Fe2.69O4_A nanoparticles 

comparing with the CS-MNS for the blood vessel model co-

cultures has been verified due to their smaller size. 

 The results obtained from the toxicity and biodistribution in vivo 

experiment performed in CS-MNS injected mice only show a 

statistically relevant increase of AST enzyme levels in blood.  From 

the biodistribution analysis, a tendency of CS-MNS nanospheres 

to accumulate preferentially in the liver has been concluded. 
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APPENDIX I. CHARACTERIZATION TECHNIQUES 

In this appendix, the main characterization techniques performed in this 

thesis have been descried. Most of these characterization have been carried 

out in the SGIKER analysis services of the UPV/EHU. 

 Fourier Transform Infrared Spectroscopy (FTIR): 

Nanosphere compositions were measured in powder in a JASCO FT/IR – 

4100 Fourier transform infrared spectrometer in a frequency range of 600-

4000 cm-1 with a resolution of 2 cm-1 and a scanning number of 32. 

 UV/Vis Spectroscopy: 

The absorbance values of CS-MNS amino group determinations and Iron 

concentration were measured on a Cary 50 prove UV-VISIBLE VARIAN 

spectrophotometer at the given wavelengths. Glucosamine concentration 

measurements and MTT assays absorbance values were obtained from a 

Biotek ELX800 microplate reader at the given wavelengths in 96 well plates. 

Finally, all the absorbances of colorimetric analysis performed to endothelial 

cell monocultures and endothelial cell-macrophage co-cultures were 

quantified using a multimode plate reader (BioRad Benchmark Plus, R&D 

Systems) in 96 well plates. 

 Transmission Electron Microscopy (TEM): 

TEM micrographs of different magnetic NPs were acquired by means of a 

Philips CM200 microscope at an acceleration voltage of 200 kV. Chitosan 

nanospheres were visualized in a FEI Tecnai T20 electron microscope 

operating at 200 kV.  

The sample preparation was carried out by dropping-cast toluene NP 

dispersion onto carbon covered copper grids. For all cases, concentration of 



Appendix I  

218 
 

NP toluene dispersion was around 0.05 mgFe/mL to avoid an eventual NP 

saturation in micrographs, which could difficult the proper analysis of NP size 

dispersion. 

 Environmental Scanning Electron Microscopy (ESEM): 

Environmental Scanning Electron Microscopy (ESEM) micrographs were 

collected using a Quanta FE6-250 (FEI Company) field emission ESEM for 

high-resolution imaging working at low vacuum mode using a STEM and 

GSED detectors. Samples were prepared in the same way as for TEM 

analysis. 

 X Ray Diffraction (XRD): 

XRD analysis of all magnetic NP samples was performed in powder using a 

Phillips PW1710 diffractometer equipped with copper anodes. The X-ray 

source operated at 40 kV and 40 mA, and the 2θ scan was performed in the 

10°< 2θ<90° range each 0.02° with scan step speed of 1.25 s. 

 Inductively Coupled Plasma spectroscopy (ICP): 

ICP-MS (7700x, Agilent Technologies, Palo Alto, USA) was used for the 

determination of Ni and Fe trace metals using a MicroMist micro-uptake 

glass concentric nebulizer (Glass Expansion, Victoria, Australia). In order to 

reduce MO+ formation in the plasma, the spray chamber was Peltier cooled 

at 2°C. A standard quartz torch (2.5 mm internal diameter injector) and 

standard nickel cones were employed. The optimization of the ICP-

MS conditions was achieved by adjusting the torch position and instrument 

set up to reduce oxide and doubly charged ion formation with a standard 

tuning solution containing 1.0 μg L−1 of 7Li, 24Mg, 59Co, 89Y, 140Ce and 205Tl in 

1.0% HNO3. This equipment includes a collision cell (He gas, ORS3 system, 

Agilent Technologies ©) to eliminate, with high efficiency, the spectral 
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interferences that may affect the elements studied. All elements were 

measured using the same single set of operating conditions without 

switching off cell gas modes. Operating conditions are shown in Table A1 and 

gave more than required sensitivity to meet all certified values. As 

estimation, total analysis time per sample, including wash-in and wash-out, 

was 2.5 min. 

Table A1. Operating parameter values used for ICP-MS and OID-ICP-MS. 

Instrumental conditions 

RF power (W) 1550 

Plasma gas flow (L min
-1

) 15 

Helium collision flow (mL min
-1

) 4.5 

Kinetic energy discrimination (V) 2.0 

Spray chamber temperature (ºC) 2.0 

Data acquisition 

Mode Spectrum 

Integration time (ms) 0.2 

Point/mass 1 

Replicates 3 

Analytical detection 

Isotopes
+ 

52,53
Cr (Y), 

56, 57
Fe (Y),

60,61
Ni (Y), 

66,67
Zn 

(Y),
111,113,114

Cd (Rh), 
206+207+208 =208

Pb (Ho), 
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 Thermogravymetric analysis (TG): 

Thermogravymetric analysis of magnetic NP samples and nanosphere 

samples was performed in a NETZSCH STA 449 C thermogravymetric 

analyzer, by heating 10-20 mg of sample at 10 °C heating rate up to 800 °C 

under Argon atmosphere. 

 Dynamic Light Scattering (DLS): 

Dynamic Light Scattering (DLS) is a really useful tool since, based on the 

size dependant light dispersion angle on particles, is able to determine the 

dynamic NP size based on the diffusion constant (D) of material by means of 

Stokes-Einstein relation: 

𝐷 =
𝑘𝐵𝑇

3𝜋𝜂𝑑𝑕
                                                 

Where kB is Boltzman's constant (1.38·1023 J/K), T is the measurement 

temperature and η the fluid viscosity.  

Magnetic NP colloidal dispersions in toluene were measured in a 

Malvern's Zetasizer Nano ZS instrument which works in 0.3 nm - 10 µm range 

using a He-Ne laser (633 nm), whereas DLS measurements of nanospheres 

were performed in a Brookhaven 90Plus DLS instrument using particle sizing 

software by means of the photocorrelation spectroscopy (PCS) technique 

and using a 0.1 mg/mL nanosphere suspension in water. All the 

measurements were performed in the following conditions: 0.01 mg/mL, 90°, 

6 runs and 3 min/run. 

Zeta potential measurements of nanocompounds were measured in 

water media (10 mM KCl) and DMEM cell culture media in a BI 90 Plus 

Particle Size Analyzer (Brookhaven Instruments Corporation) using Zeta PALS 

software at 0.05 mg/mL concentration (8 runs, 30 cycles/run).  
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 Field dependant magnetization measurements: 

All magnetic NP samples were measured at 5 and 300 K in powder (≈ 15 

mg) in a Vibrating Sample Magnetometer (VSM) from Cryogenic Ltd. up to a 

maximum field of 100 kOe with a 2-300 K working temperature range. 

Sample powder was compressed in a gelatine capsule to avoid vibrations 

during the measurement. The matrix effect in the final magnetization value 

has been discarded by diminishing the mass corresponding to organic 

matter. Magnetic nanospheres were measured at room temperature in a 

home-made VSM magnetometer up to a maximum field of 18 kOe with high 

field resolution. 

 Temperature dependant magnetization measurements: 

Magnetization measurements of magnetic NPs and CS-MNS as a function 

of temperature after cooling at zero field (ZFC curve) and field (10 Oe, FC 

curve) were performed in a commercial Superconducting Quantum 

Interference Device (SQUID) magnetometer from Quantum Design (MPMS-

7T), equipped with a 7 T superconducting magnet. NPs diluted in toluene 

dispersion (0.05 mgFe/mL), were dyed in a filter paper to avoid great dipolar 

and magnetic interactions between NPs, which could disturb the obtained 

result. The diamagnetic contribution of filter paper was removed. 

 Electronic Magnetic Resonance spectroscopy (EMR): 

Mn, Ni ferrite and core shell nanoparticle samples have been measured in 

0.05 mgFe/mL toluene dispersions (CS-MNS nanospheres in 0.05 mgFe/mL 

water dispersion) at room temperature by means of a Bruker ELESYS 

spectrometer which operates in x band, equipped with a Bruker BNM 200 

Gaussometer and a Hewlett-Packard 5352B microwave frequencimeter. 
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 Magnetic hyperthermia measurements: 

Measurements of the Specific Absorption Rate (SAR) were carried out by 

Dr. Eneko Garaio in the "departamento de electricidad y electrónica" of 

UPV/EHU  in a homemade device able to operate up to ca. 1 MHz with 

magnetic field amplitudes up to 30 kA/m in 1 mg/mL magnetic NP toluene 

suspensions. 

 Relaxivity measurements: 

Magnetic relaxivity measurements were performed using a minispec m1-

one Analyzer from Bruker at 1.41 T. The longitudinal (T1) and transversal (T2) 

relaxation times have been measured at five different iron concentrations in 

0.1-1 mgFe/mL range for Ni0.31Fe2.69O4_A_PMAO and CS-MNS samples 

dispersed in 10% gelatine aqueous solution in order to obtain a more 

suitable in vivo media. 

 Fluorophore fluorescence measurements: 

Fluorsescence measurements in fluorophore encapsulation tests were 

performed in a PerkinElmer LS 55 120 V Fluorescence spectrometer at room 

temperature, temperature operating in 200 -800 nm range. The dilution 

grade was adjusted in each case to obtain an optimal emission 

measurement.  
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APPENDIX II. Reactants  

The empirical formula, as well as the purity and the supplier of the 

reactant used in this thesis are shown in this appendix: 

Reactant Empirical formula Supplier Purity 
(%) 

Iron (III) 
acethylacetonate 

Fe(C5H7O2)3 Sigma-
Aldrich 

99 

Nickel (II) 
acethylacetonate 

Ni(C5H7O2)2 Sigma-
Aldrich 

95 

Oleic acid C18H34O2 Sigma-
Aldrich 

100 

Oleylamine C18H35NH2 Acros 
Organic 

80-90 

1,2-hexadecanediol CH3(CH2)13CHOHCH2OH Sigma-
Aldrich 

90 

Benzyl ether (C6H5CH2)2O Sigma-
Aldrich 

98 

Ethanol C2H5OH Panreac 96 
Toluene C6H5CH3 Sigma-

Aldrich 
99.5 

Manganese (II) 
acethylacetonate 

Mn(C5H7O2)2 Sigma-
Aldrich 

100 

poly(maleic 
anhydride-alt-1-

octadecene) (PMAO) 

(C9H12O3)n Sigma-
Aldrich 

 

Chloroform CHCl3 Sigma-
Aldrich 

99 

Sodium hydroxide NaOH Panreac 98 
Hexane C6H14 Sigma-

Aldrich 
95 

Tetrahydrofuran 
(THF) 

C4H8O Sigma-
Aldrich 

99 

Acetic acid CH3COOH Sigma-
Aldrich 

99 

Chitosan (C6H11NO4)n Sigma-
Aldrich 

- 

Sodium sulphate Na2SO4 Sigma-
Aldrich 

99 

Potassium 
thiocyanate 

K(SCN) Sigma-
Aldrich 

99 

Fibroin (C15H23N5O6)n - - 
Hydrochloric acid HCl Panreac 37 

Sodium C26H44NNaO7S Sigma-  
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taurocholate Aldrich 
Sodium chloride NaCl Sigma-

Aldrich 
99.5 

Potassium chloride KCl Sigma-
Aldrich 

99 

Potassium 
phosphate 
monobasic 

KH2PO4 Sigma-
Aldrich 

99 

Sodium phosphate 
dibasic 

Na2HPO4 Sigma-
Aldrich 

98 

Maleic acid C4H4O4 Sigma-
Aldrich 

99 

Potassium 
ferricyanide 

C6N6FeK3 Sigma-
Aldrich 

99 

Glucosamine C6H13NO5 Sigma-
Aldrich 

98 

n-propanol C3H8O Sigma-
Aldrich 

98 

Ammonium 
hydroxide 

NH4OH Sigma-
Aldrich 

29 

Ninhidrin C9H6O4  100 
Nile Red C20H18N2O2 Sigma-

Aldrich 
100 

Rhodamine b 
isothiocyanate 

C29H30ClN3O3S Sigma-
Aldrich 

Mixed 
isomers 

Methanol CH3OH Panreac 98 
Tween® 20 C58H114O26 Sigma-

Aldrich 
- 

(3-(4,5-
dimethylthiazol-2-

yl)-2,5-diphenyl 
tetrazolium bromide 

(MTT) 

C18H18BrN5S Invitrogen - 

Triton X100 C14H22O(C2H4O)n(n=9-
10) 

Supelco - 

Dimethyl sulfoxide 
(DMSO) 

C2H6OS Sigma-
Aldrich 

98 

Paraformaldehyde 
(PFA) 

OH(CH2O)nH Sigma-
Aldrich 

95 

Glycine C2H5NO2 Sigma-
Aldrich 

99 

4',6-diamidino-2-
phenylindole (DAPI) 

C16H15N5 
 

Sigma-
Aldrich 

- 

Phalloidin 
rhodamine (phRh) 

C35H48N8O11S Life 
technologies 

- 

Nitric acid HNO3 Panreac 65 
Hydrogen peroxide H2O2 Panreac 30 
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Dextran blue (C6H10O5)n Sigma-
Aldrich 

100 
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APPENDIX III. Manufacturer Manuals 

In the third appendix, the suppliers manuals followed to perform the LDH, 

oxidative stress and IL-8 analysis described in the forth chapter are shown. 

 


