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Abstract 

 

Superparamagnetic iron oxide nanoparticles (SPIONs) have been progressively studied due to 

their excellent magnetic behavior, favoring their application in medicine, both in diagnosis and therapy. For 

example, in the diagnosis and follow up of cancer diseases by magnetic resonance imaging and in their 

therapy by hyperthermia. Moreover, coating these nanoparticles with an organic material, with long-chain 

surfactants, or by an inorganic material, such as gold, can improve their stability and make them more 

versatile.  

The present work aimed to explore a new and original approach in the systematic preparation of 

multifunctional magnetic nanoparticles, based on SPIONs cores, coated with a polymer, dextran, and gold 

nanoparticles functionalized with a chelating agent, TDOTA, for the complexation of Gd3+ to enhance 

theranostic applications. In order to optimize the method for obtaining these nanomaterials, three synthesis 

routes for the SPIONs were designed: the first (method A) by co-precipitation with iron reduction using 

sodium sulfite (NaSO3); the second (method B) by regular co-precipitation using iron ions (II and III), 

followed by hydrothermal treatment. A third synthesis method (method C) was also used, although 

according to this only the naked SPIONs were obtained, without any coating. In this method, co-precipitation 

with different ratios of iron ions (II and III) was used, compared to method B. Additionally, precipitation step 

was controlled at pH 9.6. 

The nanoparticle samples obtained by the 3 methods and the samples with the subsequent coating 

were characterized structurally and morphologically by powder X-ray diffraction (PXRD), Mössbauer 

spectroscopy, transmission electron microscopy (TEM), zeta potential (ζ), dynamic light scattering (DLS) , 

and inductively coupled plasma – mass spectrometry (ICP-MS). Their magnetic behavior was also studied 

using a magnetometer (SQUID), revealing the presence of superparamagnetic behavior in all of them, 

essential for further studies.  

Viability tests of the samples obtained according to methods A and B were performed on prostate 

cancer cells (PC3) in order to have insight into their biomedical viability. These preliminary studies revealed 

that in-vitro studies on PC3 cells can be performed with dilutions of these nanoparticles containing up to 50 

µg/mL of iron. 

At the end of this work it was concluded that the synthesized nanoparticles provide morphological 

and magnetic qualities that could be used in in vitro and in vivo tests for future MRI and magnetic 

hyperthermia assays in a cell line. 

Keywords: SPIONs, Magnetic nanoparticles, Multifunctional nanoplatforms, Gold plating, Gadolinium 

functionalization, Cancer theranostics, Hyperthermia, Magnetic resonance imaging. 
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Resumo 

 

As nanopartículas de óxido de ferro superparamagnéticas (SPIONs) têm vindo a ser estudadas 

progressivamente devido ao seu excelente comportamento magnético, favorecendo, a sua aplicação em 

medicina, tanto no diagnóstico como na terapêutica. Por exemplo, no diagnóstico de doenças 

cancerígenas, por ressonância magnética, e na sua terapia por hipertermia. Além disso, o revestimento 

destas nanopartículas com um material orgânico, seja com surfactantes de cadeia longa, ou por um 

material inorgânico, como o ouro, pode melhorar a sua estabilidade e torná-las mais versáteis.  

O presente trabalho visou explorar uma nova e original bordagem na preparação sistemática de 

nanopartículas magnéticas multifuncionais, baseadas em núcleos de SPIONs revestidos com um polímero, 

dextrano, e nanopartículas de ouro funcionalizado com um agente quelante, TDOTA, para a complexação 

do Gd3+ para potenciar aplicações teranósticas. De modo a optimizar o método de obtenção destes 

nanomateriais foram desenhadas três vias de síntese dos SPIONs: a primeira (método A) por co-

precipitação com redução do ferro através do sulfito de sódio (NaSO3); a segunda (método B) por co-

precipitação regular, utilizando-se iões de ferro (II e III), seguido de um tratamento hidrotermal. Foi ainda 

utilizado um terceiro método de síntese (método C) baseado na co-precipitação com diferentes proporções 

de iões de ferro (II e III) em relação ao método B, com controlo do pH, para o valor ótimo pH= 9.6. Segundo 

este método obtiveram-se apenas os SPIONs sem qualquer revestimento. 

As amostras das nanopartículas obtidas pelos 3 métodos e as amostras com os revestimentos 

subsequentes foram caracterizadas estrutural e morfologicamente por difracção de raios X em pó (PXRD), 

espectroscopia de Mössbauer, microscopia electrónica de transmissão (TEM), potencial zeta (ζ), dispersão 

dinâmica da luz (DLS) e espectroscopia de massa com plasma indutivamente acoplado (ICP-MS). O seu 

comportamento magnético foi também estudado através de um magnetómetro (SQUID). tendo revelado a 

presença em todas elas das características superparamagnéticas, essenciais para o prosseguimento dos 

estudos. 

Com vista a estimar as possíveis aplicações biomédicas foram realizados testes de viabilidade das 

amostras obtidas segundo os métodos A e B em células cancerígenas da próstata (PC3). Estes estudos 

preliminares revelaram que os estudos in-vitro em células PC3 podem ser realizados em soluções destas 

nanopartículas diluídas num máximo de 50 µg/mL em ferro. 

No final deste trabalho concluiu-se que as nanopartículas sintetizadas possuem qualidades 

morfológicas e magnéticas que poderão ser usadas em testes in vitro e in vivo para futuros ensaios de 

MRI e hipertermia magnética numa linha celular. 

Palavras-chave: SPIONs, nanopartículas magnéticas, nanoplataformas multifuncionais, revestimento de ouro, 

funcionalização de gadolínio, teranóstica do cancro, hipertermia, Imagem por ressonância Magnética. 
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1.1 Motivation 
 

Cancer is a major life-threatening disease, and its incidence and mortality are growing rapidly 

worldwide and are the leading cause of death before the age of 70 in 112 countries. According to estimates, 

there were 19.3 million new cancer cases and about 10 million deaths in 2020 [1]. Current cancer treatment 

still relies heavily on surgical intervention, as traditional anti-cancer treatments such as chemotherapy, 

radiotherapy are not always efficient and often have several drawbacks related to toxicity and lack of 

specificity [2]. The application of a personalized therapy and the monitoring of its effectiveness usually 

depend on image-based diagnostics. In this context, there is currently a huge excitement about the 

prospects of developing specific theranostics drugs: compounds that simultaneously combine functions 

with potential for targeted therapy and imaging. Theranostics compounds are based on molecular or 

nanosized constructs. Due to their unique physical characteristics and ability to be functionalized at the 

cellular and molecular level [3], magnetic nanoparticles (MNPs) are an important class of nanostructured 

materials with potential cancer theranostic applications, such as hyperthermia treatment, and magnetic 

resonance imaging (MRI) of tumor cells. In addition, they have been proposed for use as a targeted drug 

delivery system because, since these magnetic nanoparticles are easily controlled by the application of an 

external magnetic field, it may allow the release of anticancer drugs at a specified rate and location [4, 5]. 

 

1.2 Topic Overview 
 

Nanotechnology provides a flexible framework for the generation of effective therapeutic materials 

that can mix with a target and induce the desired response. Due to their intrinsic nanoscale features, 

nanoparticles have emerged as a valuable tool for a wide range of nanomedicine applications [6–8]. Iron 

oxide-based nanoparticles have emerged as a good possibility for cancer treatment among the 

nanomaterials examined. Due to their biocompatibility, these nanoparticles have gained a lot of attention. 

Most of their applications are come from their magnetic properties that differ greatly from those of bulk 

materials [9]. Figure 1 exhibits the Superparamagnetic Iron Oxide Nanoparticles (SPIONs) utilized in 

diverse biological applications. 
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Figure 1: Scheme showing some SPIONs applications. Adapted from [10]. 

 

SPIONs are nanoparticles formed by small iron oxide crystals (commonly magnetite Fe3O4 or 

maghemite γ – Fe2O3), whose core ranges from 10 nm to 100 nm in diameter [11]. Due to the small size, 

these oxides present superparamagnetic properties and consequently SPIONs are considered as a 

multipurpose class of medicinal agents. Among all their biomedical applications the most frequently 

explored for cancer therapy are hyperthermia, local chemotherapy and magnetically guided photodynamic, 

and in the field of diagnosis, the magnetic resonance imaging (MRI). Magnetic hyperthermia therapy 

consists in using an alternated magnetic field with a given frequency to induce a magnetic signal in the 

nanoparticles (NPs), which then release energy in the form of heat promoting temperature increase near 

cancerous tissues. To use this technique as an effective clinical treatment, it is mandatory to produce 

suitable magnetic nanoparticles that, besides releasing the necessary energy locally, should be non-toxic 

for the patients. Physiological instability, free radical generation, and inappropriate interface binding may 

limit the use of naked SPIONs in biomedicine. Therefore, for their use in the biomedical field, it is essential, 

to coat the NPs, since this may reduce their tendency to aggregate, and improve their colloidal stability and 

biocompatibility [12]. Additionally, coating allows the conjugation of inorganic components such as silica or 

gold that are also suitable candidates for the functionalization of the NPs, making them highly desirable for 

use in biomedical settings. The high versatility of gold-coated magnetic nanoparticles make them a good 

choice for many applications. The optical and magnetic properties of the particles can be tuned and tailored 

to the applications by changing their size, gold shell thickness, shape, charge, and surface modification by 

the attachment of various bioactive molecules such as peptides, antibodies, aptamers and (radio) metals 
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to further improve diagnosis and treatment efficiency. Nevertheless, depending on the gold shell thickness, 

charge, and surface modification, the gold coating can dramatically affect the magnetic properties of the 

final nanoparticles and consequently thus biomedical performance. 

Nowadays, magnetic resonance imaging (MRI) is considered the main imaging modality. This 

technique provides anatomical and physiological images with high spatial resolution, although with 

relatively low sensitivity. For this reason, MRI examinations are performed with the help of contrast agents 

(CA) that significantly improve the contrast of images of selected tissues. CA are based on paramagnetic 

metal complexes, such Gd3+, Mn2+, Fe3+, although about 40% of all MRI scans are performed with Gd3+-

based CA. (GBCAs). However, GBCAs have raised several toxicity concerns, including those associated 

with the release and accumulation of Gd3+ in vivo. The reference clinical dose for most applications when 

a Gd-based extracellular contrast agent is injected intravenously is 0.1 mmol/Kg body weight, but in specific 

applications, it may increase to values higher than 0.3 mmol/Kg body weight. Despite the high 

thermodynamic stability of injected GBCAs, the release of inorganic ionic Gd (III), which may precipitate in 

the bloodstream and other tissues [13] Since the 1990s, several iron oxides drugs have been approved as 

viable alternatives to clinical MRI GBCAs [14,15]. Such particles have several advantages, namely, 

biocompatibility, metabolizability, relatively high saturation magnetic moments, and easy surface 

functionalization. However, these contrast agents have not been commercially successful [15]. To our 

knowledge, NanoTherm® is the only clinically approved iron oxide nanoparticle drug for the treatment of 

glioblastoma by magnetic hyperthermia. In addition, to date, there are still no iron oxide-based nanoparticles 

for cancer theranostic or multimodal imaging. In fact, the unique and potentially ideal physicochemical 

characteristics associated with SPIONs, specifically their size and high surface area that is converted into 

high reactivity may also lead to high cytotoxicity in vivo. This cytotoxicity can be mitigated or nullified by for 

instance, tailoring their size and coating.  

 

1.3 Thesis aim 
 

This thesis aims to outline a novel and original strategy for the design and evaluation of 

multifunctional nanoparticles based on SPIONs covered with dextran polymer and gold coated, bearing 

𝐺𝑑3+ complexes (Figure 2) that can potentially be suitable for diagnosis and therapeutic applications 

(theranostics). We aim to profit from the optical properties of Au and with the magnetic properties of Fe3O4 

to obtain nanoplatforms that could potentially be suitable for diagnosis with dual-mode (T1/T2) MRI contrast 

agents and therapeutic applications (magnetic hyperthermia).  

There are several methods and variations to synthesize SPIONs, including hydrothermal synthesis, 

co-precipitation, microemulsion, and thermal decomposition. In this work, the synthesis of SPIONs by using 

different approximation methods and their further coating and their subsequent characterization is 
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presented. This characterization included the use of different structural, chemical, and physical methods, 

such Powder X-Ray Diffraction (PXRD), Transmission Electronic Microscopy (TEM), Dynamic light 

Scattering (DLS), Zeta Potential, Inductively Coupled Plasma – Mass Spectrometry (ICP-MS), Mössbauer 

Spectroscopy, magnetization, and magnetic hyperthermia. 

Furthermore, the in vivo cellular cytotoxic assays performed in Gastrin Releasing Peptide Receptor 

(GRPR) overexpressing prostate carcinoma cell lines (PC3) are also presented. 

 

Figure 2: Scheme of the multifunctional nanoplatform designed for this work which consists in a SPION core, covered 
with dextran polymer, gold coated, and functionalized with Gd3+. 

 

1.4 Thesis outline 
 

This thesis is organized in five chapters. In chapter 1, a summary of the main objective of the thesis 

is given. In chapter 2, the principles of magnetism and nanomagnetism are briefly reviewed. In single 

domain, superparamagnetism are the most promising dimension dependent effect and this will be also 

discussed. An overview of the suitability of SPIONS for biomedical applications is also given. Chapter 3 

contains all the experimental sections including the preparation and characterization methods for both the 

syntheses of the SPIONs and the coatings and functionalization, as well as the procedures for the different 

characterization methods and the cytotoxicity tests in the prostate carcinoma cells (PC3). In chapter 4, the 

results of structural, morphological and magnetic data are presented putting into evidence the best results 

depending on the different synthetic methods, A, B or C, that conducted to the more stable and easily 

functionalized SPIONs. Finally, in chapter 5, the general conclusions are presented and the highlights about 

the future work is foreseen. 
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2.1 Magnetic Properties 
 

A magnetic field is a type of force field, similar to gravitational and electrical fields, conventionally 

represented by lines that create a contoured sphere and is defined by a source of potential. The density of 

these lines is known as the magnetic flux density (B). Under vacuum, the permeability of free space (μ0) is 

related to the magnetic field (H) to B. As seen in equation below (1), a material exposed to a magnetic field 

can change the lines of force and consequently the flux density: 

 

𝐵 =  𝜇0(𝐻 +  𝑀) (1) 

 

The magnetization (M), of a given material is the measures of reaction of this material to an external 

magnetic field. M is the total magnetic moment of a given material, expressed as a fraction of its volume or 

mass. The direct relation of M and H defines the magnetic susceptibility (χ) as a quantitative measurement 

of such a response, and can be described as (2): 

 

χ =  
𝑀

𝐻
 (2) 

 

In general, the electrons that constitute a given system determine the magnetic susceptibility. The 

magnetic susceptibility can be considered, in a simple way, due to two different contributions: the first is 

diamagnetism, a quality that all materials have by nature and corresponds to a magnetic flux with the 

opposite sign of the applied magnetic field reducing the lines of force within the material. As a result, the 

diamagnetic susceptibility is negative and independent of temperature or field intensity. Typically, its 

contribution is much smaller than other magnetic contributions by several orders of magnitude. 

The second contribution is due to the unpaired electrons present in the system and is known as 

paramagnetism. The magnetic moment results from the electrons' spinning and orbiting. Considering that 

these spins are not interacting and are randomly oriented, if an external magnetic field is applied the spins 

tend to align along the direction of the field. In this way, a paramagnet increases the magnetic flux by 

concentrating the lines of force. Because both diamagnetic and paramagnetic materials only exhibit 

magnetization in the presence of an external field, they are usually classified as nonmagnetic. 

In real systems, the proximity of the atoms in the crystal lattice may induce interactions between 

the magnetic moments that depend on the temperature. In fact, the bulk magnetic behavior of a material 
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can be characterized by considering how adjacent magnetic moments could well interact with one another 

at temperatures close to the absolute zero because, depending on composition. At high temperatures all 

materials behave as paramagnets due to their effective paramagnetic behavior occurring above their critical 

temperatures. 

Certain materials exhibit spontaneous magnetization in the absence of an external magnetic field. 

This is a collective phenomenon known as ferromagnetism, caused by the spontaneous ordering of the 

atomic magnetic moments due to the exchange interaction between the electron spins in the solid. If the 

spins of nearby nuclei are aligned in an antiparallel setup, there is no net magnetization due to a negative 

exchange interaction. This behavior is known as antiferromagnetism. Magnetization can be detected when 

nearby spins are aligned in an antiparallel way but have different magnitudes. The term for this 

phenomenon is ferrimagnetism. Figure 3 below shows different magnetic moment alignments. 

 

 

Figure 3: Magnetic moment alignments: (a) paramagnetic, (b) antiferromagnetic, (c) ferromagnetic, and (d) 
ferrimagnetic. Adapted from [16]. 

 

As shown in Figure 5a, the magnetic field dependence of the magnetization in a bulk material can 

exhibit a curve that is usually called hysteresis loop. As the magnetic field is increasing the magnetic 

moments of the unpaired electrons tend to orient in its direction, and as the field grows, so does the 

magnetization, until it reaches a maximum value, the magnetic saturation (Ms), which corresponds to the 

alignment of all the spins in the sample. As the magnetic field drops, so does the magnetization, yet the 

system will retain some magnetization (Mr), and hysteresis is observed. The coercive field (Hc) is the 

strength of the opposing field required to remove the magnetization of a sample after saturation. Below 

their critical temperature, ferromagnetic and ferrimagnetic materials show hysteresis. The shape of the 

hysteresis loop is determined by the reorganization of the domain walls and, consequently, the physical 
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and chemical properties of the materials. These substances, known as hard magnets (Figure 4a), also 

possess a high magnetic remanence, demonstrating a memory effect. On the other hand, soft magnets 

(Figure 4b) exhibit narrower hysteresis loops. Materials with high remanent magnetization can retain their 

magnetism in certain conditions as a memory effect, which favors their use in industrial applications, such 

as in memory devices. Materials with low remanent magnetization, on the other hand, can be used in read-

write components for those magnetic memory devices. 

 

 

Figure 4: Left: Hysteresis loop of soft magnetic materials. Right: Hysteresis loop of hard magnetic materials [17]. 

 

In a ferromagnetic or ferrimagnetic material, the effect of the magnetic field can also influence the 

thermal behavior of the magnetization. In order to infer the presence of a magnetic transition, a set of 

measurements with the temperature dependence of the magnetization can be performed using zero-field 

cooling (ZFC) and field cooling (FC) processes. This consists of cooling the sample at zero field, measuring 

as a function of temperature on heating under field (ZFC) and then applying the same value of magnetic 

field and cooling again followed by the measurement of the magnetization as a function of temperature 

(FC). The irreversibility of both curves below a given temperature, called Curie temperature, TC, shows that 

the material behaves as a ferromagnet (or ferrimagnet) below that temperature value. 

Ferromagnetic or ferrimagnetic materials can change their magnetic behavior to 

superparamagnetic at the nanoscale. Usually, it encompasses nanoparticles with a size smaller than the 

critical diameter (Dc). The average magnetization value of these nanoparticles is zero in the absence of an 

external magnetic field, which means that they do not exhibit coercive field and remanent magnetization 

(Figure 5a). In the presence of an external magnetic field, unlike paramagnetic materials, they exhibit very 

high magnetic susceptibility due to their ferromagnetic origin. Additionally, these nanoparticles are so small 

(around 3 – 100 nm) that they cease to be multi-domain and become single domain. Figure 5b, below, 

shows a correlation between particle size, domain, and coercivity. 
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Figure 5: (a) Schematic representation of the difference between ferromagnetic or ferromagnetic and 

superparamagnetic behavior; (b) Correlation between particle size, domain, and coercivity. 

 

In nanomaterials, the temperature dependence of magnetization curves shows at the point of 

irreversibility of both the ZFC, and FC curves a blocking temperature (Tb). Below this threshold, the 

magnetic moments are considered as blocked, and the material presents ferromagnetic or ferrimagnetic 

characteristics. Above Tb, nanoparticles have superparamagnetic behavior. The magnetic moments of each 

nanoparticle remain arbitrarily aligned upon the removal of the external field, resulting in a total magnetic 

moment of zero. These temperature and size-dependent responses of free nanoparticles are due to the 

competition between the energies of the system, the magnetic anisotropy and thermal energies. Hence, 

below a minimum size the particle remains blocked. Equation (3) represents the Néel-Arrhenius model, 

where τN, the Néel relaxation time, is the average time between two flips; τN can range between 

nanoseconds and years; τ0 is the time period; K represents the magnetic anisotropy of the particle; V 

represents the volume of the particle; T represents the temperature; and Kb represents the Boltzmann 

constant. 

 

𝛕𝑁  =  𝛕0𝑒
(

𝐾𝑉
𝐾𝐵𝑇

)
 (3) 
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2.2 Superparamagnetic Iron Oxide Nanoparticles (SPIONs) 
 

The superparamagnetic iron oxide nanoparticles (SPIONs) are one of the most extensively 

researched targeted nanomaterials because of their exceptional superparamagnetic capabilities, which 

enable them to heat when submitted to an external alternated magnetic field. These nanoparticles have 

been studied in the past decades to be used in the biomedical field due to their theranostic properties, such 

as contrast agents for Magnetic Resonance Imaging (MRI), drug delivery, hyperthermia, biosensing, among 

others [11]. One of the factors hindering their clinical use is the tendency of the magnetic nanoparticles to 

aggregate and oxidize in vivo with concomitant loss of its magnetic performance. In the absence of an 

external field, they do not retain magnetization and, although it is considered that no magnetic interactions 

exist between superparamagnetic nanoparticles, in high-ionic-strength solutions, as the biological media, 

aggregation is often observed due to interactions with surrounding blood proteins or biomolecules, 

compromising in vivo efficacy. Thus, to circumvent these limitations, modulation of the nanoparticles 

surface with polymers (natural or synthetic) or using inorganic materials, such as silica or gold coatings are 

used [18]. Therefore, it is essential, for their use in the biomedical field, that they are coated, since it will 

reduce the aggregation, improve colloidal stability and biocompatibility, and give them hydrophilicity [12]. If 

not, SPIONs usually gather into bulk formations and disperse in colloidal fluids. Nevertheless, depending 

on their origin, quantity or length, and composition, these surface coatings can change the SPIONs' natural 

magnetic characteristics [19]. For instance, the SPION magnetization performance is unaffected by 

polyoxyethylene nonylphenylether with an OH end group, oleic acid, and Poly(ethylene glycol (PEG) and 

dextran polymers with shorter chains [20–22]. Coated particle magnetization values are dramatically 

reduced by longer chain PEGs and dextran [20]. Additionally, coating allows the conjugation of inorganic 

or organic components and consequently the possibility of functionalization, making them highly desirable 

for use in biomedical settings. The most applied coatings are polymers like the PEG, Dextran, Polyvinyl 

Alcohol (PVA), Polyvinylpyrrolidone (PVP), and chitosan. 

Incorporating SPIONs into liposomes has been the subject of numerous studies, leading to the 

development of magneto-liposomes that are useful multifunctional nanoplatforms for imaging and 

chemotherapeutic applications, integrating their properties as a contrast agent and drug delivery [12]. 

Another interesting possibility would be to coat these nanoparticles with gold, which is the case in this study, 

because gold is very biocompatible, has low cytotoxicity, and is very easy to functionalize with other cancer 

therapy drugs, contrast agents, targeting agents, and others [23].  

SPIONs' magnetic behavior is mostly determined by their shape, size, and size distribution. Several 

studies have investigated this dependence using static and dynamic magnetometry and Mössbauer 

spectroscopy to look to parameters such magneto-crystalline and shape anisotropy, interparticle 

interactions, and magnetic relaxation processes [20, 24, 25]. 
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The three common types of iron oxides, that may be present in SPIONs cores, are magnetite 

(Fe3O4), maghemite (γ-Fe2O3), and hematite (α-Fe2O3), but only the first two of them were observed in this 

work. These different iron oxides can be distinguished by different characteristics, such as molecular size 

and their magnetic parameters [26]. 

 

2.2.1 Magnetite 
 

Magnetite is a black iron oxide with formula unit Fe3O4, and inverse spinel structure. It forms a face-

centered cubic (FCC) network with a lattice parameter of 8.3967 Å (JCPDS file 19–629). A unit cell of 

magnetite is composed of tetrahedral sites that are occupied by Fe3+ ions and octahedral sites that are 

occupied by both Fe2+ and Fe3+ ions. Each unit cell is formed by a set of eight sites as shown in Figure 6. 

Thus, another representation of the formula for magnetite can be written as [Fe3+]tetrahedral[Fe2+ 

Fe3+]octahedralO4 [27]. 

 

Figure 6: Three-dimensional crystal structure of 𝐹𝑒3𝑂4 nanoparticles. Adapted from [28]. 

 

In the tetrahedral sites are located eight Fe3+ ions each occupying the center of a tetrahedron 

whose vertices are filled with oxygen ions, and in the octahedral sites are located 16 iron ions (8 Fe2+ and 

8 Fe3+), each occupying the center of an octahedron whose vertices are filled with oxygen atoms. 

In its unaltered state, magnetite is considered a ferrimagnet and compared to other transition metal 

oxides, is the one with the strongest magnetic characteristics [29]. When a ferrimagnetic material is exposed 

to an external magnetic field, it retains some of its magnetization long after the field is turned off. The 
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magnetic moments maintain their alignment even in the absence of a magnetic field. Their magnetization 

moment M exhibits a hysteresis loop as a result in relation to the external magnetic field H. However, Fe3O4 

crystals with a diameter of 20 nm or less do not retain the magnetization when the magnetic field is removed 

and it is denominated as superparamagnetic (there is no hysteresis after applying an external magnetic 

field because each crystal acts as a single magnetic domain). In other words, bulk magnetite retains its 

magnetic properties even in the absence of an external magnetic field, whereas SPIONs only exhibit their 

magnetic properties when exposed to an external magnetic field [26]. 

 

2.2.2 Maghemite 
 

Maghemite is a red-brown iron oxide, its unit formula is γ-Fe2O3, and it has similar physical and 

structural properties to magnetite although with a lower magnetic moment. The main difference between 

the two crystalline phases is the presence of Fe3+ as the only cation in maghemite. Maghemite presents a 

cubic crystalline structure of the inverse spinel type with a lattice parameter of 8.3515 Å (JCPDS file 39–

1346) and can be described as a result of the oxidation of magnetite. During the oxidation process one Fe2+ 

ion moves from the octahedral site leaving a vacancy (□) in the crystal lattice and another two Fe2+ ions 

oxidize into Fe3+. Thus, each unit cell of maghemite contains eight Fe3+ cations that occupy the 27 

tetrahedral sites, the remaining cations (eight located in the octahedral sites plus 5.33 ions from the 

oxidation of Fe2+ ions), and vacancies (2.67 from the oxidation of the eight Fe2+ ions) are randomly 

distributed in the octahedral sites, with conversion of the spinel crystal structure, as represented in Figure 

7. Thus, maghemite can be represented by the formula [Fe3+
8]tetrahedral[Fe3+

13.33 □2.66]octahedralO32 [27,30]. 

Despite having distinct magnetic characteristics in bulk, maghemite and hematite (ferromagnetic and 

antiferromagnetic, respectively) both contain Fe3+ ions and become superparamagnetic below a given 

particle size [26]. 
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Figure 7: Three-dimensional crystal structure of  𝛾 − 𝐹𝑒2𝑂3 nanoparticles. Adapted from [28]. 

 

Due to the crystalline similarities between magnetite and maghemite, the powder X-ray diffraction 

technique that allows the structural determination is not able to differentiate these two crystalline structures 

only by the positions of the diffraction peaks, because they are quite similar. However, the phase distinction 

can be determined from techniques such as Mössbauer spectroscopy that is able to estimate the 

distribution of cations for the spinel-like structure by distinguishing Fe2+ from Fe3+ and the correspondent 

surroundings, and determines the crystalline phase of the material [27]. 

 

2.3 SPIONs Biomedical Applications 
 

Magnetic nanoparticles for biomedical applications can be divided into two classes according to a 

specific application: in vitro and in vivo. In in vitro applications, the particles are in biological media taken 

from living things or in media that simulate biological media. In in vivo applications, the nanoparticles will 

be in living organisms, so they must be biocompatible or present toxic action only in the tissue of interest. 

For the use of SPIONs in biomedical applications, the species present on the surface of the 

nanoparticles play a role of equal or even greater importance than the nature of the magnetic core. These 

nanoparticles form stable solutions in aqueous or organic media depending on the ligands present on the 

surface. The ligands can be divided into two classes when it comes to the nature of the stabilization 

promoted. Electrostatic stabilization (Figure 8a) uses a charged compound that is usually adsorbed onto 
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the surface of the nanoparticles and prevents them from aggregating. Steric stabilization (Figure 8b) uses 

long chain organic ligands that create a mechanical barrier that prevents the nanoparticles from 

aggregating.  

 

 

Figure 8: Scheme representing electrostatic stabilization (a) and steric stabilization (b). 

 

Polymers such as Dx and Dx-NH2 used in this thesis are used not only to stabilize the nanoparticles 

but also to reduce their toxicity [31]. Gold coated structures with magnetic cores have been attracting 

attention for the possibility of adding magnetic properties to the protective surface, biocompatible with the 

properties of nanometric gold [32]. 

There are several biomedical applications for SPIONs, but only MRI and magnetic hyperthermia 

will be discussed as the nanoparticles in this work target such applications. 

 

2.3.1 Magnetic Resonance Imaging (MRI) 
 

Magnetic resonance imaging (MRI) has stood out among other imaging techniques because of the 

better quality of the images, which are obtained by the relaxation observed in the precession motion of 

protons in different tissues after they are excited. This technique provides images of the anatomical 

structures and can be further sharpened with the use of contrast agent. Magnetic nanoparticles contrast 

agents are extremely effective in enhancing the proton relaxation process. SPIONs are more biocompatible 

than gadolinium or magnesium-based contrast agents since iron is quite abundant in the human body [33]. 

In addition, SPIONs exhibit superparamagnetic properties and biodegradability, and their interface is easily 

modifiable to improve their pharmacokinetics and biocompatibility. 

The fact that nanoparticles limit their size to a few nanometers allows an increase in their circulation 

time in the bloodstream and a more efficient control regarding contrast effects and biological functions and 

interactions [33], allowing them to function at the cellular and molecular level [34]. Thus, in recent years, 

the interest in magnetic nanoparticles has been increasing significantly due to their applicability in several 

areas [35], being their use as contrast agents in MRI one of the most important and fastest growing [36]. 
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Indeed, their nanodimensions give rise to unique magnetic properties [34], and it is mainly the combination 

of these two characteristics that makes magnetic nanoparticles such a promising contrast agent in MRI 

applications [34]. 

There are two mechanisms to describe magnetic relaxation. In the first, the internal magnetization 

vector of the nanoparticle relaxes in the direction of the easy axis, known as Néel relaxation. In the second, 

the nanoparticles follow rotational diffusion in a carrier liquid, called Brownian relaxation [37]. The Néel and 

Brown relaxations can be distinguished by their different characteristic times. Moreover, Brownian 

relaxation can only be measured in liquids, whereas Neel relaxation does not depend on the dispersion of 

the nanoparticles. 

Two parameters of the magnetic resonance phenomenon widely used for the study of contrast 

agents result from the relaxation process of the spins after the termination of the 90° excitation pulse. These 

parameters are the transverse relaxation time (T2) and the longitudinal relaxation time (T1). SPIONs, for 

example, locally increase the externally applied magnetic field, producing heterogeneity in the magnetic 

field which in turn enhances T1 and T2 relaxation, and in most situations has significant ability to reduce 

the T2 relaxation time to be used.  

As in this work it was synthesized SPIONs functionalized with Gadolinium, these NPs can be used 

as dual mode (T1/T2) contrast agents, with gadolinium as a T1 agent and SPIONs, depending on the 

particle size, serving as either T2 or T1. 

 

2.3.2 Magnetic Hyperthermia 
 

The goal of hyperthermia therapy is to harm and kill cancer cells by heating tumor tissues about 5-

6 degrees Celsius using an alternated magnetic field. Since some cancer cells are resistant to the use of 

radiation or medication therapies but particularly susceptible to heat, it can also make them sensitive to 

other treatments. There are three main types of hyperthermia treatment. Local hyperthermia is targeted at 

small tumors (≤3 cm to 5-6 cm) in superficial regions or in places of easy access. The regional hyperthermia 

has its application focused on more developed tumors, and consequently is used in more extensive areas 

of the body. The whole-body hyperthermia is used when the tumor is in a metastasis state [38]. 

In magnetic hyperthermia, SPIONs are exposed to an external magnetic field that alternates at a 

frequency suitable to promote the reversal of the magnetic moment of the nanoparticle. The relaxation 

processes result in the release of this energy in the form of heat, which causes cancer cells to die by 

intracellular acidosis at temperatures around 42 ºC while healthy cells are preserved because they die at 

temperatures between 46 and 47ºC [39,40].  
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Heat can be defined taking into account the mechanism of hysteresis loss and relaxation losses. 

Hysteresis loss occurs in multidomain particles in which their magnetic moments are oriented toward the 

external magnetic field, when reversing the direction of the applied field, there is an energy difference that 

is released in the form of heat. In the case of SPIONs, which are single-domain nanoparticles and do not 

exhibit hysteresis, when the external alternating magnetic field is applied, heat dissipation happens by the 

Néel and Brownian relaxation motion. As already referred in the above section, by the Néel motion, the 

magnetic moments of the nanoparticles rotate to an orientation close to the field without rotating the 

nanoparticles, and when they reach their equilibrium state, they relax, and the energy is converted into 

heat. By the Brownian motion, SPIONs rotate in the fluid of the suspension they are in, resulting in friction 

that releases energy in the form of heat [41].  

There are numerous techniques to deliver these nanoparticles to the target, including intravascular 

infusion, direct injection, and antibody targeting [42]. In intravascular infusion hyperthermia, nanoparticles 

are introduced via a plunger inserted into the blood vessels supplying the tumor, delivering nanoparticles 

to the tumor tissue, and promoting intravascular heating. In direct injection hyperthermia, the nanoparticles 

are injected directly into the tumor promoting heating at the extracellular environment. On the other hand, 

in hyperthermia by antibody-targeting, SPIONs with special coatings are injected into the bloodstream, 

penetrating the tumor tissue, and being incorporated by its cells, which promotes intracellular heating 

[43,44] 

The first clinical trials with magnetic nanoparticles were published were published by Jordan et al., 

1993 [45] Researchers created a unique prototype hyperthermia-producing device that was effective to 

treat tumors in several areas of the body by inducing alternated magnetic fields. In order to treat recurrent 

multiform glioblastoma [46], evaluated the efficacy and tolerance of newly developed thermotherapy with 

magnetic nanoparticles. In this study, they employed SPIONs coated with aminosilane that were inserted 

into the tumors of 14 patients. Then, to produce particle heating, patients were exposed to a changing 

magnetic field. Patients reported little to no side effects from this type of SPIONs therapy. Maximum 

measured abdomen temperatures ranged from 42.4 to 45.5 C, and local tumor regression symptoms were 

observed. In conclusion, individuals with multiform glioblastoma may benefit from deep cranial 

thermotherapy with SPIONs as a viable therapeutic option that can be administered without risk [47]. 
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2.4 SPIONs Synthesis 
 

Magnetic nanoparticles (MNPs) can be obtained by several physicochemical methods such as 

thermal decomposition, co-precipitation, hydrothermal method, and microemulsion. The synthesis by co-

precipitation is the most widely used due to its versatility and simplicity. However, when size control and 

low size dispersion are desired, thermal decomposition is one of the best options. Microemulsion shows 

good control results [48–51] being an alternative route when the desired goal is low size dispersion of the 

nanoparticles. The hydrothermal method allows obtaining NPs with different morphologies due to the ability 

to control the direction of growth of these compounds. However, the size dispersion of the particles obtained 

by this method is relatively high. Table 1 summarizes general considerations of chemical synthesis cited 

above as well as the parameters of the final product. 

 

Table 1: Comparison of chemical synthesis methods in the production of SPIONs. Adapted from [52]. 

Synthesis Method 
Temperature 

(ºC) 
Pressure 

(atm) 
Synthesis 
period (h) 

NP Average 
size (nm) 

Ms at RT 
(Am2/Kg) 

Co-precipitation 25 - 70 1 0.5 - 1 3 - 15 50 - 85 

Microemulsion 4 - 90 2 3 - 20 3 - 12 30 - 60 

Thermal 
Decomposition 

100 - 400 2 20 - 24 4 - 20 20 - 85 

Hydrothermal 80 - 160 Up to 136 0.5 - 48 10 - 80 7 - 75 

 

In the co-precipitation method attention should be given to parameters that affect the final size and 

form of the NPs [53], such the ratio of ferric to ferrous ions, the reaction temperature, the pH value, the 

stirring rate, the pouring speed of ammonium hydroxide (NH4OH), and the ionic strength of the media. 

Gnanaprakash et al. [54] have observed how the digesting time and alkali addition rate affect the size and 

magnetic characteristics of magnetite NPs created during chemical precipitation. As the dimensions of the 

NPs become lower, their Ms drops. The temperature, stirring rate, time, pH, and the precursor content were 

all found to also show the same effect [55]. 

 

2.4.1 Dextran 
 

Dextran is a natural polymer composed of linear α-1,6-D-glucopyranose units with a low percentage 

of attached side chains. This polymer can be obtained by the synthesis process by natural fermentation, 

through the action of the dextransucrase enzyme from the Leuconostoc mesenteroides bacterium in the 
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presence of sucrose, and synthetically through polymerization. Dextran is easily soluble, biodegradable, 

non-toxic, and can be obtained in a variety of molecular weights by enzymatic hydrolysis. This 

polysaccharide is used as an important reagent in the wide range of synthesis in the biotechnological and 

technological industries. The use of dextran also has the advantage that it can be used as a multifunctional 

vehicle for theranostic purposes, since it allows the coupling in the same chain of drugs, metal complexes, 

organic dyes, biomolecules, etc. [56].  

In this work, two types of dextran were used to cover SPIONs, one is the regular dextran (Dx) and 

the other is the amino - dextran (Dx – NH2) [56]. Both polymers were subsequently coated with gold to 

evaluate the effectiveness of the gold coating on the SPIONs, since the NH2 group has an affinity for gold. 

Figure 9a represents the molecule of Dx while Figure 9b represents Dx - NH2. 

 

 

Figure 9: Molecule of Dx (a) and Dx - NH2 (b) 

 

2.4.2 Gold Coating 
 

Gold occupies a remarkable position in the history of science and technology. With the 

development of nanotechnology, the use of gold in medicine, especially in studies involving cancer 

diagnostics and therapy, has increased in recent years. The use of gold nanoparticles is also growing in 

the cosmetic sector with applications in aesthetic treatments such as facial rejuvenation and hydration due 

to gold being a material that presents antioxidant properties [57]. The main advantages of gold are 

biocompatibility, relatively simple synthesis control of the size of the nanoparticles, the easy chemical 

modification of its surface and easy bioconjugation with other cells when coated with specific markers [58].  

As in the case of this thesis, core-shell nanoplatforms can be obtained by coating SPIONs core 

with a gold layer. Reduced toxicity, colloidal stability, and more versatile platform for bioconjugation are one 

of the benefits of the gold coating [59]. In addition, the nanoscale gold coating has a plasmonic surface, 

which results in significant optical absorption in the visible and near infrared region (NIR). These 

characteristics make gold nanoparticles potential heating-inducing agent for photothermal cancer therapy, 
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where heating is accomplished through the irradiation of light [60], causing an ablation of the tumor cells, 

destroying the cell membranes [61, 62]. 

 

2.4.3 Gadolinium in MRI 
 

The most popular lanthanide element for use in medicinal imaging as contrast material is 

gadolinium. Like other lanthanides, its most frequent oxidation state is the trivalent and it is considered a 

hard acid and exhibits high coordination numbers between 8 and 10 [63, 64]. The development of MRI and 

the creation of contrast materials for this imaging modality are directly related to its usage in medicine. The 

choice of Gd3+ for MRI applications can be explained by its slow electronic relaxation and seven unpaired 

electrons, which make it a stable ion [65]. Small chelates represent the majority of the gadolinium-based 

contrast agents used as positive contrast agents [66]. 

Above certain amounts, gadolinium concentrations are toxic to human bodies.  Therefore, 

gadolinium present in all contrast agents is stabilized by chelating agents, forming complexes with high 

thermodynamic stability. However, small amounts of free gadolinium have been found after MRI exams. 

Due to this drawback, efforts have been made to develop strategies to obtain this contrast agent in a less 

toxic way. One of the strategies is the development of new chelating agents and others are the 

functionalization of nanoplatforms since each nanoparticle can carry thousands of atoms of Gadolinium 

[67]. In this work, the chelating agent used was 2-[4,7-bis(carboxymethyl)-10-[2-(3-

sulfanylpropanoylamino)ethyl]-1,4,7,10-tetrazacyclodec1-yl]acetic acid (TDOTA) that binds to the SPIONS 

gold coating through gold-sulfur bonds (Figure 10a) and ionic gadolinium complexation (Figure 10b). 

 

 

Figure 10: Scheme of gold-sulphur bonds establish at the gold coating (a) and TDOTA chelator agent for Gd3+ 

complexation (b). 
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Chapter 3 
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3.1 Materials 
 

All chemicals and solvents were of reagent grade and were used without additional purification, 

unless otherwise stated, and were commercially acquired from Aldrich Chemical. The deionized water was 

produced from a Millipore system Milli-Q ≥18 MΩcm (with a Millipak membrane filter 0.22μm).  

The following materials were used in the preparation of the SPIONs: Iron (III) chloride hexahydrate 

(FeCl3.6H2O), iron (II) chloride tetrahydrate (FeCl2.4H2O), sodium sulfite (NaSO3), ammonium hydroxide 

(NH4OH) (25%), hydrochloric acid (HCl, 37%), dextran (Dx) from Leuconostoc mesenteroides (average mol 

wt. 9.000-11.000), amino – dextran (Dx-NH2), sodium hydroxide in pellets (NaOH), gold (III) chloride acid 

trihydrate (HAuCl4.3H2O), sodium borohydride (NaBH4), and gadolinium (III) chloride (GdCl3) .  

The polymeric precursors Dx-NH2 [56] and the ligand 2-[4,7-bis(carboxymethyl)-10-[2-(3-

sulfanylpropanoylamino)ethyl]-1,4,7,10-tetrazacyclododec1-yl]acetic acid (TDOTA) [33] were previously 

synthesized and characterized in the Radiopharmaceutical Sciences Group (C2TN/IST) and kindly provided 

by Maria Paula Cabral Campello 

The PC3 cell line was obtained from ATCC, Manassas, VA, USA. 

3.2 SPIONs Synthesis 
 

The nanoparticles investigated in this work were synthesized by the co-precipitation method but 

with different approaches for each process. 

Co-precipitation is possibly the simplest method for creating nanoparticles of iron oxide. It is 

possible to employ materials and chemical agents that are harmless and biocompatible, making them 

suitable for biomedical applications. It is possible to create a fine suspension of NPs with diameters as 

small as 5 nm by carefully manipulating the reaction conditions. A strong base is added to a solution of, 

Fe2+ and, Fe3+ in a molar ratio of 1:2 under an inert or atmospheric environment, resulting in a precipitate 

Fe3O4. Equation (4) shows the co-precipitation reaction for obtaining SPIONs:  

 

𝐹𝑒2+
(𝑎𝑞)  +  2𝐹𝑒3+

(𝑎𝑞)  +  8𝑂𝐻−
(𝑎𝑞)  →  𝐹𝑒3𝑂4(𝑠)

+ 4𝐻2𝑂(𝑙) (4) 
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3.2.1 A Samples (Iron Reduced with 𝑁𝑎2𝑆𝑂3) 
 

The synthesis of Naked SPIONs A (A01) was based on the method described by Matos et al., 2019 

[20], consisting of Fe3+ reduction with Na2SO3 followed by Fe3O4 precipitation through titration with NH4OH. 

The precursor was separated by centrifugation and lyophilized. 

In a representative reaction, a solution of 4.5 g (16.67 mmol) of FeCl3.6H2O in 2.5 mL of HCl (2M) 

and 2.5 mL of deionized water was carefully added to a solution of 420 mg (3.33 mmol) of Na2SO3 in 3 mL 

of deionized water and stirred at a moderate level at RT and Patm, for 30 minutes. A solution containing 125 

mL of NH4OH (25% w/w) was then added dropwise to the previous solution. Due to the precipitation of 

Fe3O4, the color of the solution becomes dark during this phase. The final product was magnetically stirred 

for approximately 24 h, centrifuged 4000 RPM for 10 min and washed twice with deionized water. After 

freeze-drying the reaction product, 644 mg of SPIONs Naked (A01) were obtained. Figure 11 shows 

SPIONs A01 before freeze-drying.  

 

 

Figure 11: Washed SPIONs (A01) prepared for lyophilization/freeze-drying. 
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3.2.2 B Samples (Post hydrothermal treatment) 
 

For Naked SPIONs B (B01) a method adapted from Soares et al., 2014 [67] was followed, 

consisting of a standard co-precipitation process (4), using Fe3+ and Fe2+ in a 2:1 mol ratio followed by 

Fe3O4 precipitation using NH4OH and it was subjected to a post hydrothermal treatment in an effort to 

control the growth of the nanoparticles size. The precursor was separated by magnetic separation and 

lyophilized. 

In order to obtain a molar ratio of 2:1 (Fe3+:Fe2+), 5 mmol of FeCl3.6H2O and 2.5 mmol of 

FeCl2.4H2O were dissolved in 25 mL of deionized water. Under mechanical stirring, 10 mL of ammonium 

hydroxide NH4OH (25%) was quickly added to initiate the reaction. The color change of the mixture from 

orange to black evidenced the formation of Fe3O4 (Figure 12). After 5 minutes, the reaction was stopped 

by adding 60 mL of deionized water. The total synthesis was performed in nitrogen atmosphere (N2) in an 

effort to minimize the oxidation of the synthesized SPIONs. The SPIONs obtained were washed 5 times 

with deionized water using a strong magnet and then dispersed in water. 

 

 

Figure 12: Dissolution of iron ions before the precipitation, presenting yellow color (a) and the Fe3O4 precipitate 
during/after addition of NH4OH, presenting black color (b). 
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3.2.2.1 Hydrothermal treatment 

 

75 mL of SPIONs solution was heated inside the vessel of the equipment to 160 °C and the 

temperature was kept constant for a reaction time of 16 hours. The container was naturally cooled to room 

temperature for 3 hours. The resulting precipitate was washed 4 times in deionized water, to remove the 

remaining impurities from the SPIONs and dispersed into deionized water for freeze-drying during 24 hours. 

 

3.2.3 C Samples (Controlled environment at pH 9.6) 
 

Naked SPIONs C (C01) was based on the method of Saraiva et al., 2021 [68] which consists of a 

standard co-precipitation process (4) but with Fe3+ and Fe2+ in the proportion of 1:2 mol, respectively. This 

is an attempt to increase the number of Fe2+ ions in solution since the structure that we aim to obtain in 

larger quantities is magnetite, because it has a better magnetic behavior, and for its formation it is necessary 

to have a good quantity of Fe2+ ions in solution because these oxidize easily to Fe3+. The Fe3O4 was 

precipitated using NH4OH and the precursor was separated by decantation and lyophilized. 

In a typical reaction two solutions of FeCl3.6H2O (0.01M) and of FeCl2.4H2O (0.02M), were 

prepared and then mixed. The resultant solution was taken to de-aerate with N2 for 10 minutes to remove 

excess oxygen bubbles that could oxidize the iron. After deaeration, NH4OH (25% w/w) was slowly poured 

into the solution to promote Fe3O4 precipitation. By the time the solution meets the ammonium hydroxide, 

it is already possible to observe the precipitation by the color change of the solution from yellow to black. 

Ammonium hydroxide was added until the pH of the solution reached 9.6. The solution was set aside to 

decant for 24 hours (Figure 13) and was non-washed. The water excess was removed, and the precipitate 

was lyophilized. 
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Figure 13: Solution decantation. 

 

3.2.4 Dextran Coating 
 

Two different polymeric coating based on dextran were used to cover the naked SPIONs. A01 was 

covered with dextran (Dx) from Leuconostoc mesenteroides, average mol wt. 9.000-11.000 and B01 was 

covered with Dextran-NH2 (Dx-NH2) [56]. The procedure used in both syntheses was based on the method 

reported by Matos et al., 2019 [20]. 

 

3.2.4.1 Dextran SPIONs (A02) 

 

A 50 mL solution (9.1 mg/mL) of Naked SPIONs (A01) containing 6 mL of NaOH (0.5M) was slowly 

added to a polymer solution of 240 mg dextran (Dx) dispersed in 6 mL of NaOH (0.5M) under intense 

magnetic stirring. After complete addition , the reaction was left for 24 hours under moderate magnetic 

stirring at RT, covered with aluminum foil. The solution was centrifuged the first time to remove its excess 

polymer. The Dextran SPIONs (A02) were then washed four times with deionized water for 10 minutes at 

4000 RPM. The pH after washing was about 8 to 9. The A02 nanoparticles were freeze-dried for 48 hours. 
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3.2.4.2 Dextran - NH2 SPIONs (B02) 

 

An amount of 108,64 mg of Naked SPIONs B01 dispersed in 1.4 mL of NaOH (0.5M) was slowly 

added to the polymer solution of 56mg of Dx-NH2 diluted in 1.4 mL of NaOH (0.5M), under intense magnetic 

stirring and left for 24 hours under regular magnetic stirring. The resultant Dx–NH2 SPIONs (B02) were 

centrifuged during 10 minutes at 4000 RPM, to remove the excess of polymer from the solution, then 

washed four times with deionized water and freeze-dried for 48 hours. The pH of remaining solution was 

approx. 8-9. 

 

3.2.5 Gold coating 
 

SPIONs gold coated (A03 and B03) were made based on a mixture of methods from Caro et al., 

2021 [69] and Elbialy et al., 2014 [70]. 

A solution with 48 mg of Dx SPIONs A02 in 6 mL of deionized water was added to a solution, of 32 

mg (81,26 μmol) of HAuCl4 in 3 mL of deionized water at 70ºC resulting in an acidic pH solution between 3 

and 4. After 10 minutes, it was observed that the color changed from yellow to reddish. At this point, the 

solution was left under heat for another 10 minutes and the heating mantle was turned off. Then a solution 

of NaBH4 (0.37M) was added to the previous solution with the help of a micro-pipette at intervals of 500 uL 

until a pH of the solution was between 8 and 9. Then it was left under magnetic stirring for 18 hours, covered 

with aluminum foil and capped. The resulting solution was centrifuged at 4000 RPM for 10 minutes to 

remove excess impurities and then the coated nanoparticles were washed by centrifugation 2 times with 

water at 6000 RPM for 10 minutes and were freeze-dried for 48 hours. 

Sample B02 was coated with gold by the same way mentioned above resulting B03. 

 

3.2.6 Gadolinium Functionalization 
 

The Gadolinium functionalization was made via a TDOTA chelating agent, based on a previous 

work from the Radiopharmaceutical group of C2TN [71]. 

Two solutions were made, one with 140mg of A03 and 1mL of ethanol and the other with 140 mg 

of B03 and 1 mL of ethanol. These solutions were sonicated for 5 minutes. Meanwhile, another two solutions 

made of 500 µL of ethanol with 140 mg of the chelator agent TDOTA were placed under a magnetic stirring. 

After sonication, the solutions of SPIONs were placed in a solution of TDOTA and left capped and covered 

with aluminum foil for 10 hours. 
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After this process, two solutions consisting of 40 mg (0.108 mmol) of GdCl3 and 5 mL of deionized 

water each were prepared. One solution was added to A03 with TDOTA and the other to B03 with TDOTA. 

The solutions were left on the magnetic stirring, capped and covered with aluminum foil for 16 hours. The 

reaction started at pH close to 6 and ended at pH between 4 and 5. Following this process, the solutions 

were washed twice with deionized water at 6000RPM for 10 minutes and freeze-dried for 48 hours to obtain 

the Dextran SPIONs@Au – Gd3+ (A04) and Dextran NH2 SPIONs@Au – Gd3+ (B04).  

All samples made in this work are represented in Table 2 below with their identification and name.  

 

Table 2: Labels for each kind of sample 

Samples Description Labels 

Naked SPIONs 
Iron Reduced with Na2SO3 

A01 

Naked SPIONs Post hydrothermal treatment B01 

Naked SPIONs Controlled final pH 9.6 C01 

Dextran SPIONs (Dx-SPIONs) 
SPIONs covered with Dx A02 

Dextran – NH2 SPIONs (Dx-NH2 

SPIONs) 
SPIONs covered with Dx – NH2 B02 

Dextran SPIONs@Au SPIONs covered with Dx, and 
gold coated 

A03 

Dextran – NH2 SPIONs@Au SPIONs covered with Dx – NH2 
and gold coated 

B03 

Dextran SPIONs@Au – Gd3+ 
SPIONs covered with Dx, gold 
coated functionalized with Gd3+ 

complexed TDOTA 

A04 

Dextran – NH2 SPIONs@Au – 
Gd3+ 

SPIONs covered with Dx – NH2, 
gold coated functionalized with 

Gd3+ complexed TDOTA 
B04 

 

3.3 SPIONs Characterizations 
 

SPIONs were characterized by dynamic light scattering and zeta potential (DLS), transmission 

electron microscopy (TEM), Powder X-ray diffraction (PXRD), Mössbauer spectroscopy, SQUID 

magnetometry, and magnetic hyperthermia. Iron, Gold and Gadolinium contents were determined by 

Inductively Coupled Plasma Mass Spectroscopy (ICP-MS).  



32 
 

3.3.1 Powder X-Ray Diffraction 
 

Powder X-ray diffraction (PXRD) is another widely used method to characterize nanoparticles in 

terms of crystalline structure, crystalline grain size, and lattice parameters. It is also suitable to identify the 

presence of different phases. Figure 14 illustrates a schematic diagram of PXRD method. Hence, a cathode 

ray tube generates X-rays that are filtered to produce monochromatic radiation and oriented toward the 

sample. Thus, the interaction between the incident X-rays and the crystalline sample produces constructive 

interference and a diffracted ray, when the follow condition is satisfied, shown below (5) (Bragg’s Law): 

 

𝑛 𝜆 = 2 𝑑 sin 𝜃 (5) 

Where n is a constant in which for this case is used 1, 𝜆 is the wavelength of the radiation source, 

d is the distance between atomic planes and 𝜃 is the incidence angle of the source in relation to the sample 

surface (plane reference). 

 

Figure 14: X-ray diffractometer mechanism. 

 

This technique is usually performed in powder samples and the composition of these particles can 

be determined by comparing the position and intensity of the peaks with the reference patterns that are 

accessible in the literature. Nevertheless, X-ray diffraction peaks are too broad for particles with a size 

below 3nm and cannot be applied in amorphous materials [72]. 

PRXD measurements were performed at C2TN/IST, in a D2 PHASER diffractometer-Bruker with a 

Cu source and a wavelength of 𝜆 = 1.54 Å. The spectrum was collected at room temperature between 

angles (2𝜃) of 10º and 80º with a step size of 0.01º, time per step of 10.5 s, 3 RPM, and PSD opening of 

3º. For sample preparation, a small volume of sample powder was placed on a standard support used for 
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this technique, and ethanol was used to settle the powder on it. Figure 15 shows the A01 sample ready for 

Powder X-Ray Diffraction. 

 

 

Figure 15: Sample A01 prepared to Powder X-Ray Diffraction. 

 

3.3.2 Mössbauer Spectroscopy 
 

Mössbauer Spectroscopy studies were performed at the Mössbauer Laboratory of the Solid State 

group at C2TN/IST. Spectra were collected at room temperature and 4 K in transmission mode using a 

conventional Wissel constant-acceleration spectrometer and a 25 mCi 57Co source in a Rh matrix. The 

velocity scale was calibrated using α-Fe foil. Isomer shifts, IS, are given relative to this standard at room 

temperature. The absorbers were obtained by packing the powdered samples into Perspex holders. 

Absorber thicknesses were calculated on the basis of the corresponding electronic mass-absorption 

coefficients for the 14.4 keV radiation, according to Long et al. 1983 [73]. Low-temperature 

measurements were performed with the sample immersed in liquid He in a Janis bath cryostat, model SVT-

400. The spectra were fitted to Lorentzian lines using a non-linear least-squares method. Relative areas 

and line widths of both peaks in a quadrupole doublet and of peak pairs 1-6, 2-5 and 3-4 in a magnetic 

sextet were constrained to remain equal during the refinement procedure. Distributions of magnetic 

splittings were fitted according to the histogram method [74]. 

 

3.3.3 Transmission Electronic Microscopy (TEM) 
 

The transmission electron microscopy (TEM) images were obtained on a FEI Tecnai G2 Spirit 

BioTWIN high resolution transmission electron microscope at the Instituto Gulbenkian de Ciência. The 

samples for the TEM analyses were prepared by dipping a 300-mesh carbon-coated copper grid into a 
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solution containing SPIONs previously sonicated. The carbon grid dried for 5 min. Software Image-J was 

used to process the obtained images in order to determine the average size of the SPIONs. Figure 16 

below shows the grid used to store the SPIONs samples. 

 

 

Figure 16: Left: Grid utilized for sample preparation with zoom inset (a) Right: Samples prepared organized (b). 

3.3.4 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 
 

ICP-MS measurements were performed on Thermo X Series equipment at the LCA (Laboratório 

Central de Análises) University of Aveiro. Four dry weighed samples were sent to measure the content of 

Fe, Au, and Gd in each one. 

 

3.3.5 DLS and Zeta Potential 
 

DLS measurements were performed in C2TN with a Malvern Zetasizer Nano ZS (Malvern 

Instruments Ltd., Worcestershire, UK) equipped with a 633 nm He-Ne laser and operating at an angle of 

173º. The software used to collect and analyze the data was the Dispersion Technology Software (DTS) 

version 5.10 from Malvern. 600 L of each sample was measured in low volume semi-micro disposable 

sizing cuvettes (Fisher Scientific, USA) with a path length of 10 mm (Figure 17). Triplicate measurements 

were made at a position of 4.65 mm from the cuvette wall with an automatic attenuator. For each sample, 

15 runs of 10 s were performed. The hydrodynamic size and the polydispersity index (PDI) were obtained 

from the autocorrelation function using the “general purpose mode” for all nanoparticle samples. The default 

filter factor of 50% and the default lower threshold of 0.05 and upper threshold of 0.01 were used. Zeta 

potential measurements were performed in triplicates using water as a dispersant and the Huckel model. 

For each sample, 20 runs were performed in auto analysis mode. 
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Figure 17: Disposable Capillary Cell (DTS1070) from Malvern analytical. 

 

3.3.6 Magnetometry (SQUID) 
 

Static magnetic measurements were obtained using the SQUID (Superconducting Quantum 

Interference Device) magnetometer system of the Solid State group at C2TN. The SQUID magnetometer 

is the most sensitive, and perhaps the most widely used technique to measure the magnetic properties of 

a material. In this work a S700X SQUID Magnetometer from the company Cryogenic Ltd. was used (Figure 

18). 

 

Figure 18: S700X SQUID Magnetometer. 
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The key cryogenic element of this magnetometer is based on a variable temperature sample space 

insert upon which is mounted the superconducting magnet with the SQUID and magnetic detection coils. 

At the top of the insert is the sample movement system, an airlock to facilitate changing the sample, and 

all the electrical feed-through for the device. The sample is placed on a long rod with a low magnetic 

moment that passes through a helium-tight sliding seal into the sample space. For SQUID to be 

superconducting, it must be submitted to low temperatures and is therefore immersed in liquid helium. The 

temperature regulation of the sample is accomplished by drawing a stream of helium gas past the sample. 

After liquid helium is drawn from the main helium reservoir in the cryostat, and after expansion through an 

impedance, the gas flows through a heat exchanger, allowing continuous variation of temperature (1.6 K to 

400 K). There are two thermometers for temperature control, A and B (Figure 19); thermometer A is located 

on the heat exchanger and effectively measures the temperature of the gas coming from the heat 

exchanger to the sample space; thermometer B is positioned in the sample space above the sample 

position. Once equilibrium has been reached, thermometer B can be taken as the sample temperature. The 

space of the sample is closed at the top with a gate valve and airlock to enable the change of the sample 

while the system is cold, avoiding contamination of the cold environment. The cryostat has a liquid nitrogen 

cooled radiation shield to afford very low liquid helium consumption. The S700X is endowed with excellent 

immunity to vibration and RF interference due to the solid stainless-steel components of the system [75].  

 

 

Figure 19: Schematic depiction of temperature control in the S700X [75]. 
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Figure 20 is a detailed cross-sectional view of the whole system:  

 

Figure 20: Detailed cross-sectional view of Cryogenic S700X SQUID Magnetometer. Adapted from [20]. 

 

Although this device has several modes of operation, the extraction method is the most commonly 

used. Hence, under an applied magnetic field, the sample moves vertically through the superconducting 

pickup coils. Consequently, this movement induces a current that is detected in the SQUID (Figure 21), 

producing an output voltage proportional to the magnetization of the sample. So, the signal is proportional 

to one magnetic flux quantum (Φ0) (6), which is equal to 2.0678 × 10-15  T.m2  [75]. 

 

𝛷0 =
2𝜋ћ

2𝑒
 (6) 
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Figure 21: SQUID apparatus [75]. 

 

The SQUID device has two junctions in the superconducting ring (Figure 22), and its fundamental 

principle is based on the Josephson Effect. This effect consists in a supercurrent that can penetrate through 

a thin insulating barrier between two superconductors, called the Josephson junction. It is a quantum 

tunneling effect, which involves coherent tunneling of cooper pairs through the energy barrier [75]. 

 

 

Figure 22: Josephson junction in the SQUID [75]. 

 

The S700X device has several advantages: an ultra-light design of the sample chamber that allows 

fast temperature changes and quick stability; any temperature within the wide range of 1.6 K to 400 K can 

be held continuously (assuming liquid helium remains in the main reservoir); mTesla field resolution; and 

fast sample change. Moreover, the sample exchange via airlock and cooling to 2K is possible in 10-15 

minutes, and it has full environmental shielding (both magnetic and electromagnetic). In addition, it has 
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LabVIEW software that operates in an open environment, allowing the user direct control of all parts of the 

system with real-time graphical displays of all relevant functions [75]. 

To prepare a sample, each sample was weighed with approx. 10 mg in a transparent gelatin 

capsule to hold the sample that was placed in the SQUID to be measured. The capsule's top contains a 

hole to prevent it from bursting under pressure. Magnetic measurements of temperature, ZFC/FC [M(T)], 

and field dependence [M(H)] were taken. 

 

3.3.6.1 Magnetization vs. Field 

 

M(H) curves were taken at a temperature of 300 K and 10 K. These measurements were made to 

assess the saturation of magnetization (Ms). These measurements will allow us to analyze the variations of 

these properties for each SPIONs samples obtained from different synthesis processes and their further 

coatings and functionalization. 

 

3.3.6.2 ZFC/FC 

 

The samples were cooled from 300 K to 10 K in a zero magnetic field, then a static magnetic field 

of 2.5 mT for the Naked SPIONs and Dextran SPIONs and 50 mT for the gold coated and gadolinium 

functionalized ones was applied. The ZFC curve was measured while the samples were heating. The 

samples were once more cooled to 10 K while keeping the same field (FC procedure) after the last point 

was measured, and data was then measured for rising temperatures. 

 

3.3.7 Magnetic Hyperthermia 
 

Magnetic hyperthermia measurements were obtained using a DM100 series from Nb Nanoscale 

Biomagnetics apparatus. This apparatus allows measurements at different magnetic field intensities up to 

300 Gauss with a frequency up to 418.5 kHz. These measurements were done in CENIMAT/I3N of FCT-

UNL. 

It was evaluated the heating ability of naked SPIONs (B01), coated with dextran (B02) and gold 

coated (B03) at a concentration of 1 mg/mL. Measurements were performed during 10 minutes by keeping 

magnetic field intensity of 300 Gauss and constant frequency of 388.15 kHz. 
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3.4 Cytotoxicity Assay 
 

For the evaluation of the cytotoxic activity of the SPIONs a human prostate cancer cell line PC3 

(ATCC, CRL-1435) was selected. The cell culture was prepared using RPMI-1640 (Roswell Park Memorial 

Institute Medium) supplemented with 10% fetal bovine serum (FBS) and 1% antibiotics. The cells were 

suspended in the medium, placed in culture flasks and incubated at 37ºC in the presence of CO2 (5%). 

Upon confluence, the cells were removed by treatment with trypsin/EDTA solution, suspended with a 

complete medium and further diluted for cell counting or sub-culturing. The 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyl-2H-tetrazolium bromide (MTT) assay was used to evaluate the cellular viability. This assay is 

based on the reduction of the soluble yellow tetrazolium salt to insoluble purple formazan crystals by a 

succinate dehydrogenase enzyme, which is present in the mitochondria of metabolically active cells. For 

the assays, the cells were seeded into 96-cell plates at a density of 2 x 104 cells/200 μL (Figure 23a). After 

a period of 24 h for adherence, the cells were treated with 200 μL of different concentrations of A01, A04, 

B01 and B04 SPIONs in the range of 10 to 500 μg of Fe/mL (Figure 23b) and were incubated at 37 ºC for 

24h in the presence of CO2 (5%). After the incubation, the medium was aspirated and 200 μL MTT solution 

in PBS (0.5 mg/mL) was added to the cells. The latter were further incubated for another 3h under the same 

conditions. Finally, the formazan crystals were dissolved in 200 μL DMSO and the absorbance was 

measured with a microplate reader at 570 nm (Power Wave Xs, Bio-Tek, Winooski, VT, USA). The 

absorbance of the untreated cells was used as the control. 

 

 

Figure 23: 96 cell plates seeded with PC3 cells (a), and cells treated with SPIONs in different concentrations in µg of 
Fe/mL (b). The cells designated with C letter are the control group. 
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Chapter 4 

Results and Discussion 
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4.1 Structural Characterization 
 

4.1.1 Powder X-Ray Diffraction 
 

Powder X-ray diffraction measurements reveal structural information, phase, and approximate size 

of the crystalline core of the SPIONs. In the diffractograms for all A, B, and C samples, the diffraction pattern 

showed peaks at 2θ of approximately 18.50°, 30.31°, 35.72°, 43.40°, 53.80°, 57.35°, and 62.94°, consistent 

with nano-sized crystallites, allowing the identification of the main peaks of a spinel phase. The unit-cell 

parameters were estimated from the PowderCell program. From these parameters it was possible to infer 

that both magnetite, Fe3O4 (JCPDS file 19–629), and maghemite, γ – Fe2O3 (JCPDS file 39–1346), are 

present. Magnetite with ideal stoichiometry and maghemite. These two phases have the same crystalline 

planes for the main peaks but with slightly different intensity. This hinders the distinction between magnetite 

and maghemite with this technique. However, these two compounds can be distinguished by using another 

characterization technique, the Mössbauer spectroscopy, which allows to identify Fe-containing phases 

and their oxidation state, Fe2+ and Fe3+ (see below in this section). 

The represented crystal planes are (111), (220), (311), (400), (422), (511) and (440). Figure 24 

shows the comparison between the diffractograms of naked SPIONs (A01, B01). 

 

 

Figure 24: Left: Powder diffractogram of A01 (a). Left: Powder diffractogram of B01 (b). 

 

For A01 it is possible to observe a peak at 21.26º (Circulated in red) that is neither part of the 

magnetite nor of the maghemite. Through literature searches and analysis with the software DIFRACC.EVA 

it is possible to attest that this peak refers to a slightly presence of goethite that is an Iron (III) oxide - 
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Hydroxide (𝛼 - FeO(OH)) [76]. The presence of this phase could, probably, have been avoided by a more 

effective washing of the samples, removing all excess hydroxides. 

Figure 25 shows the diffractogram of the Naked SPIONs C01 sample. In this case, the appearance 

of an ammonium chloride (NH4Cl) salt phase is present. The main peaks of this salt that are represented in 

the diffractogram are 23.05°, 32.76°, 40.39°, 46.94°, 52.86°, 58.31°, which are very close to those in the 

literature (JCPDS file 73-1491) [77]. The presence of this salt comes probably from the non-washing of 

SPIONs C in the synthesis step. In addition, it is possible to observe non-main peaks (circled in red) which 

suggest the presence of maghemite. This fact may reveal that this sample has a higher amount of 

maghemite when compared to the naked SPIONS A01 and B01 since the diffractograms for those samples 

do not show these non-main maghemite peaks. 

 

Figure 25: Powder diffractogram of C01 sample. 

 

The powder diffractograms for A02 and B02 samples (Figure 26) show that the coating process 

with dextran and dextran NH2 did not affect the crystal structure of the SPIONs core since no differences 

between the diffractograms were found. It is not possible to confirm the presence of dextran through this 

technique because it is an amorphous compound. 

 



45 
 

 

Figure 26: Left: Powder Diffractogram of A02 (a). Left: Powder Diffractogram of B02 (b). 

 

The X-ray diffraction measurements for A04 and B04 showed peaks at 2θ for the gold phase at, 

approximately, 38.15º, 44.32º, 64.56º, 77.53º. Comparing with the JCPDS card for gold (Au0) (JCPDS 04-

0784), it is observed that the samples have peaks corresponding to this FCC structure, representing the 

crystal planes (111), (200), (220), and (311). Figure 27 shows the diffractograms of both A04 and B04 

samples. 

 

Figure 27: Comparison between diffractograms of A04 and B04 samples. 
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Using the 3 main peaks from the PXRD data of the samples, the crystallite size (DXRD) of the iron 

core of each sample was evaluated by using Debye Scherrer's equation (7) [79]: 

 

where 𝐾 is the Scherrer constant equal to 0.9 for spherical particles, 𝜆 is the X-ray wavelength of 

𝜆=1.54Å, 𝛽 is the full width at half maximum (FWHM) in radian, and θ is the Bragg angle of the peak position 

in radians. The crystallite sizes estimated for the different samples ranged between 7.78 and 10.55 nm and 

are arranged in Table 3. 

Table 3: Crystallite sizes estimated by Powder X-Ray Diffraction. 

Sample Crystallite Size - DXRD (nm) 

A01 9.04 

A02 7.38 

A03 9.81 

A04 9.40 

B01 9.84 

B02 9.60 

B03 10.55 

B04 9.76 

C01 9.98 

 

 

Even though the samples have more percentage of iron than gold, the peaks for gold are more 

intense due to the high absorption of radiation by the gold nanoparticles [78], causing the iron oxide peaks 

to be somewhat faded. 

By this technique, it is not possible to confirm if gadolinium is present in samples A04 and B04, 

because it is in ionic form (Gd3+) complexed by the chelator agent TDOTA. In order to fully identify all the 

metals present in these samples ICP-MS measurements were undertaken for samples A01, A04, B01 and 

B04. These results are shown in the Table 4 below. 

 

𝐷𝑋𝑅𝐷 =
𝐾𝜆

𝛽𝐶𝑜𝑠(𝜃)
 (7) 
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Table 4: Concentration of the elements iron, gold, and gadolinium in each sample (A01, B01, A04, and B04) obtained 
by ICP-MS. 

 Concentrations 

Samples 
Fe (𝝁𝒎𝒐𝒍/

𝒎𝒈) 
Fe (%) 

Au (𝝁𝒎𝒐𝒍/
𝒎𝒈) 

Au (%) 
Gd (𝝁𝒎𝒐𝒍/

𝒎𝒈) 
Gd (%) 

Others 
(%) 

A01 16.1160 90.000 - - - - 10.000 

B01 14.4510 80.769 - - - - 19.231 

A04 9.4798 52.941 2.2400 44.118 0.0262 0.410 2.531 

B04 9.5502 53.333 2.2000 43.333 0.0110 0.173 3.160 

 

With these results, one can confirm that gadolinium is present in samples A04 and B04 in amounts 

of 0.410 and 0.173% of these samples, respectively. In addition, with the amount of gold and iron also 

obtained, it was possible to evaluate the proportion between these two elements in mol obtained after 

synthesis. These results suggest that samples A03 and B03 were coated with gold in a mol ratio of 

approximately 4Fe:1Au as shown in Table 5 

 

Table 5: Molar ratio between Fe and Au for A04 and B04. 

Samples Fe:Au (mol) 

A04 4.23 : 1 

B04 4.34 : 1 

 

 

 

4.1.2 Mössbauer Spectroscopy 
 

As confirmed by the Mössbauer spectroscopy technique performed for samples A01, A02, A03, 

B01, and B03, the magnetite present in those samples is partially oxidized. There is no reason to believe 

that all the spinel grains have exactly the same oxidation degree. Most probably magnetite grains with 

different oxidation degrees up to the maghemite limit where all the Fe cations are in the 3+ oxidation state, 

are present in the studied samples leading to a mixture of spinel grains with different unit-cell parameters. 

This further broadens the PXRD peaks, in addition to the small grain size effect. 
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The Mössbauer spectra at RT, showing sextets with very broad peaks, as well as an additional 

doublet, are consistent with superparamagnetic iron oxides. These spectral features arise when crystallites 

are nanosized and consist of single magnetic domain particles. They are so small (less than 13 nm or 10 

nm, for interacting γ – Fe2O3 and Fe3O4 NPs) that thermally induced energy fluctuations change the 

direction of the magnetization of the NPs from one easy axis to another with a frequency higher than the 

Larmor precession frequency of the nuclear magnetic moment in the local field [80]. If NPs with a finite 

range of volumes are present, they will give rise to a superposition of spectra with different relaxation times.  

Decreasing the temperature to 4K slows down the relaxation of the direction of the magnetic moments 

and allows the observation of sharp peaks (Figure 28 and Figure 29). The 4 K spectra, nevertheless, cannot 

be fitted by a single magnetic sextet. Three sextets are necessary to analyze adequately the spectra. The 

estimated parameters (Table 6 and Table 7) suggest that two sextets are due to tetrahedrally and 

octahedrally coordinated Fe3+ in maghemite and magnetite [20,81] and the third sextet with higher isomer 

shift is consistent with Fe2+ in magnetite [20, 83]. 
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Figure 28: Mössbauer spectra of A01, A02, and A03 samples taken at different temperatures. The lines over the 
experimental points on the spectra taken at 295 K are the sum of a magnetic field distribution and a quadrupole 
doublet and on the spectra taken at 4 K the sum of three sextets, shown slightly shifted for clarity. The estimated 

parameters for these sextets are collected in Table 6. 
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Table 6: Estimated parameters from the Mössbauer spectra taken at 295 K and 4 K for A01, A02, and A03 samples. 

 

Samples Oxidation 
state - Site 

IS QS Bhf  I (%)  

A01       

295 K 

Fe3+  0.30 -0.12 43.5 76%  

Fe3+  0.35 0.65 - 16%  

Fe2.5+  0.69 0.66 42.7 8%  

      

4 K 

Fe3+ 
octahedral 

0.48 0.02 53.1 57% 

11% Fe 
in magnetite 

Fe3+ 
tetrahedral 

0.43 -0.07 50.9 39% 

Fe2+ 
octahedral 

0.93 -0.10 46.4 3.8% 

A02 
 

     

295 K 

Fe3+  0.29 -0.09 43.4 75%  

Fe3+  0.35 0.69 - 17%  

Fe2.5+  0.68 0.63 42.1 8%  

      

4 K 

Fe3+ 
octahedral 

0.48 0.01 53.0 58% 

11% Fe 
in magnetite 

Fe3+ 
tetrahedral 

0.42 -0.08 50.9 38% 

Fe2+ 
octahedral 

0.93 -0.45 46.8 3.8% 

A03 
 

     

295 K 

Fe3+  0.29 -0.12 44.1 86%  

Fe3+  0.33 0.64 - 5%  

Fe2.5+ 0.67 0.69 43.1 9%  

      

4 K 

Fe3+ 
octahedral 

0.48 0.02 53.3 58% 

13% Fe 
in magnetite 

Fe3+ 
tetrahedral 

0.43 -0.07 51.0 38% 

Fe2+ 
octahedral 

0.94 0.23 46.5 4.4% 
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Figure 29: Mössbauer spectra of B01 and B03 samples taken at different temperatures. The lines over the 
experimental points on the spectra taken at 295 K are the sum of a magnetic field distribution and a quadrupole 
doublet and on the spectra taken at 4 K the sum of three sextets, shown slightly shifted for clarity. The estimated 

parameters for these sextets, are collected in Table 7. 

 

Table 7: Estimated parameters from the Mössbauer spectra taken at 295 K and 4 K for B01 and B03 samples. 

Samples 
Oxidation 
state - Site 

IS QS Bhf I (%)  

B01       

295 K 

Fe3+ 0.30 -0.11 45.4 91%  

Fe3+ 0.66 0.66 44.2 9%  

      

4 K 

Fe3+ 
octahedral 

0.47 0.02 53.2 58% 

13% Fe 
in magnetite 

Fe3+ 
tetrahedral 

0.41 -0.04 51.4 38% 

Fe2+ 
octahedral 

0.93 -0.21 43.7 4.5% 

B03       

295 K 

Fe3+ 0.30 -0.12 45.4 89%  

Fe3+ 0.68 0.66 44.1 11%  

      

4 K 

Fe3+ 
octahedral 

0.49 0.01 53.2 57% 

17% Fe 
in magnetite 

Fe3+ 
tetrahedral 

0.40 -0.02 51.4 37% 

Fe2+ 
octahedral 

0.92 -0.17 44.6 5.6% 
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The room temperature spectra may be fitted with distributions of magnetic hyperfine fields (Bhf), in 

order to simulate the magnetic relaxation signals, and a quadrupole doublet which corresponds to the 

particles with the fastest magnetic relaxation [20, 84]. 

No structural information may be obtained in addition to that deduced from the 4 K spectra. A 

reasonable fit may be obtained assuming isomer shifts (IS) consistent with high-spin Fe3+ and Fe2.5+ and 

leading to results consistent with those obtained for the 4 K spectrum. 

Comparing the 295 K spectra one concludes that A01 and A02 samples have a higher fraction of 

particles with faster relaxation than A03 which may be due in the latter sample to lower interparticle 

magnetic interactions or to a lower fraction of smaller nanoparticles. 

Assuming the unlikely scenario where there are only particles of maghemite and of magnetite with 

the ideal stoichiometry in the sample, the fraction of Fe in magnetite could be deduced from the relative 

areas of Fe2+ at 4 K. For instance in B03 approximately 17% of Fe is present in magnetite: 5.6% Fe2+ (Table 

7), plus 5.6% Fe3+ on the octahedral sites, plus 5.6% Fe3+ on the tetrahedral sites. For A01 and A02 

approximately 11% of Fe is present in magnetite: 3.8% Fe2+ (Table 6), plus 3.8% Fe3+ on the octahedral 

sites, plus 3.8% Fe3+ on the tetrahedral sites. The difference between the estimated relative areas of Fe2+ 

at 4 K for this last example is within experimental error but it points to a slightly higher magnetite content in 

A03. However it is more realistic to consider that the sample consists of particles with different oxidation 

degrees [84] and the estimated fractions of Fe2+ and Fe3+ are the average values over all the nanosized 

particles in the sample. 

 

4.1.3 Transmission Electronic Microscopy (TEM) 
 

The transmission electron microscopy (TEM) technique was used to evaluate the size, shape, and 

size dispersion (σ) of the produced SPIONs, with this last obtained through the equation (8) shown below. 

 

𝜎 (%) =  
𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑁𝑃𝑠 𝑠𝑖𝑧𝑒
 × 100 (8) 

 

The average nanoparticle size (DTEM) was calculated from the TEM images shown in this section, 

using the Image-J program. From the obtained values, the histograms presented were constructed using 

sample sizes (N) of 100 and 200.  

It was possible to obtain images for all samples during the development of the work. For A01 (Figure 

30a) nanoparticles have a DTEM of 10.02 ± 2.10 nm, a mixture of spherical and cubic shapes and some 
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undefined shapes and a σ of 20,94%. As shown in the image, the nanoparticles may remain close to each 

other, but without showing aggregation. For the sample with Dx (A02) (Figure 30b), this is even more clear 

due to the stabilization that the polymer provides when surrounded on the nanoparticles. These 

nanoparticles have a mixed shape, between spherical and undefined, and have a lower DTEM of 6.60 ± 1.82 

nm with σ = 27.58%. 

 

 

Figure 30: Left: TEM images at 100 nm scale for A01 (a) and A02 (b) samples. Right: nanoparticle´s size histograms 

obtained by TEM for A01 (c) and A02 (d). 

 

The gold coated A03 sample (Figure 31a) show dimensions of DTEM = 10.91 ± 2.71 nm and 𝜎 = 

24.84%. Functionalized SPIONs A04 (Figure 31b), shows a slight increase on their size but the way that 



54 
 

they are arranged are pretty much the same as on A03 sample. A04 presented DTEM = 11.34 ± 2.75 nm 

and 𝜎 = 24.22%. 

 

 

Figure 31: Left: TEM images at 100 nm scale for A03 (a) and A04 (b) samples. Inset detail with scale of 50nm. Right: 
nanoparticle´s size histograms obtained by TEM for A03 (c) and A04 (d). 

 

As attested by the PXRD technique, sample A01 has a peak related to goethite, an iron oxide-

hydroxide. Through TEM images, it was possible to confirm its presence as shown by the long crystals next 

to the nanoparticles, which are goethite as shown in Figure 32. The presence of goethite is a problem when 

it is predominant in the sample, because it has a shape that is not favorable for biomedical applications, 

since the hydroxide groups are non-biocompatible. In addition, it has a lower magnetization degree than 

magnetite or maghemite. 
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Figure 32: TEM image of A01 sample showing some needles that can be presence of goethite phase in the sample. 

 

For B01 (Figure 33a) nanoparticles have a DTEM of 9.85 ± 1.97 nm, with predominantly spherical 

morphology and a 𝜎 of 19,98% and quite separated since their edge can be distinguished. For B02 (Figure 

33b), and in contrast to A02, the nanoparticles are not reduced in diameter. These nanoparticles have a 

spherical-like shape with a DTEM of 9.76 ± 2.12 nm and 𝜎 = 21.74%. 
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Figure 33: Left: TEM images at 100 nm scale for B01 (a) and B02 (b) samples. Inset detail with scale of 50nm. Right: 
nanoparticle´s size histograms obtained by TEM for B01 (c) and B02 (d). 

 

The gold coated B03 sample (Figure 34a) show dimensions of DTEM = 10.00 ± 2.27 nm and 𝜎 = 

22.66%. In functionalized SPIONs B04 (Figure 34b) there are some spots with large clumps, but this is 

probably due to precipitation that occurred during the sample preparation stage, because it is noticeable 

that in other regions NPs are very well dispersed, unlike A04 sample. In the inset of the figure, one can 

observe how clearly separated from each other they are. This result is very promising for this work since 

the better dispersed they are, the better for biomedical applications we are targeting. A04 presented DTEM 

= 11.02 ± 2.21 nm and 𝜎 = 20.03%. 
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Figure 34: Left: TEM images at 100 nm scale for B03 (a) and B04 (b) samples. Inset detail with scale of 50nm. Right: 
nanoparticle´s size histograms obtained by TEM for B03 (c) and B04 (d). 

 

The TEM images for SPIONs C01 (Figure 35) showed good results with a size dispersion of 20.8%, 

a well-defined spherical shape with a few variations, and a DTEM of 8.30 ± 1.73 nm. In addition, they are 

well dispersed better than A or B samples. Larger nanoparticles are found to closer but not aggregated, 

which may be due to long range magnetic dipole-dipole interaction between the nanoparticles [85]. As 

attested by the powder PXRD technique, some peaks are related to the structure of ammonium chloride, 

which cannot be seen in this image. 
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Figure 35: Left: TEM image at 100 nm scale for C01 (a) sample. Right: nanoparticle´s size histogram obtained by 
TEM for C01 (b). 

 

The average size values calculated by TEM corroborate the calculations performed previously 

using PXRD (DXRD), indicating that the nanoparticles are mainly single crystallites [85], and are shown in 

Table 8. Furthermore, all values of sizes are consistent with those found in others researches that SPIONs 

are being used for MRI and magnetic hyperthermia [86–89] 

 

Table 8: Crystallite size obtained by PXRD and particle size obtained by TEM images for each sample. 

Sample Crystallite Size - DXRD (nm) Particle size - DTEM (nm) 

A01 9.04 10.02 ± 2.10 

A02 7.38 6.60 ± 1.82 

A03 9.81 10.91 ± 2.71 

A04 9.40 11.34 ± 2.75 

B01 9.84 9.85 ± 1.97 

B02 9.60 9.76 ± 2.12 

B03 10.55 10.00 ± 2.27 

B04 9.76 11.02 ± 2.21 

C01 9.98 8.30 ± 1.73 
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4.1.4 Zeta Potential 
 

When particles interact, two forces must be considered, van der Waals and electrostatic repulsion. 

Based on these interactions, the zeta potential (ζ) is calculated as the ratio between the speed at which the 

particles move in suspension and the electric field applied at the time of measurement. This technique 

measures the electrostatic potential at the boundary of the compact layer and the diffuse layer of the 

colloidal particles, demonstrating the degree of stability of the suspension [90]. In absolute value, the higher 

the zeta potential, the greater the repulsion between the particles, so they tend to become dispersed. If the 

zeta potential is close to 0 mV they tend to agglomerate [91]. 

As reported in the literature, it is a general rule that good particle stability has zeta potential values 

above 30mV or below -30mV. Values around 5mV indicate a fast aggregation of the particles [92]. 

Zeta values determined for all samples are presented in Table 9. Naked samples A01 and C01 

obtained ζ of 40.3 ± 8.1 and 43.80 ± 9.7 mV, respectively. This indicates good stability and dispersion of 

the particles as also confirmed from the TEM analyses. For C01 the ζ value is due to the fact that sample 

was not washed, causing a large amount of NH4
+ and Cl- ions from the synthesis to be adsorbed on the 

surface of the SPIONs. As shown by PXRD, C01 has peaks related to ammonium chloride NH4Cl. The high 

positive value of the zeta potential of A01 can also be attributed to the adsorption of Na+ and NH4
+ ions on 

the surface of the SPIONs aggregates due to an inefficient washing. For sample B01, a zeta potential of -

13.13 ± 6.1 mV was determined, which reveals a low stability and less dispersion. This may be due to a 

more efficient washing process by magnetic separation in removing adsorbed positive ions from the 

SPIONs, possibly leaving only adsorbed Cl- ions, and consequently making this potential to be negative. 

The addition of Dx and Dx-NH2 in A02 and B02, respectively, implies a change of the ζ. Negative 

OH- groups from the dextran and sodium hydroxide OH- groups that replaces the other adsorbed ions at 

the SPIONs surface, cause the ζ in A01 to decrease to a value of -6.21 ± 7.6 mV, indicating instability and 

lower dispersion of the suspension. On the contrary, for B02, where Dx - NH2 was used, which has a much 

more positive character due to the amino group present in it, the zeta potential increased and became 

positive (47.83 ± 8.1 mV), indicating good stability and dispersion. The addition of the gold layer seems to 

have no effect on the ζ values. 

The functionalization with TDOTA complexed Gd3+ increased the zeta potential from A03 to A04 

(35.35 ± 8.5 mV), which may indicate a stabilization of the nanoparticles at lower pH [93]. The values of 

zeta potential for B04 (44.80 ± 9.1 mV) are in agreement with the TEM analysis of this sample (Figure 34b), 

showing good dispersion of the nanoparticles. 
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4.1.5 Dynamic Light Scattering (DLS) 
 

The DLS technique correlates the Brownian motion of the particles in a colloidal suspension with 

the hydrodynamic size (DH) of the analyzed material. Therefore, to obtain the size it is necessary to analyze 

the motion of these particles over a certain time. Particles with smaller hydrodynamic sizes diffuse rapidly 

due to the rapid Brownian motion in solution. However, when the hydrodynamic sizes are larger, the 

movements are slower, leading to a decrease in Brownian motion [94].  

The difference in the size determination of nanoparticles by PXRD (DXRD) and TEM (DTEM), and the 

mean hydrodynamic size obtained by DLS (DH), is due to the hydrodynamic radius, a hydration layer related 

to the electrical double layer of the nanoparticles. The presence of dextran in A02 can be attested due to 

the large increase in DH from A01 (108.95 nm) to A02 (352.40 nm). As A02 is composed of small clusters 

this hydrodynamic size may refer to the whole cluster and not just to a single nanoparticle as shown in 

Figure 36. In addition, since SPIONs are magnetic, they were attracted by the electrode of the cuvette 

during the tests, which may have provided inaccurate measurements using this technique. 

 

 

Figure 36: Diameter of magnetic core (dc) is surrounded by a magnetically neutral coating (Dextran) (with 
hydrodynamic diameter dH). Adapted from [95]. 

 

The decrease of DH when samples are coated with gold nanoparticles (A03 and B03) is due to a 

compression of the gold against the DH direction. For nanoparticles functionalized with TDOTA complexed 

Gd3+ (A04 and B04), the -NH2 and -(OH2)+ groups from TDOTA complex the gadolinium inside and outside 

making a shell around the nanoparticles or nanoparticles aggregates, also reducing its DH. The Table 9 

below shows a comparison of the diameters obtained by PXRD, TEM and DLS analyses, as well as the 

values obtained for the zeta potential of each sample. 
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Table 9: Measurements of sizes obtained by PXRD, TEM and DLS and zeta potential of all samples. 

Sample 
Crystallite Size 

DXRD (nm) 
Particle size DTEM 

(nm) 
Hydrodynamic 

Size DH (nm) (PDI) 
Zeta Potential 

(mV) 

A01 9.04 10.02 ± 2.1 108.95 (0.482) 40.30 ± 8.1 

A02 7.79 6.60 ± 1.8 352.40 (0.373) -6.21 ± 7.6 

A03 9.81 10.91 ± 2.7 223.64 (0.536) -1.91 ± 6.0 

A04 9.40 11.34 ± 2.8 133.80 (0.490) 35.35 ± 8.5 

B01 9.84 9.85 ± 1.9 84.02 (0.357) -13.13 ± 6.1 

B02 9.60 9.76 ± 2.1 118.80 (0.484) 47.83 ± 8.1 

B03 10.55 10.00 ± 2.2 87.80 (0.731) 47.01 ± 7.0 

B04 9.76 11.02 ± 2.2 44.70 (0.511) 44.80 ± 9.1 

C01 9.98 8.30 ± 1.7 19.00 (0.537) 43.80 ± 9.7 

 

4.2 Magnetic Characterizations 
 

The magnetic properties of all the nanoparticles samples were performed by means of static (DC) 

magnetization measuring the hysteresis loops and the thermal dependence of the magnetization after field-

cooling (FC) and zero-field-cooling (ZFC). In general, the field dependence of the magnetization curves 

taken at room temperature, 300 K, showed no hysteresis, with coercivity (Hc) approximately 0, which is 

indicative of the superparamagnetic behavior required. Moreover, upon removal of the applied magnetic 

field, the SPIONs retain no residual magnetism at room temperature, which is a good advantage for their 

use in theranostic, since they do not have tendency to agglomerate, thus enabling the uptake by the tumor 

cells. The saturation magnetization (Ms) values varied between 51,00 and 66.60 Am2/Kg for the naked 

samples (A01, B01, and C01), which are in agreement with other reported works of synthesized SPIONs 

through co-precipitation method [96–98]. B01 achieved the highest Ms value of 66 Am2/Kg, validating the 

synthesis method B as the one that provided SPIONs with the best magnetic performance so far. This fact 

can be due to a slightly larger amount of magnetite in B01 has when compared to A01, which also increase 

its saturation magnetization value. At lower temperatures, i.e., 10 K, the nanoparticles present a higher 

value of saturation magnetization, and it is necessary to apply a coercive field to reach a magnetization of 

zero, meaning that at this temperature the nanoparticles exhibit hysteresis and behave as ferromagnets. 

Figure 37a shows the M(B) curves obtained for A01, B01 and C01 at 300 K while Figure 37b shows 

the superparamagnetic behavior at 300K and the ferromagnetic behavior at 10 K for each sample. 
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Figure 37: (a) Field dependence of the magnetization for A01, B01, and C01. (b) Hysteresis curves showing 
superparamagnetic behavior at 300K and ferromagnetic behavior at 10K for samples A01, B01, and C01. 

 

Figure 38 shows on the left side all the M(B) curves for A samples and on the right side for B 

samples. While A01 and B01 show the highest Ms values, the coated samples have lower values due to 

the coating shell. This makes sense since the more compounds are added around the SPIONs core the 

more the magnetic behavior of the SPIONs is suppressed. 

 

 

Figure 38: Magnetization curves for A samples (left) and B samples (right). 

 

Figure 39 compares the M(B) curves at 300K for the coated samples A02 and B02 on the left side 

and A03 and B03, on the right side. The dextran coating decreases the Ms of A02 by 17.3% and B02 by 
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16.2% when compared to the correspondent naked samples. Concerning the dextran coating with the Au 

shell, sample A03 has a 16.6% reduction in Ms when compared to its naked version while sample B03 

decreased by 41.4%. This significant reduction may be due to a more efficient coverage with the gold 

nanoparticles that mask the magnetic characteristics of iron oxide core. This best result may have been 

achieved by the use of Dx-NH2 in these nanoparticles, which was chosen just to check it effect due to higher 

affinity with the NH2 group. 

 

 

Figure 39: Field dependence of the magnetization curves for A02 and B02 (left) and A03 and B03 (right). 

 

As the SPION cores gradually become more covered, the Ms values tend to decrease, as it happens 

to samples A04 and B04 (Figure 40a). For sample B04 this decrease reaches approximately 41% which 

suggest that from B03 to B04 there has been no change in the behavior of the M(B) curve. The Ms value of 

A04 decreased by 24.9% relative to its naked version. However, although this decrease is detected, they 

remain superparamagnetic at 300 K (Figure 40b) and present good values of saturation magnetization. 

This decrease on Ms is very low when compared to other values reported in the literature. In a study by 

Stein et al., 2020 [99] SPIONs after gold coating lost 40% of their Ms while in a study by Elbialy et al., 2014 

[70], they lost 32.8%. Therefore, our results seem to indicate a breakthrough in this research. Overall, these 

magnetic results ensure that the use of such nanoparticles in biomedical is feasible and can be tested in 

further in vitro and in vivo assays. 



64 
 

 

Figure 40: Field dependence of the magnetization curves for A04 and B04 samples (left) and hysteresis curves 
showing the superparamagnetic behavior of A04 and B04 at 300K (right). 

 

Table 10 below shows all the magnetic measurements of M(B) obtained with the SQUID at 

temperatures of 10 K and 300 K. 

 

Table 10: Magnetic parameters obtained by the magnetization measurements for all the studied samples. 

 T=300K T=10K 

Samples 𝑴𝒔 (𝐀𝒎𝟐/𝐊𝐠) 𝑴𝒔 (𝐀𝒎𝟐/𝐊𝐠) 𝑴𝒓 (𝐀𝒎𝟐/𝐊𝐠) 𝑯𝑪 (𝐓) 

A01 51.00 60.59 10.12 0.018 

A02 45.50 53.60 10.90 0.018 

A03 42.54 48.32 8.83 0.017 

A04 38.30 45.20 7.76 0.016 

B01 66.00 78.00 12.43 0.017 

B02 55.32 61.00 13.23 0.017 

B03 38.70 43.80 9.29 0.016 

B04 38.90 45.10 8.78 0.015 

C01 62.80 74.00 24.00 0.021 
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Figure 41 shows the temperature dependence of the ZFC/FC magnetization curves of Naked 

SPIONs (A01, B01, and C01) measured by SQUID under an applied filed of 2.5 mT. The blocking 

temperature (Tb) was determined as the maximum value of ZFC curve. Larger nanoparticles require a 

higher temperature for the thermal energy to exceed the energy barrier, and thus be unlocked, and behave 

as superparamagnets. At this point there is a guarantee that all nanoparticles in the system are unblocked 

[100]. Samples A01, B01 and, C01 exhibit a Tb of 283.7, 284.7, and 299.9 K, respectively, which indicates 

that at RT they have superparamagnetic behavior, confirmed by the absence, at 300 K of coercivity and 

magnetic remanence, as showed on Figure 37b. 

 

 

Figure 41: ZFC/FC curves for Naked SPIONs (A01, B01, and C01) under a magnetic field of 2.5 mT. 

 

Figure 42 shows the ZFC/FC curves obtained under an applied field of 2.5 mT for A02 and of 50 

mT for B02. The difference in the blocking temperatures observed for A02 Tb = 204.15 K and B02, Tb = 

102.24 K are due to the different applied magnetic fields. In both cases, the superparamagnetic behavior 

above Tb remains constant. 
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Figure 42: ZFC/FC curves under a magnetic field of 2.5 mT for A02, and under 50 mT for B02. 

 

Figure 43 shows the ZFC/FC curves obtained under an applied field of 50 mT for SPIONs covered 

with dextran and coated with gold (A03 and B03). Gold coating reduced the blocking temperature in A03 

more significantly, as these temperatures are now close together. A03 and B03 exhibits, quite similar Tb 

values, of 87.4 K and 92.3 K, respectively since the nanoparticles size is also similar (Table 9). In both 

cases, the superparamagnetic behavior above Tb remains constant. 

 

Figure 43: ZFC/FC curve for A03 and B03 under 50mT 
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In the Table 11 below Tb values obtained through the ZFC/FC curves for each sample are 

presented. 

 

Table 11: Blocking temperature obtained by the highest value of the ZFC curve for each sample. 

Samples Blocking Temperature - 𝑻𝒃(𝑲) 

A01 283.68 

A02 204.15 

A03 87.38 

A04 92.10 

B01 284.69 

B02 102.24 

B03 92.27 

B04 - 

C01 299.92 

 

Knowing that all the samples exhibit superparamagnetic behavior at RT, it is possible to determine 

the mean magnetic diameter (DMAG) of the nanoparticles considering the M(B) curve obtained at 300 K 

through the Langevin model shown below (9) [50]: 

 

 

where Kb is the Boltzmann constant which is equal to 1.381 x 10-23 m2Kg/s2K, T is the temperature 

in Kelvin, (
𝑑𝑀

𝑑𝐵
)

(𝐵 →0)
 is the derivative of first order of the curve M(B) at the point B = 0, Ms is the saturation 

magnetization, and 𝜌 is the mass density of the iron oxide structure.  Although it is known by Mössbauer 

spectroscopy that the samples contain between 11 to 17% in magnetite, in order to simplify these 

calculations, it was assumed for that all samples have 100% in maghemite, which gives 𝜌 = 4900 Kg/m3. 

These calculations are presented in Table 12. By comparing these results with the ones already determined 

by PXRD and TEM characterization, one can verify a good agreement between all of them. 

𝐷𝑀𝐴𝐺 = (

18𝐾𝑏𝑇 (
𝑑𝑀
𝑑𝐵

)
(𝐵 →0)

𝜋𝜌𝑀𝑠
2 )

1
3

 
(9) 
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Table 12: Comparison between nanoparticles diameter determined by PXRD, TEM, and SQUID. 

Sample 
Crystallite Size DXRD 

(nm) 
Particle Size DTEM 

(nm) 
Magnetic Diameter DMAG 

(nm) 

A01 9.04 10.02 ± 2.10 10.51 

A02 7.79 6.60 ± 1.82 11.00 

A03 9.81 10.91 ± 2.71 11.68 

A04 9.40 11.34 ± 2.75 12.28 

B01 9.84 9.85 ± 1.97 9.55 

B02 9.60 9.76 ± 2.12 11.72 

B03 10.55 10.00 ± 2.27 11.85 

B04 9.76 11.02 ± 2.21 13.13 

C01 9.98 8.30 ± 1.73 9.84 

 

4.3 Magnetic Hyperthermia 
 

Due to several constraints, magnetic hyperthermia tests were only possible for samples B01, B02, 

and B03. This study showed that the highest temperature variation [ΔT (ºC)] as a function of time (s) 

occurred for the sample B01, which reached a variation of 8 °C. Coated samples B02 and B03 have shown 

practically the same variation, 3.7 ºC for B02 and 3.5 ºC for B03 (Figure 44). B01 sample reaches a 

temperature higher than 40 °C in approximately 200 s inside a human body in these conditions, whereas 

B02 and B03 achieves the same temperature only after approximately 500 s. This difference could be 

attributed to the organic covering of Dx – NH2 that behave as an insulating shell around the SPION’s surface 

[101]. 
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Figure 44: Hyperthermia curves of temperature (ºC) vs. time (s) for B samples. 

 

The parameter known as Specific Absorption Rate (SAR) is used to characterize the heating 

efficiency of a magnetic material by measuring its energy absorption when exposed to an AC magnetic 

field. This value is calculated by using the equation (10) and is defined as the amount of power absorbed 

by the sample per mass unit (W/g): 

 

 

Where (
𝑑𝑇

𝑑𝑡
)

(𝑀𝑎𝑥)
 is the maximum gradient of the temperature curve of the SPIONs in water 

submitted to the hyperthermia test, CS is the specific heat of the nanoparticles, CW is the specific heat of 

the liquid, mw is the water mass, and mFe is the iron mass in the sample. Figure 45 shows the SAR values 

calculated for B01, B02, and B03. 

𝑆𝐴𝑅 =
𝐶𝑆𝑚𝐹𝑒 + 𝐶𝑤𝑚𝑤

𝑚𝐹𝑒

(
𝑑𝑇

𝑑𝑡
)

(𝑀𝑎𝑥)
 (10) 
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Figure 45: SAR values obtained for B01, B01, and B03. 

 

B samples are promising option for inducing apoptosis in cancer cells at temperatures between 40 

and 45 degrees Celsius [39,40]. In addition, the SAR values for B01, B02, and B03 correspond to those 

reported in the literature [102]. 

Table 13 shows the values of ΔT (ºC) and SAR through magnetic hyperthermia for B samples. 

 

Table 13: Values of temperature variation (ºC) and SAR (W/g) obtained for B01, B02, and B03. 

Sample ΔT (ºC) SAR (W/g) 

B01 8.7 43.94 

B02 3.7 34.57 

B03 3.5 26.57 
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4.4 Cytotoxicity Assay 
 

Although at a preliminary stage, it was still possible in this work to perform cytotoxicity tests in 

samples A04 and B04. The cytotoxicity of SPIONs has been attributed to both structural factors related to 

their size, shape, charge as well as their coatings. Therefore, the cytotoxic effect of SPIONs A04 and B04 

was studied using the PC3 cells (prostate cancer) in order to obtain information regarding the selection of 

the most suitable concentrations to use in future studies on the evaluation of these platforms as theranostic 

agents. The MTT assay, a metabolic assay considered the "gold standard" for cytotoxicity, was selected 

for the evaluation of the cell viability of these SPIONs. 

The results obtained by the MTT assay on the PC3 cells treated for 24h with serial dilutions of 

SPIONs A04 and B04 (10 to 50 μg Fe/mL) and their respective precursors A01 and B01 are presented in 

Figure 46. Dilutions in concentration of 100, 200, and 500 μg Fe/mL were removed because they presented 

a stronger coloration, which interfered with the spectrophotometric measurement. These results show that 

for concentrations up to 50 μg Fe/mL it is feasible to proceed with tests in PC3 cells, with the worst-case 

scenario killing approximately 25% of cells at 25 and 50 μg Fe/mL for sample B04. 

 

 

Figure 46: Graphical diagram showing the cellular viability for A01, A04, B01 and B04 samples at different 

concentrations of Iron. 
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Chapter 5 
 

Conclusion and Future Work 
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5.1 Conclusion 
 

The work developed in this thesis had as main objective the synthesis of iron oxide nanoparticles 

able to be used as a nanoplatform for drug delivery for therapy and imaging. The advantage of such 

nanosystems is the combination of diagnostics and therapy allowing the possibility to acquire real-time 

information about the delivery and eventually the effects of therapeutic agents when administered to 

patients.  

These nanoparticles were produced by the chemical precipitation, which provided SPIONs with 

diameters smaller than 11nm and with magnetizations greater than 50 Am2/Kg. Three different approaches 

were elaborated. In the first one (A samples) the reduction of Fe was used to obtain the amount of iron ions 

necessary for precipitation, in the second method (B samples) a hydrothermal post treatment was used and 

in the third one (C samples) a fine monitoring of the pH to reach 9.5 was made during the precipitation 

phase of Fe3O4. Method B provided a smaller size dispersion of the nanoparticles, with 19% and samples 

with the best saturation magnetization of 66 Am2/Kg while method C showed to be more efficient to obtain 

samples with smaller particle size of 8.3 ± 1.73 nm through TEM with spherical shape. With method A the 

shape of the nanoparticles varied greatly, and they also have a goethite phase, which although in low 

percentage is considered a non-desirable phase for further biomedical applications. 

Since iron oxides nanoparticles have a natural tendency to aggregate, surface modification and 

stabilization of SPIONs A and B was performed by adding Dx and Dx-NH2, respectively. The SPIONs were 

further covered with a gold shell with the goal to obtain a uniform and continuous coating with a thickness 

that does not lead to substantial loss of the magnetic performance of the nanoparticles and functionalized 

with TDOTA complexed gadolinium (III). All the prepared samples were characterized in terms of size, 

phases, morphology, and stability by a combination of techniques such as, DLS, PXRD, TEM, Zeta 

Potential, and Mössbauer spectroscopy. The content of metals Fe, Au and Gd have been determined by 

ICP-MS. A detailed magnetic study by static magnetization to assess their magnetic performance, namely 

in terms of superparamagnetic (single domain) and blocking behavior was also performed. 

ICP-MS analyses reveal that Gadolinium and Gold are present in samples A04 and B04. TEM 

images show that the final product B04 has a good dispersion of the nanoparticles in the medium, being 

crucial for theranostic applications.  

Magnetization studies have shown that SPIONs core of these samples keep their 

superparamagnetic behavior assuring the maintenance of the magnetic properties in A04 and B04. Particle 

size determined by PXRD, TEM and SQUID is about 10.19 nm which is a considerable good size for in vivo 

applications, and it is consistent with other reported studies [87-90]. 

Analysis by Mössbauer spectroscopy revealed that SPIONs are mainly composed by maghemite 

with approximate 13% of magnetite, which improve the magnetic character of the samples  
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Regarding the magnetic hyperthermia tests, due to several constraints it was not possible to 

perform those measurements for all samples. However, preliminary tests on samples B01, B02 and B03 

have shown that sample B01 present a quite significant temperature variation, of 8.7 ºC, and may be 

efficient to generate the apoptosis of cancer cells that occurs between 40-45ºC [39, 40]. 

Cytotoxicity assay in vitro allowed us to know that concentrations of these samples up to 50 ug 

Fe/mL do not generate significant damage to PC3 cells, so at these concentrations it is possible to continue 

with future MRI and Magnetic Hyperthermia tests in vitro and later in vivo. 

The strategy to undertake a systematic study of preparation of SPIONs has proved to be innovative 

and the results found encouraging providing a clear indication on the potential application of these SPIONs-

nanoplatforms as bimodal probes in cancer diagnosis. 

 

5.2 Future Work 
 

Despite the large volume of work done in this thesis there are some loose ends concerning different 

characterization studies, namely: 

• The magnetic hyperthermia measurements of all the samples under different conditions of sample 

concentrations, and operational parameters, such frequency and alternate magnetic field. 

• The DLS and zeta potential analysis at different pH values in order to obtain information concerning 

the stability of such nanoparticles in the physiologic medium (human body). These results could be 

advantageous to understand and improve further surface modifications of SPIONs. 

After all the characterization studies and once cell viability assays are concluded the decision to 

proceed to in vitro and in vivo tests on PC3 cells, should be done in order to perform MRI and magnetic 

hyperthermia assays in those cells. 
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