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Summary  

The development of hybrid probes for multimodal molecular imaging is changing the diagnosis and 

characterisation of complex pathologies. The fusion of the outstanding sensitivity of positron emission 

tomography (PET) and the excellent anatomical resolution of magnetic resonance imaging (MRI), 

provides an ideal combination of structural and anatomical information, which is key to expand the 

application of molecular imaging for the diagnosis of complex and multifactorial diseases. 

Iron oxide nanoparticles (IONPs) have been traditionally used as negative (T2) contrast agents, 

darkening tissues or areas in which they accumulate. However, in recent years there has been a great 

amount of research focusing on the production of IONPs for positive (T1) contrast MRI. One of the 

most appealing properties that nanoparticles usually offer is the possibility of tailoring their synthesis 

and functionalisation to obtain probes that generate or enhance the signal in more than one imaging 

modality, via incorporation of moieties in the core or the surface of the nanoparticle. 

In this thesis, we developed a novel microwave-assisted method for the synthesis of IONPs core-

doped with the positron emitter 68Ga and with relaxometric properties suitable for hybrid T1 MRI/PET 

imaging. Full characterisation revealed optimal radiochemical properties for PET imaging and excellent 

relaxometric properties for T1 MR imaging, demonstrating that the combined use of nanotechnology 

and radiochemistry can render an innovative tool for the dual imaging of biological processes in vivo. 

Furthermore, in an attempt to improve the relaxometric properties of our IONPs, we synthesised 

iron oxide nanoparticles doped with different amounts of copper. This resulted in three copper-doped 

samples with different relaxometric properties and hence, contrast capabilities. Further MR angiography 

in mice revealed an outstanding candidate for T1 MRI, having relaxometric properties and contrast 

capabilities ameliorated with respect to undoped IONPs. In addition, this copper-doped nanoparticle 

sample was successfully vectorised into tumours by the bioconjugation of an integrin-binding peptide, 

providing a remarkable T1 contrast enhancement in T1-weighted MR imaging of tumour-bearing mice. 

Finally, we used our 68Ga core-doped IONPs to visualise microcalcifications in atherosclerotic plaque 

by PET and T1-weighted MRI. To do this, we conjugated our 68Ga core-doped IONPs with a 

bisphosphonate moiety to produce a surface conjugated bisphosphonate nanoparticle, named as HAP-

multitag. Our nanotracer showed high affinity towards calcium salts both in vitro and in vivo, allowing 

us to spot microcalcifications in mice of different ages fed on high fat cholesterol diet and therefore, 

different plaque progression stages. To our knowledge, HAP-multitag is the first reported probe that 

enables not only the localisation of microcalcifications at the earliest stage but also the longitudinal 

characterisation of microcalcifications in atherosclerotic plaque in vivo. 

  



 

Resumen  

El desarrollo de sondas de imagen duales para imagen molecular es una posibilidad fascinante para 

el diagnóstico de enfermedades complejas. La fusión de la alta sensibilidad que ofrece la imagen de 

tomografía por emisión de positrones (PET por sus siglas en inglés) con la detallada información 

anatómica que ofrece la imagen por resonancia magnética (MRI por sus siglas en inglés) combina la 

obtención de imágenes con detallada información funcional y estructural, clave para extender el uso de 

la imagen molecular para el diagnóstico de enfermedades complejas y multifactoriales. 

Las nanopartículas de óxido de hierro (IONPs por sus siglas en inglés) se han usado tradicionalmente 

para imagen por resonancia T2, oscureciendo las áreas y órganos en los que se acumulan. Sin embargo, 

en los últimos años ha habido bastante investigación en la producción de IONPs para contraste positivo 

en imagen por resonancia magnética. Una de las propiedades más atractivas de las nanopartículas es la 

posibilidad de hacer una síntesis y funcionalización “a la carta” para obtener sondas que generan o 

ensalzan la señal en más de una modalidad de imagen, ya sea incorporando, por ejemplo, algún metal 

en su núcleo o biomolécula en su superficie. 

En esta tesis hemos desarrollado un nuevo método de síntesis asistida por microondas para IONPs 

dopadas con el emisor de positrones 68Ga en su núcleo y con propiedades relaxométricas idóneas para 

imagen dual T1 MRI/PET. La caracterización completa de las muestras obtenidas revela un alto 

rendimiento de marcaje y estabilidad radioquímica, además de unas propiedades relaxométricas ideales 

para contraste positivo en MRI, demostrando que el uso combinado de la nanotecnología y la 

radioquímica produce una herramienta innovadora para la detección dual de procesos biológicos in vivo. 

También hemos estudiado el efecto que tiene un metal dopante en el núcleo de las IONPs en sus 

propiedades relaxométricas y capacidades de contraste. En este caso usamos cobre y sintetizamos 

muestras con diferentes cantidades de dopaje. Obtuvimos tres muestras con capacidades de contraste y 

propiedades relaxométricas distintas. Llevamos a cabo experimentos in vivo de angiografía por 

resonancia magnética en ratón con las tres muestras que revelaron que nuestras nanopartículas son un 

candidato excelente para T1 MRI, mostrando unas propiedades relaxométricas y capacidad de contraste 

mejoradas con respecto a las IONPs sin dopar. Esta muestra dopada con cobre se dirigió a tumores 

mediante la conjugación de un péptido que se une a integrinas, obteniendo un excelente contraste para 

la detección de tumores en ratones por T1 MRI. 

Finalmente, usamos nuestras IONPs para visualizar microcalcificaciones en placa de aterosclerosis 

usando PET y T1-MRI. Para ello funcionalizamos estas nanopartículas con un bisfosfonato, creando 

HAP-multitag. Este nanoradiotrazador presenta una gran afinidad por las sales de calcio tanto in vitro 

como in vivo, permitiendo la localización de microcalcificaciones en ratones de diferentes edades y por 

lo tanto con estados de progresión aterosclerótica distintos. Hasta donde sabemos, HAP-multitag es la 



 

primera sonda que no solo permite la localización de las microcalcificaciones en su estado más temprano, 

sino que también nos ha permitido caracterizar la aterosclerosis longitudinalmente usando las 

microcalcificaciones como biomarcador in vivo.



 

 

List of abbreviations 

AC: Alternating current 

BP: Bisphosphonate 

DLS: Dynamic Light Scattering 

EDX: Energy Dispersive X-Ray Spectroscopy 

FTIR: Fourier Transform Infrared Spectroscopy 

HAP: Hydroxyapatite 

ICP-MS: Inductively Coupled Plasma Mass Spectroscopy 

IONP: Iron Oxide Nanoparticle 

LDL: Low Density Lipoprotein 

MRA: Magnetic Resonance Angiography 

MRI: Magnetic Resonance Imaging 

Ms: Saturation Magnetisation 

MW: Microwave 

NP: Nanoparticle 

PET: Positron Emission Tomography 

r1: Longitudinal relaxivity value 

r2: Transversal relaxivity value 

STEM-HAADF: Scanning Transmission Electron Microscopy – High-Angle Annular Dark Field Imaging 

TGA: Thermogravimetric Analysis 

XRD: X-Ray Diffraction 

 

  



 

 

Index 

 

Published and submitted content 

 

Summary 

 

Resumen 

 

List of abbreviations 

1. Introduction 1 

1.1 Molecular Imaging 1 

1.2 Nanotechnology and nanomedicine 6 

1.3     Iron oxide nanoparticles for multimodal molecular imaging 10 

2. Hypothesis and objectives 12 

3. Main contributions and discussion 13 

3.1 Microwave assisted synthesis of citrate-coated 68Ga core-doped iron oxide nanoparticles 

(Article 1) 13 

3.2 Copper-doped extremely small iron oxide nanoparticles with large longitudinal 

relaxivity: applications in MRA and targeted T1-MRI (Article 2) 21 

3.3 Early multimodal diagnosis of atherosclerosis: HAP-multitag, a PET and T1-MRI 

contrast nanotracer for the longitudinal characterisation of vascular calcification in 

atherosclerosis (Article 3) 31 

4. Conclusions 46 

5. Bibliography 48 

 

 



 

 1 

1. Introduction 

1.1  Molecular Imaging 

Molecular imaging is playing a key role in the diagnosis and evaluation of treatments owing to the 

advance in fields like chemistry, molecular biology and imaging technologies. It is defined as the visualisation, 

characterisation and measurement of biochemical and biological processes or events at cellular and molecular 

levels in living systems in a non-invasive manner.1 These events can be as simple as localising a cell population 

or as complex as studying transcription of a set of genes or intracellular protein interactions. Molecular 

imaging aims to provide deeper understanding of fundamental biological processes by easing the connection 

between structure and function. These processes might facilitate disease characterisation as the levels of 

specific molecular targets are often an indicator of the presence of a disease. Molecular imaging is also 

essential in drug validation, as well as in treatment response monitorisation. It enables the longitudinal 

monitoring of patients, allowing long-term surveillance that sheds light on the causes of whether a certain 

treatment is working as expected, which paves the way to a more personalised approach to medicine. 

The majority of molecular imaging modalities involve the use of a molecular probe, usually a small 

molecule, that is administered to the living subject. This molecular probe must not disturb the metabolism 

of the living subject, nor cause acute or chronical toxicity. This molecular probe will bind a target that must 

be carefully selected, as the abundance and specificity of this target will drive the appropriateness of the 

molecular probe to reflect the presence of the disorder under evaluation. The molecular probe is typically 

composed by a targeting vector, usually a biomolecule that provides specificity towards the selected molecular 

target and a signalling component, responsible for generating or enhancing the signal detected by the chosen 

imaging modality.2 Sometimes a linker may be included to bind these two components of the probe. 

There is a wide range of imaging techniques: nuclear imaging (PET, SPECT), computed tomography 

(CT), magnetic resonance imaging (MRI), magnetic particle imaging (MPI), optical imaging and ultrasound, 

among others. These are commonly classified as anatomical (CT, MRI and ultrasound) or functional imaging 

techniques (nuclear imaging, MPI, MRI, and optical imaging) (Figure 1.1). Anatomical imaging techniques 

provide a detailed map of the anatomy of the subject and are able to track structural and morphological 

changes and the presence of an abnormality. Functional imaging techniques are used to visualise changes in 

metabolism or organ/tissue function in a highly sensitive manner, for this reason they are used to visualise 

changes in metabolism or organ/tissue function.3 Both anatomical and functional techniques are usually 

combined to obtain the best of both worlds: elevated spatial resolution of the anatomical imaging techniques 

and the high sensitivity of the functional ones. For this reason, it is common to find PET scanners combined 

with CT or MR magnets to perform multimodal imaging (PET/CT or PET/MRI). This introduction will 

then focus on PET and MRI as they are the main techniques used throughout this thesis. 
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Figure 1.1: Anatomical and functional imaging modalities. CT image adapted from Hansel et al., 4 ultrasound image 

adapted from Evertsson et al.,5 MRI images adapted from Pellico et al.,6 MPI image adapted from Zheng et al.,7 optical 

imaging image adapted from Zheng et al.,8 nuclear imaging image adapted from Pellico et al.9 

 

1.1.1 PET imaging 

PET imaging is based on the detection of positron emitting radioisotopes. A positron is the antiparticle 

of an electron that has the exact same mass and opposite charge.10 Nuclei with this type of decay present 

protons in excess that make them unstable and therefore emit a positron to reach a stable state. As the 

emitted positron has kinetic energy, it travels through space colliding with electrons in surrounding tissues. 

The total loss of energy occurs when the positron is combined with an electron in a process called annihilation. 

By virtue of energy and momentum conservation laws, this process yields two gamma photons of 511 keV 

that travel in opposite directions. In PET, these two 511 keV gamma photons are detected by scintillation 

detectors and processed by photomultiplier tubes both arranged in the form of ring surrounding the imaged 

subject.10 This detects an annihilation event occurring along the line that joins these two orthogonal crystal 

detectors. The data is then processed and reconstructed to yield a final tomographic image, providing 

information about the location and concentration of the positron emitter within the imaged subject (Figure 

1.2). This technique offers an outstanding sensitivity (of up to picomolar tracer concentrations), enabling the 

extraction of molecular, functional and metabolic information in a precise and quantitative manner, 

representing the main advantage with respect to other imaging techniques. Moreover, the main drawback of 

PET is the inherent low spatial resolution.11 The discovery of this technique is closely related to the cyclotron 

discovery and subsequent construction in 1934. PET imaging demands expensive equipment, being the reason 

for its modest application in the clinic in its early days. The development of new and diverse tracers and the 

MRI Nuclear 
Imaging

Optical 
imaging

Ultrasound

MPICT

Anatomical Functional 
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development of hybrid PET/CT scanners has turned this around and PET is now a key tool in the diagnosis 

of numerous conditions such as oncology,12–14 cardiovascular diseases,15–17 and neurodegenerative disorders18–

20 among many others. 

 

 
Figure 1.2: PET imaging process. Positron emitter (tracer) injection in living subject, positron annihilation, 511 keV 

gamma ray detection and data processing to render the final PET image. 

 

Imaging a molecular target using PET requires a careful radioisotope and target selection.3 Two main 

issues must be taken into account when selecting these. To start with, the half-life of the radioisotope must 

match the time the tracer takes to bind the target or to cause a metabolic effect. Secondly, the radiolabelling 

process, i.e., the chemistry employed to unify the radioisotope with the selected molecule to bind a certain 

target must also be considered. 

The half-life of a radioisotope is defined as the amount of time it takes for one-half of the radioactive 

isotope to decay to a stable isotope; in other words, the time it takes for a radioisotope to halve its initial 

activity. This parameter is constant and independent from initial radioisotope amount and conditions. There 

is a broad selection of radioisotopes to choose from depending on the final imaging application. The most 

common PET isotopes are 11C, 13N, 15O, 18F, 64Cu, 62Cu , 68Ga, 76Br, 89Zr and 124I. A cyclotron is required for 
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the production of the vast majority of these isotopes. However, radioisotopes such as 82Rb, 62Cu and 68Ga can 

be easily produced in benchtop generators.  

Indisputably, the most used in the clinic is 18F in the form of 2-deoxy-2-[fluorine-18]fluoro-D-glucose 

([18F]FDG), a glucose analogue in which the 2-carbon hydroxyl group has been substituted for a 18F atom.3 

This tracer provides functional information about metabolic abnormalities. For instance, cancer cells present 

increased glycolytic metabolism, hence [18F]FDG uptake is significantly higher than in normal cells. For this 

reason it is routinely used in the clinic in the detection of numerous cancer types.21–23  
11C is another PET isotope commonly applied in the clinic. In this case, 11C is usually covalently bonded 

to biomolecules such as choline, methionine and sodium acetate for different purposes. 11C-choline has been 

used in the detection of prostate cancer,24 multiple myeloma25 and cirrhosis.26 11C-methionine is employed in 

several brain tumour types.27,28 11C-acetate has been of utility in the diagnosis of lymphoma types,29 prostate 

cancer30 and liver steatosis.31 
89Zr is a relevant radioisotope in PET imaging as its relatively long half-life (t1/2 = 78.4 hours), allows 

long circulating species tracking when radiolabelled with it. Monoclonal antibodies present circulating times 

that span from hours to several days, making 89Zr ideal for this purpose. 89Zr-based tracers are based on 

chelating agents, which form stables complexes with 89Zr. The most popular chelator for 89Zr is deferoxamine 

(DFO). Antibodies such as bevacizumab, trastuzumab and cetuximab have been used in PET imaging of 

breast cancer and gliomas among other cancer types not only for diagnosis but also for immunotherapy.32–34 
68Ga is a PET emitter with a relatively short half-life (67.8 min) obtained from its parent radionuclide 

68Ge.35 Its short half-life matches the pharmacokinetics of the vast majority of small molecules, making this 

radioisotope ideal for PET imaging of small biomolecules and peptides. The attractiveness of this radioisotope 

lies in its production. 68Ga can be produced on site from a benchtop 68Ge/68Ga generator, discarding the need 

for a neighbouring cyclotron. Benchtop generators are designed to produce short-lived radionuclides from a 

parent long-lived pair (father isotope). Owing to the long half-life of 68Ge (t1/2 = 270.8 days), the life span of 

these generators is of several months. For this reason, 68Ga offers an efficient and economical alternative to 

cyclotrons and reactors enables clinical PET studies in facilities where cyclotrons are unavailable or 

complicated to access.  

 

1.1.2 Magnetic Resonance Imaging 

Magnetic resonance imaging (MRI) is a non-invasive imaging technique used to detect multiple conditions 

and diseases.36–42 Its functioning relies on the magnetic moment of isotopes with odd atomic numbers as for 

instance 13C, 19F, 31P and water protons (1H) present in the different tissues of the human body.43 These align 

forming a parallel or anti-parallel configuration upon exposure to an external magnetic field, generating a 

net magnetisation that is aligned with the external magnetic field applied. A radiofrequency pulse is then 

applied at the isotope’s resonance frequency and perpendicular to the external magnetic field’s direction 
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(Figure 1.3a). This is done to alter the direction of the magnetisation vector. The system is then allowed to 

return back to equilibrium. This is measured by the transversal and longitudinal relaxation phenomena.  
 

 

Figure 1.3: (a) Basis of nuclear magnetic resonance, (b) T1 relaxation mechanism, and (c) T2 relaxation mechanism. 

After adequate data collection enabled by magnetic resonance gradients and posterior processing, an image is 

reconstructed making use of a discrete Fourier Transform.44 

 

The term relaxation is used to describe the process by which the system returns to equilibrium after the 

radiofrequency pulse. Relaxation merges two mechanisms: longitudinal (T1) and transversal (T2) relaxation 

times. T1 determines the speed at which longitudinal magnetisation is recovered (Figure 1.3b) and T2 

measures how fast the transversal magnetisation (originated by the radiofrequency pulse) is lost (Figure 

1.3c). 

 In vivo, when the proton density is similar, contrast between adjacent tissues is low and often requires a 

contrast agent in order to better discriminate the area of interest. Contrast agents in MRI are substances 

that induce a change in the local magnetic field of their surrounding protons with subsequent modification 

of the local relaxation times.45 Contrast agents reducing T1 relaxation time produce a brightened image 

(Figure 1.4a, MR angiography in which aorta, carotids and heart chambers of a mouse are clearly visible) 

and T2 contrast agents produce a darkening of the tissues in which they accumulate (Figure 1.4b, T2-weighted 
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MRI of the liver of a mouse). The capacity of changing these relaxation times is measured by the relaxivities, 

magnitude commonly used to evaluate the suitability of a contrast agent. These relaxivities are calculated 

by plotting change in relaxation rate (1/T1 and 1/T2) at different contrast agent concentrations. The slopes 

of the best fit line joining theses points represent r1 and r2 respectively. 

Traditional T1 contrast agents are mainly gadolinium-based.46,47 Gadolinium is a lanthanide metal with 

paramagnetic properties and its free ionic form (Gd3+) is extremely toxic. For this reason, Gd3+ is chelated 

with suitable ligands that are able to form stable complexes with it. The chemistry of this chelate (linear or 

macrocyclic) determines the risk of transmetallation and potential toxicity. It is well-known that gadolinium-

based chelates show significant toxicity in conditioned or diseased patients; importantly in patients with 

renal disfunction.48,49 Moreover, gadolinium-based contrast agents often have a small molecular weight and 

usually extravasate rapidly after injection, excluding them from applications requiring long circulating times. 
 

 
Figure 1.4: (a) T1-weighted MR image, and (b) T2-weighted MR image. 

 

These toxicity and short circulation time issues could be solvented by the use of nanoparticle-based T1 MRI 

contrast agents. Nanomaterials present unique properties owing to their size. At the nanoscale, quantum 

effects dominate material behaviour, conferring NPs size-dependent behaviour as well as an increased 

reactivity due to their large surface-to-volume ratio, as we will see in the next section. 

 

1.2  Nanotechnology and nanomedicine 

1.2.1. Nanotechnology 

Nanotechnology is a blend of scientific, engineering and technological disciplines which has impacted on 

global concerns such as energy, environment, information technology, chemical and healthcare. It deals with 

the creation and application of materials, devices and systems at atomic, molecular and supramolecular levels 
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of dimensions lying in the range of 0.1 to 100 nm (1 nm = 10-9 m) (Figure 1.5). The US National 

Nanotechnology Initiative defined nanotechnology, in year 2000, as “the study of materials and systems 

whose structures and components exhibit unique physical, chemical, and biological properties in 

fundamentally new and useful ways due to their nanoscale size”.50 
 

 

Figure 1.5: Comparison of the nanoscale to other biomolecules and elements. 
 

A nanoparticle (NP) is defined as a chemical compound in the mesoscopic scale, with at least one 

dimension less than 100 nm with new or improved properties, due to its nanoscale size, with respect to the 

bulk material. There are numerous examples of these: gold NPs, iron oxide NPs, quantum dots, polymeric 

NPs, upconverting NPs and many others. Chemical and physical properties of materials are altered at the 

nanoscale. There are two main reasons accounting for these changes: quantum effects and increased surface-

to-volume ratio. In this scale range, quantum effects dominate matter behaviour, hence properties are size-

dependent. Fluorescence, electrical conductivity, chemical reactivity and melting point change with particle 

size. Descriptive examples of this effect are quantum dots (QDs), whose optoelectronic properties change 

with size. As size increases, so does emission wavelength. This enables a wide scope of tailorable properties 

for NPs according to desired applications. The second important reason is the increase in surface-to-volume 

ratio. Surface area per volume increases, which enables a greater amount of material to get in touch with 

surrounding media. This results in an increased reactivity, which makes their use as catalysts rather suitable. 

This is also of great help in NP functionalisation, as larger surfaces and higher reactivity will ease this 

purpose. Therefore, nanoparticles can be conjugated with different chemical species and high yield giving 

high ligand pay-loads, difficult to obtain otherwise. Finally, a large surface will enable multifunctionalisation 
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and addition of multiple molecules in one-pot reaction, extending its use in distinct applications with the 

same nanoparticle (imaging techniques, specific targeting or drug delivery). 

 

1.2.2 Nanomedicine 

Nanomedicine is defined by the National Institute of Health as an offshoot of nanotechnology that seeks 

to apply the discipline to diagnosis, monitoring, treatment and control of biological systems.51 

Nanotechnology offers the possibility of dealing with biological problems in a revolutionary way. For example 

while conventional procedures, such as surgery, radiotherapy or chemotherapy aim to eliminate damaged 

cells more rapidly or in larger quantities than healthy cells; nanomedicine only pursuits damaged cell 

elimination or repair by recognition of specific targeted cells, leaving healthy cells untouched.52–54 

Furthermore, it endows the possibility of combining diagnostics and therapy, designated as “theranostics”.55,56 

Applications include the combination of molecular imaging probes and targeted drug delivery. There are 

numerous nanostructures valid for these purposes: liposomes, dendrimers, nanobots, nanotubes and 

nanoparticles. Amongst all kinds, and iron oxide nanoparticles are arguably one of the most popular choices 

for biomedical purposes. They have been used in many clinical trials and approved by FDA for several 

applications.57,58 These NPs present specific physicochemical properties which make them an exceedingly 

interesting topic of study and therefore, will be the main subject of study throughout this thesis. 
 

1.2.3 Iron oxide nanoparticles (IONPs) 

Iron oxide nanoparticles are biocompatible and minimally toxic. They are typically composed of an iron 

oxide core and a coating or surfactant. The core is usually composed of magnetite ((FeIIFeIII
2)O4) and/or 

maghemite (Fe2O3). These are ternary iron oxides with cubic inverse spinel structure. Due to the 

aforementioned increased surface-to-volume ratio, these NPs also present high surface energy, which they try 

to minimise with subsequent aggregation. To prevent this, nanoparticles are stabilised with a surface coating 

that provides colloidal stability and plays a key role in the physicochemical properties and eventually in the 

in vivo pharmacokinetics. It will also enable NP functionalisation, with peptides, proteins, antibodies or other 

imaging modality tracer; hence its choice is crucial. The coating is generally composed of organic molecules, 

such as polymers and small molecules and must present affinity towards the core surface in order to ensure 

strong bonding and stability. In addition to their biocompatibility, IONPs exhibit another compelling 

property of great relevance for biomedical applications: superparamagnetic behaviour due to their nanometric 

size, albeit bulk iron oxides usually behave as a ferromagnetic material. Ferromagnetic materials present 

multiple magnetic domains that may align under the influence of an external magnetic field, yielding large 

saturation magnetisation values. However, when the external magnetic field is removed, the material still 

presents remanent magnetisation, showing magnetic hysteresis loops (Figure 1.6).59 
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Figure 1.6: Ferromagnetic and superparamagnetic behaviours. H represents external magnetic field applied, M 

magnetisation and Mr remanent magnetisation. 

 

Nanometric size induces a mono-domain behaviour, allowing magnetic moment alignment upon exposure 

to the external applied magnetic field. However, in this case the absence of the external magnetic field, leaves 

magnetic moments randomly oriented, leading IONPs to behave as non-magnetic materials. Therefore, 

IONPs behave as a paramagnetic material but reach saturation magnetisation values comparable to the of 

ferromagnetic ones (Figure 1.6). This characteristic, present in the nanoscale, has impulsed the use of IONPs 

in diverse applications in biomedicine, such as magnetic hyperthermia,60,61 drug delivery,62,63 sensors,64,65 

magnetic particle imaging66,67 and especially as contrast agents for magnetic resonance imaging.68,69 Its use as 

contrast agent in magnetic resonance imaging (MRI) is undoubtedly within the most relevant. 

As contrast agents for MRI, they have been traditionally used as T2 contrast agents, due  to their 

superparamagnetic behaviour and large magnetic moment, which is converted into large transversal relaxivity 

values and a dark signal in vivo.70,71 They have been used in many applications including tumour and 

myocardial infarction detection.72–74 As their main elimination route is via the liver and spleen to posteriorly 

be degraded to become part of the iron reservoir of the patient, they have also been used for diagnosis of 

diseases related to the liver.75 Until a few years ago, there were several commercial iron oxide formulations 

used as T2 contrast agents: Endorem®, Feridex®, Resovist®, Combidex®, Sinerem®, Clariscan®, and 

Lumirem® are some examples of them. Nevertheless, the production of many of them have been discontinued 

for diverse reasons.76,77 The dark, negative signals produced by T2 contrast agents, complicate the diagnosis 

of certain diseases and pathologies. Organs such as the lungs and pathologies like atherosclerosis, among 

others, naturally darkened in MR images. Hence if the probe generates a dark signal in an already dark 

background image, discrimination of condition, disease or organ is confusing and complex. For this reason, 

in recent years, there has been a great amount of research focusing on the development of IONPs for T1- or 

positive-contrast. Extremely small IONPs, behaving as a paramagnetic rather than a superparamagnetic 

material providing positive contrast are a good choice. By virtue of their extremely small core, most Fe3+ 

ions are on the surface of the nanoparticle core, having 5 unpaired electrons each. A good T1 contrast agent 
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must present a large longitudinal relaxivity value (r1), and a low transversal relaxivity (r2) value that yields 

a small r2/r1 ratio. This low r2/r1 ratio ensures the T1 MRI effect dominates over the T2 effect in the relaxation 

process so positive contrast can be obtained. 

The synthetic method selected is crucial for IONPs to have the desired features. The general IONP 

synthetic method can be classified as aqueous and non-aqueous. Aqueous methods include coprecipitation, 

hydrothermal synthesis and sol-gel synthesis. These methods yield rather amorphous iron oxide cores but 

physiologically stable in a single step. Non-aqueous methods however, generate iron oxide cores with 

significantly better crystallinity and size homogeneity but in organic solvents, meaning a further step is 

needed to stabilise the nanoparticles in physiological media before they can be used for in vivo applications. 

Microwave-assisted synthesis of IONPs is a relatively novel method, nevertheless it has been used in a 

great number of NP syntheses. Microwave-assisted synthesis offers two key advantages in IONP synthesis 

over traditional methods: a significantly lower reaction time and a stable and homogeneous heating. The 

dielectric heating prevents temperature gradients often occurring in traditional methods, yielding 

homogeneous nanoparticle samples and increasing the reproducibility of the synthesis. This method offers 

flexibility that enables the synthesis in a wide variety of synthetic conditions to produce nanoparticles with 

multiple shapes, sizes and hence, different physicochemical and magnetic properties. Reaction times span 

from a few seconds to several hours. Using this method, our group obtained in 10 minutes at 100 ºC, iron 

oxide nanoparticles with small cores of around 2.5 nm coated with (FTIC)-dextran and dextran 6kDa as 

organic coating and decent relaxometric properties for T1-weighted MRI (r1=5.7 mM-1s-1 and r2/r1=3.8 at 1.5 

T) .9,78 Later on, our group improved the approach using sodium citrate instead of dextran as coating, 

achieving with the same reaction time and tuning temperature to 120 ºC a r1 value of 11.9 mM-1s-1 with a 

r2/r1 ratio of 1.9.6 The possibility of combining the alluring properties of IONPs for T1-weighted MRI with 

the other imaging modalities is eased by the tailorability of this microwave-drive synthesis. 

 

 1.3      Iron oxide nanoparticles for multimodal molecular imaging  

Using nanoparticles in PET imaging brings advantages to both the molecular imaging and nanomedicine 

fields. The most important ones are the pharmacokinetics and the multifunctionality nanoparticles offer. The 

pharmacokinetics of traditional (small molecule) PET tracers are frequently complicated to control. 

Incorporating the radioisotope into the IONP, the pharmacokinetics will be that of the nanoparticle, easily 

modifiable, and not that of the traditional tracer. Nanoparticles act as hosts to multifunctional probes, for 

example having the possibility of combining PET/fluorescence/MRI probes and targeting vectors in a single 

functionalised IONP. Furthermore, combined used of IONPs and PET emitters allow a fast, easy and reliable 

IONP quantitative whole-body biodistribution evaluation, certainly not possible to obtain otherwise. The 

combination of IONPs for T1-weighted MRI and the clear signal offered by PET drove our group to inquire 

into the synthesis of multimodal PET/T1-MRI IONPs using MW-assisted synthesis. 
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Two key issues must be considered when combining IONPs with a positron emitter: radioisotope choice 

and nanoparticle radiolabelling method. Regarding radioisotope selection, there are examples in the literature 

of IONPs radiolabelled with 64Cu, 89Zr, 124I, 18F, 11C, and 68Ga.79–87 Among them, 68Ga is a promising choice. 

As previously mentioned, its short half-life (67.8 min) matches the biodistribution time of IONPs and there 

is no need for a cyclotron, as it is produced in a benchtop generator. With respect to the radiolabelling 

strategy, surface labelling usually prevails. This can be done using a chelating ligand or taking advantage of 

the affinity of the radiometal towards the nanoparticle surface. Most examples in the literature include a 

chelating agent: 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA);88 1,4,7-triazacyclononane-

1,4,7-triacetic (NOTA);87,89 1,4,7-triazacyclononane,1-glutaric acid-4,7-acetic acid (NODAGA);90 and 2,3-

dicarboxypropane-1,1-diphosphonic acid (DPD),91 a tetradentate ligand. A chelator-free strategy was 

developed in 2014 by Madru et al.86 However, this approach presents some major drawbacks such as high 

risk of transmetallation in vivo, low radiolabelling yields and lengthy protocols not suitable for short half-life 

radioisotopes.82,92,93  

An alternative to the surface labelling is the incorporation of the radioisotope into the nanoparticle core. 

This strategy, denoted as core-doping, involves the incorporation of the radioisotope at the same time that 

the nanoparticle is synthesised. A careful radioisotope choice and correct synthesis protocol enables the 

incorporation of the radioisotope in the crystal structure of the IONP. This approach prevents the detaching 

of the radioisotope in vivo, conferring the nanotracer an excellent radiochemical stability. A key aspect is 

the synthetic method: time goes by and the radioisotope decays. A fast synthesis method is required, reason 

for which microwave-assisted synthesis is ideal to carry this radiolabelling method in a short reaction time. 

There are some examples of core-doped IONPs in the literature: Zeng et al. radiolabelled IONPs with 

111In.94 Weissleder et al. and Chouly et al. core-doped IONPs with 59Fe to study the IONP pharmacokinetics 

and toxicity.95,96 Cedrowska et al. core-doped IONPs with 225Ac to combine radiotherapy and magnetic 

hyperthermia in breast cancer.97 However, it was not until a few years ago when Wong et al. applied a 

microwave-assisted synthesis for the production and core-doped radiolabelling of IONPs.98 In this study, they 

managed to incorporate 64Cu in the core of dextran-coated IONPs in 5 minutes for PET/T2-MRI. Later, in 

2016, our group developed  68Ga core-doped IONPs in 10 minutes using microwave technology.9 The 

radiolabelling yield obtained by our group in this study (93%) is almost three-fold the radiolabelling yield 

obtained in the 64Cu incorporation to IONPs carried out by Wong et al., that was 33%. This implies a 

significant improvement in the method, as in this study, microwave-assisted synthesis of 68Ga core-doped 

IONPs was fast and with a high efficiency. As an example of the multiple potential applications of these 

nanoparticles, they were conjugated to an integrin-binding peptide and used in vivo to visualise tumours in 

mice by PET and T1-weighted MRI. 

Therefore, in view of these precedents, our approach during this thesis was to synthesise using microwave 

technology nanoradiotracers with improved relaxometric properties suitable for T1-weighted MRI and PET. 
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2. Hypothesis and objectives 

This thesis combines the use of nanotechnology and radiochemistry to synthesise iron oxide-based tracers 

for the diagnosis of different pathologies by molecular imaging. 

We will use iron oxide nanoparticles as T1 contrast agents for MRI and for PET imaging. For this, we 

will dope the core of IONPs with 68Ga. This will enable multimodal imaging by PET and MRI. Furthermore, 

our IONPs will be doped with copper in their core to study how this affects their relaxometric properties. 

We will synthesise the nanoparticles via a microwave-driven protocol that will allow a rapid and simple 

incorporation of dopant metals, with 68Ga for their use as T1 MRI/PET dual contrast agents and Cu to study 

its effect on relaxometric properties for T1 MRI.  

Once nanoparticles have been characterised, they will be functionalised with the corresponding 

biomolecule to study and detect biological phenomena in vivo by their use as tracer in PET and/or their 

contrast capability in MRI. 

 

The main objectives of this thesis are: 

1. To optimise the microwave-driven synthesis of iron oxide nanoparticles doped with 68Ga for their 

use as dual T1 MRI/PET contrast agents 

2. Studying the effect of a dopant metal, copper, in the relaxometric properties and contrast 

capabilities of the iron oxide nanoparticles synthesised by microwave-assisted synthesis. 

3. To study the physicochemical, magnetic and relaxometric properties of prepared nanoparticles. 

4. The in vivo evaluation of the synthesised samples as probes in T1-MRI and PET/T1-MRI. 

5. To use the newly produced nanoparticles for the early diagnosis and characterisation of 

atherosclerosis. 
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3. Main contributions and discussion 

3.1 Microwave assisted synthesis of citrate-coated 68Ga core-doped iron oxide nanoparticles 

(Article 1) 

Among synthetic routes for T1-IONPs, microwave (MW) eases the production of highly uniform samples 

in extremely short times, with higher reproducibility than other types of syntheses.99–101 Our group previously 

synthesised an iron oxide-based radiotracer nanoplatform using a rapid and efficient procedure to integrate 
68Ga in the core of IONPs, preventing many drawbacks presented by traditional radiolabelling methods.9 

Dextran-coated iron oxide nanoparticles doped with 68Ga in the core were successfully used to target avb3 

receptors in tumours in a subcutaneous melanoma mouse model by PET and positive contrast MRI. For 

this, 68Ga core-doped IONPs coated with dextran were functionalised with a cyclic RGD peptide.  

Although dextran has been broadly used in IONP synthesis, we wanted to inquire into using other 

molecules to coat our 68Ga core-doped IONPs. Avoiding problems associated to the intravenous injection of 

nanoparticles coated with a neutral surfactant molecule. Citric acid is a biocompatible short-chained tri-

carboxylic acid molecule that coordinates with the NP surface upon one or two carboxylate moieties, leaving 

expose at least one carboxylic group that increase NP hydrophilicity and provide functional groups for further 

functionalisation.102,103 This molecule has been widely used in the stabilisation of NPs for biomedical 

applications, as it provides colloidal stability and homogeneity.104–108 We thereby selected citric acid as coating 

for the modification of the previous one-step fast microwave synthesis of 68Ga core-doped IONPs previously 

developed in the group. Microwave-assisted synthesis together with the use of citric acid as a surfactant 

results in 68Ga core-doped IONPs with extremely small cores that produce signal in T1-weighted MRI and 

PET: 68Ga-IONP. These citrate-coated 68Ga-IONPs have been successfully used by our group for the in vivo 

detection and quantification of inflammation in mice using PET, using a peptide which is antagonist of 

formyl peptide receptor 1 (FPR-1) to direct nanoparticles to target site;109 for the in vivo detection of thrombi 

in mice using bioorthogonal chemistry with a pretargeted approach with an antibody targeting activated 

platelets (CD41 antibody);110 and as hybrid contrast agent for PET and ex vivo T1 MRI for atherosclerosis 

detection in mice by pretargeted imaging with an antibody targeting oxidised phospholipids (E-06 

antibody).111  

Our citrate-coated 68Ga-IONPs not only overcome limitations presented by other IONPs used as T2 

contrast agents for MRI, but also provide signal in a second imaging modality: PET. The use of microwave 

technology allows a rapid (ready-to-use NPs in 20 minutes, including purification step) and reproducible 

synthesis alongside the incorporation in a single synthetic step of the PET isotope in the NP core. This is 

especially significant when working with short half-lived radioisotopes as is the case of 68Ga. The radiolabelling 

yield (92%) is also an outstanding advantage with respect to traditional radiolabelling approaches and triples 

the radiolabelling yield obtained by the pioneers of this NP radiolabelling method.112 Core-doping offers a 

further advantage: reducing the potential transmetallation or radioisotope detachment in vivo, guaranteeing 
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signal observed in PET is provided by the radiolabelled IONPs. Furthermore, 68Ga not incorporated in NP 

core during the synthesis is discarded during the gel filtration purification step, ensuring there is no free 68Ga 

contributing to PET signal. 

Suitable circulating times for imaging purposes are endorsed by their stability in physiological conditions, 

preventing aggregation and prompt elimination. The remarkable longitudinal relaxivity value (r1) obtained 

in addition to the low r2/r1 ratio makes them an ideal contrast agent for T1-MRI, that together with the 

high radiolabelling yield and specific activity, will enable the in vivo use of a 68Ga-IONP reduced dose that 

will suit both PET and MR imaging. 
68Ga-IONPs are the perfect example of the potential synergy that nanotechnology and radiochemistry 

can offer. This new tool can be used in vivo for the multimodal detection, by a combination of anatomical 

and functional imaging techniques, of molecular and cellular processes in a non-invasive way. 
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3.2 Copper-doped extremely small iron oxide nanoparticles with large longitudinal relaxivity: 

applications in MRA and targeted T1-MRI (Article 2) 

As previously mentioned, the development of iron oxide nanoparticles for T1 MRI aims to combine the 

large longitudinal relaxivities of Gd-based contrast agents with the appealing properties that nanoparticles 

present: tailorable properties and hence pharmacokinetics, reduced toxicity and the possibility of 

multifunctionalisation with a wide variety of moieties for further imaging modalities, therapy, etc. 

A good T1 contrast agent must fulfill two key conditions: a large r1 value and a low r2/r1 ratio. In order 

to achieve this, the typical approach is to reduce the IONP core size, so they behave as a paramagnetic 

material rather than as a superparamagnetic one. In a study carried out by our group, we demonstrated it 

is possible to tune the relaxometric properties of IONPs by modifying the surface chemistry of the 

nanoparticles, switching from T1 to T2 contrast.6 A further alternative, explored here, is to dope the IONP 

cores with different metals. There are examples of metal core doping using copper, nickel, zinc and different 

combinations of them that increase the r2 values and other examples with Gd or Mn as the dopant metal 

which increase the r1 value.113–119 The examples in the literature of copper doping yield nanomaterials suitable 

for use as T2 contrast agents.112,120 To our knowledge, there are no examples of copper doping of nanoparticles 

for T1-weighted MRI. In this work, we studied how the doping of IONP cores with different amounts of 

copper affects their relaxometric properties and contrast capabilities for a substantial improvement of their 

performance in T1-weighted MRI . 

We synthesised three samples with different and increasing initial amounts of copper salt in the synthesis 

precursors. This yielded nanoparticles with 1.7 mol%, 4 mol % and 28 mol% copper, indicating our 

microwave-assisted synthesis is a suitable approach for IONP core doping with copper. Their physicochemical 

properties indicate they are suitable for in vivo use, as they are stable and have a non-toxic composition.  

The study of the relaxometric properties of the sample reveals all samples are suitable for T1-weighted 

MRI having high r1 values and low r2/r1 ratios. However, Although the 2 samples with the lowest amount 

have an improved r1 value with respect to non-doped IONPs, it is not so for the sample with the highest 

copper doping amount. The magnetic measurements of this sample suggest a core-shell structure, having the 

major part of the copper atoms in the surface of the NP core. This conformation reduces the inner sphere 

relaxation mechanism, as a small amount of iron atoms are in contact with the surrounding water protons, 

explaining the lower r1 value this sample presents with respect to the other two copper doped samples. Both 

Cu1.7NP and Cu4NP have outstanding r1 values, in the case of Cu4NP, even similar to gadolinium- or 

manganese-based nanoparticles. Furthermore, low amount of copper doping induces a reduction in 

magnetisation but samples still have enough iron atoms on the surface for the inner relaxation mechanism 

to be dominant. As copper doping in the Cu1-7NP sample is minimal, this phenomenon is visible to a greater 

extent in the Cu4NP sample which presents the highest r1 value.  
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In vivo experiments in magnetic resonance angiography with the three copper doped samples revealed 

positive contrast with Cu4NP and Cu1.7NP, as expected form the relaxometric values. Signal is clearer for 

Cu4NP, attributable to the higher r1 value of this sample and it lower r2/r1 ratio. Cu4NP provides remarkable 

images with detailed vasculature visible up to 30 minutes post injection. As predicted from the relaxometric 

values obtained, Cu28NP shows poor contrast capability, as it presents the lowest r1 value and a shorter 

circulation time than the other two samples, as this sample presents lower in vivo stability than the two 

samples doped with smaller copper amounts. 

With the purpose of verifying the use of Cu4NP as a contrast agent, targeted MRI was carried out 

comparing both undoped IONPs with Cu4NP. Angiogenesis targeting in tumours using RGD as a directing 

vector shows specific NP accumulation in the tumour denoted by the increase in the signal, which is clearly 

higher for Cu4NP, by virtue of its larger r1 value and lower r2 than undoped IONPs.   
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3.3 Early multimodal diagnosis of atherosclerosis: HAP-multitag, a PET and T1-MRI contrast 

nanotracer for the longitudinal characterisation of vascular calcification in atherosclerosis 

(Article 3) 

Atherosclerosis is a chronic inflammatory disease affecting blood vessel walls throughout the body which 

leads to arterial wall thickening and luminal narrowing.121,122 Sites with low or variable shear stress, near 

branching and inner curvatures are most susceptible for atherosclerotic plaque formation.123 This silent disease 

remains the leading cause of death in western societies, even though there has been a great progress in 

prevention and diagnosis over the last decades. It accounts for 23.3 million deaths every year and is the 

underlying primary cause of acute coronary syndrome and cerebral vascular accident.124–128 Atherosclerotic 

plaque is composed by a complex conglomerate of lipids, cholesterol, calcium, macrophages and several other 

cellular and molecular blood components. Arterial wall gradually thickens to form a plaque that results in 

arterial lumen narrowing.129 This causes a drop in the amount of blood supplied to surrounding tissue, 

commonly affecting the heart and the brain. Vascular microcalcifications are associated to plaque rupture, 

leading to a potential cardiac event; or playing a role in plaque stabilisation through the formation of 

macrocalcifications in advanced plaque development.122,130 Hydroxyapatite (HAP) is the main component of 

microcalcifications in atherosclerotic plaque, with calcium oxalate monohydrate and β-tricalcium phosphate 

also present in a minor proportion. The significance of these microcalcifications has triggered the development 

of imaging probes to detect them in vivo. The two main approaches followed to image microcalcifications 

are [18F]FNa, which is the gold standard in the clinics for PET imaging of microcalcifications, and 

bisphosphonate-based tracers. Bisphosphonate (BP) -based tracers bind a broader spectrum of calcium salts 

than [18F]FNa, that only bind HAP. Both types of tracers differ in the accumulation mechanism. On the one 

hand, 18F in [18F]FNa substitutes a hydroxyl group from the HAP matrix. On the other hand, in BP-based 

probes, the BP moiety coordinates the Ca atom. The main drawback of both types of probes is the high 

uptake they present in bone, which often complicates vasculature discrimination.131 This limitation is 

overcome in large animal models and humans by selecting regions of interest (ROIs) in image acquisition or 

post-processing steps, however this is not practical for small animal models where vasculature is extremely 

small and PET resolution flawed. For this reason, examples in the literature of microcalcification detection 

in mouse models exclusively include breast cancer and chronic tuberculosis.132–134 Imaging modality is another 

key aspect in vascular microcalcification detection. Current probes are mostly based on PET, that offers 

outstanding sensitivity but poor spatial resolution. The combination of PET and MRI seems the most 

favourable, since it brings together PET’s unparalleled sensitivity with the excellent resolution provided by 

MRI, with a higher morphological soft tissue contrast and eliminates the ionising radiation dose the patient 

is exposed to during CT. 135,136  

In this paper we propose the use of a bisphosphonate-based PET/MRI nanotracer, based in our citrate-

coated 68Ga-IONPs, termed HAP-multitag, to visualise microcalcifications at different plaque development 

stages in a murine model. For that, our citrate-coated 68Ga core-doped IONPs were functionalised with 
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alendronate via EDC/sulfoNHS chemistry. Exhaustive characterisation of the functionalised nanoparticles 

was carried out indicating successful alendronate binding and that HAP-multitag is radiochemically stable 

and with adequate relaxometric properties for T1 MRI. The interaction of HAP-multitag with calcium salts 

that are often present in vascular microcalcifications were studied in vitro to confirm the specific binding 

capabilities of HAP-multitag to calcium. These confirmed the interactions for HAP-multitag but not for non-

functionalised 68Ga-IONPs and revealed high nanotracer binding even at low calcium salt concentrations. In 

vivo PET and MR imaging experiments revealed HAP-multitag is able to detect microcalcifications in mice 

with atherosclerosis. HAP-multitag accumulation is dependent on plaque progression due to mice age and 

feeding on HFD and hence in plaque calcification stage. It is low in mice 12 weeks old, as the amount of 

microcalcifications is small and not enough to show a significant HAP-multitag uptake. As mice grow older 

and reach 16 weeks, there is an increase in HAP-multitag accumulation, indicating the presence of increasing 

microcalcifications. As mice grow older and microscopic calcium deposits grow reducing their active surface, 

HAP-multitag uptake is decreased, as can be seen in mice 24 and 26 weeks old. Maximum HAP-multitag 

uptake is the earliest reported to our knowledge, in mice 16 weeks old under a high fat diet.  

The in vitro affinity of HAP-multitag for calcium salts translates into an in vivo uptake dependent upon 

mice age and therefore calcification stage of atherosclerotic plaque. We characterised this interaction in vitro 

and in vivo, showing a massive uptake in the atherosclerotic lesion identified by PET and positive contrast 

MRI. This is the first time, that we know of, that atherosclerosis is detected in animals as young as these 

using positive contrast with iron oxide nanoparticles. This is particularly relevant since obtaining positive 

contrast in circulating nanoparticles, MR angiography, is considerably easier than demonstrating this bright 

signal in a localised spot due to the accumulation of the probe. 
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4. Conclusions 

Article 1 

In this paper, we have synthesised citrate-coated extremely small iron oxide nanoparticles with high T1 

or positive response in MRI. A single-step microwave-driven yields IONPs that are colloidally stable in 

different biological media in an extremely short reaction time (10 minutes). Their superparamagnetic 

behaviour with a fairly low saturation magnetisation value, together with the good r1 value they present, 

preserving a low r2/r1 ratio make them ideal candidates for T1-weighted MRI. 

Taking advantage of the use of microwave technology, we have been able to intrinsically radiolabel iron 

oxide nanoparticles with 68Ga, considerably reducing the reaction time with respect to traditional 

radiolabelling methods. This is a major advantage, especially when working with short half-lived isotopes as 
68Ga (t1/2= 68 min). Radiolabelling yield obtained in our synthesis is almost threefold the one obtained by 

the pioneering study using a similar approach.112 This represents a significant improvement, as in less than 

20 minutes we have been able to obtain intrinsically 68Ga-radiolabelled IONPs with an excellent radiolabelling 

yield and radiochemical purity. Hence, 68Ga-IONP not only overcome the limitations offered by traditional 

IONPs used for T2-MRI by offering positive contrast; but also provide signal in a functional imaging technique 

as is PET. 

 

Article 2 

In this paper, the use of copper as dopant metal is shown to enhance T1 contrast MRI for the first time. 

It enhances the in vivo performance of iron oxide nanoparticles in targeted MRI, key for further development 

and translational purposes.  

Doping nanoparticles with different amount of copper has yielded samples with different properties, after 

physicochemical, magnetic and relaxometric characterisation of the three samples, the in vivo performance 

as blood pool contrast agents was studied in mice. Revealing Cu4NP is an excellent candidate for T1 MRI. 

Its performance as targeted contrast agent for MRI was tried and compared to undoped IONPs in a breast 

cancer allograft model, showing it improves T1 signal in comparison to IONPs alone. Smaller amount of 

copper doping (Cu1.7NP) yields nanoparticles with suitable properties for MRI, but not as outstanding as 

the former. The sample with the highest amount of copper has no improved relaxometric properties for T1 

MRI. 

Altogether, Cu4NP seems an excellent candidate for future clinical translation, not only by virtue of its 

excellent relaxometric properties and performance in vivo but also due to the type and rapidness of its 

synthesis. 

 

 

 



 

 47 

Article 3 

In this paper, we have developed a tool to longitudinally characterise microcalcifications in atherosclerotic 

plaque by PET and positive contrast MRI. HAP-multitag accumulation was found to be dependent on 

calcification progression, with a maximum uptake in the microcalcification stage. HAP-multitag, composed 

by our citrate-coated 68Ga core-doped IONPs and a bisphosphonate moiety, is stable under physiological 

conditions and presents suitable pharmacokinetics for in vivo imaging. 68Ga included in the IONP core with 

a high radiolabeling yield and high radiochemical purity and stability enables PET imaging. Furthermore, 

HAP-multitag presents ideal relaxometric values for positive MRI. The bisphosphonate moiety ensures 

affinity towards HAP and other calcium salts present in the plaque. We have proved how the accumulation 

of this bisphosphonate-based nanotracer translates into easily identifiable PET and�bright signal�in MRI, 

beyond the magnetic resonance angiography typically performed with other IONPs. Using HAP-multitag it 

is possible to perform an early characterisation of atherosclerotic plaques in ApoE−/− mice just 16 weeks old.  
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