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Resumen 
Esta tesis se ha centrado en la síntesis y optimización de nanopartículas (NPs) híbridas compuestas 

de oro y óxido de hierro, para su uso como agentes de contraste para bioimagen multimodal y 

como fotosensibilizadores para terapia fototérmica. La bioimagen multimodal consiste en la 

combinación de diferentes técnicas de imagen con el fin de obtener información complementaria 

de cada una de ellas y así compensar las limitaciones propias de cada técnica individual. Las 

técnicas que se han seleccionado durante esta tesis son la imagen por resonancia magnética (MRI), 

imagen por dispersión Raman mejorada en superficie (SERS) y la microscopía de fluorescencia. 

Cada una de dichas técnicas posee ciertas ventajas y limitaciones, que pueden ser contrarrestadas 

mediante su combinación. En particular, MRI es una técnica cuyo uso está muy extendido en 

clínica para obtener imágenes de alta calidad de una manera no invasiva y evitando el uso de 

radiación ionizante (rayos X). Además, no tiene límites en cuanto a su penetración a través de 

tejidos biológicos, lo cual le permite atravesar las estructuras del cuerpo humano para su estudio. 

Sin embargo, su baja resolución espacial no permite el estudio en detalle de dichas estructuras. 

Por otro lado, el uso de la técnica de microscopía de fluorescencia está ampliamente extendido ya 

que permite la visualización de procesos biológicos a nivel molecular, mediante procedimientos no 

invasivos y sin radiaciones ionizantes. De manera similar, SERS es una técnica emergente de 

bioimagen cuyas principales ventajas sobre la microscopía de fluorescencia incluyen la posibilidad 

de multiplexado y la estabilidad de la señal a largo plazo. De esta forma, se pueden obtener 

imágenes más detalladas dentro de sistemas biológicos y durante periodos más largos de tiempo. 

Para aumentar la calidad de las imágenes y, mejorar así su valor diagnóstico, generalmente se 

utilizan agentes de contraste. Dichos agentes de contraste mejoran la visualización de estructuras 

normales o lesiones en las imágenes producidas y ayudan a distinguir las áreas del cuerpo 

seleccionadas de los tejidos circundantes. Las NPs híbridas de oro y óxido de hierro ofrecen la 

posibilidad de combinar sus propiedades plasmónicas y magnéticas, respectivamente, para su uso 

como agentes de contraste. Las propiedades intrínsecas de estos materiales permiten su aplicación 

directa en algunas de las técnicas, por ejemplo, NPs magnéticas para MRI, sin embargo, suele ser 

necesario funcionalizar las NPs con diferentes moléculas para dotarlas de propiedades específicas 

para su uso en SERS, fluorescencia y otras aplicaciones adicionales como el etiquetado específico 

de células. 

Además, estas NPs se pueden utilizar también como agentes fotosensibilizadores para terapia por 

hipertermia. La palabra hipertermia se refiere a una condición en la que la temperatura aumenta 

anormalmente en el cuerpo por encima de 42 ºC, causando daño celular. Por encima de esta 

temperatura, se desencadenan en las células diversos procesos, como la desnaturalización de 

proteínas, la alteración del citoesqueleto o cambios en la transducción de señales, que dan lugar 

a la activación de mecanismos de muerte celular. A lo largo de esta tesis se ha realizado un estudio 

detallado del uso de NPs plasmónicas como fotosensibilizadores que actúan absorbiendo luz y 
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convirtiéndola en calor. Por lo tanto, se ha evaluado su aplicación como agentes para 

calentamiento fototérmico. 

Esta tesis se ha estructurado por consiguiente en torno a tres objetivos principales: (1) la síntesis, 

optimización y caracterización de NPs híbridas con diferente conformación a través de la 

combinación de NPs de oro y de óxido de hierro con diferentes morfologías; (2) el estudio de las 

propiedades de las NPs híbridas para su uso como agentes de contraste para bioimagen 

multimodal y (3) el estudio del uso de NPs híbridas como fotosensibilizadores para su aplicación 

en calentamiento fototérmico. 

A continuación, se presenta un breve resumen de cada uno de los capítulos en los que se 

estructura la tesis. 

En el Capítulo 1 se presenta una introducción general de los principales aspectos relacionados con 

la síntesis y caracterización de NPs, así como aspectos técnicos y analíticos sobre técnicas de 

bioimagen e hipertemia que se consideran necesarios para comprender la descripción del trabajo. 

En particular, se explican los métodos de obtención más utilizados para la síntesis de NPs de óxido 

de hierro y de oro, así como la morfología de las estructuras más usadas para ambos materiales. 

Asimismo, en este capítulo se describen las diferentes combinaciones de ambos materiales para la 

obtención de NPs híbridas, junto con las técnicas de funcionalización más utilizadas para su 

aplicación en diferentes campos. Se ha incluido una explicación de las principales técnicas de 

caracterización para partículas híbridas, destacando la importancia de una correcta caracterización 

de dichas nanoestructuras complejas, a fin de analizar la potencial influencia de cada componente 

sobre las propiedades inherentes del otro. Además, dado que tanto las NPs de oro como las de 

óxido de hierro se pueden utilizar como agentes de contraste, su combinación en estructuras 

híbridas resulta de gran interés para disponer de las características de ambos componentes en una 

única NP. Esto permite su uso como agentes de contraste multimodales para la obtención de 

imágenes correlativas. Por ello, se analizan los principios básicos de las principales técnicas de 

imagen y la forma en la que actúan las NPs para generar contraste en dichas técnicas.  

Asimismo, a lo largo de este capítulo se explica el uso de NPs para como agentes terapéuticos. Las 

técnicas de hipertermia localizada, incluyendo la terapia fototérmica (PTT) y la hipertermia 

magnética (MHT), han surgido como tratamientos innovadores y selectivos, para los cuales se 

pueden usar NPs magnéticas y plasmónicas como fotosensibilizadores. En particular, las NPs 

plasmónicas actúan como fotosensibilizadores muy eficientes en PTT, mientras que las NPs 

magnéticas pueden utilizar la energía absorbida de campos magnéticos externos para generar calor 

en MHT. En este capítulo se describe el uso de partículas de oro y óxido de hierro de manera 

individual para PTT y MHT y, además, se discuten las ventajas y desventajas de la combinación de 

ambas para potenciar un incremento de temperatura usando NPs híbridas. 

En el Capítulo 2 se presenta en detalle una nueva estrategia para la síntesis y optimización de NPs 

híbridas (magnéticas-plasmónicas) multifuncionales, haciendo hincapié en su aplicación como 
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agentes de contraste en bioimagen multimodal. En particular, se ha estudiado su uso para la 

combinación de MRI, SERS y microscopía de fluorescencia. 

El método consiste en la síntesis de NPs multinúcleo de hierro y la posterior adsorción de 

pequeñas NPs de oro en su superficie. A continuación, se realiza el crecimiento controlado de un 

revestimiento de oro en forma de estrella. Además, se ha determinado que el grosor de la capa de 

oro y la morfología y longitud de las puntas pueden controlarse mediante modificaciones, tanto 

de la densidad de NPs de oro depositadas sobre los núcleos de óxido de hierro, como de las 

condiciones del posterior crecimiento de las nanoestrellas híbridas. Esta síntesis se optimizó en 

cada paso para maximizar el potencial de las NPs para las aplicaciones deseadas. Las NPs híbridas 

se funcionalizaron con diferentes moléculas, en este caso se usaron moléculas activas en Raman 

y moléculas fluorescentes. En este capítulo se reporta además una caracterización completa de 

las NPs híbridas, incluyendo técnicas de tomografía electrónica, reconstrucciones 3D y análisis 

elemental, que se llevaron a cabo en colaboración con el grupo de Microscopía Electrónica para 

Ciencia de Materiales dirigido por la Prof. Sara Bals en la Universidad de Amberes. Además, se 

muestra el estudio del rendimiento de las NPs híbridas como agentes de contraste multimodales 

para la obtención de imágenes correlativas usando las técnicas de imágenes mencionadas sobre 

modelos celulares in vitro. El estudio se realizó primero usando modelos celulares (en 2D y 3D) y 

posteriormente en muestras de tejido ex vivo. 

En el Capítulo 3 se ha seguido el mismo protocolo para la síntesis de NPs híbridas que en el 

capítulo anterior, pero se ha realizado una optimización adicional prestando especial atención a su 

uso potencial como fotosensibilizadores para calentamiento fototérmico (PTH). En especial, las 

NPs de metales nobles pueden utilizarse como fotosensibilizadores ya que son altamente 

eficientes en la conversión de la luz absorbida en forma de calor. Al irradiar las NPs de oro con un 

láser que emite un haz coherente y focalizado de fotones a una longitud de onda específica, se 

produce un rápido proceso de calentamiento que comienza con una excitación de electrones libres 

en las NPs metálicas. Los electrones saltan a un estado de energía excitado, seguido de un proceso 

de relajación que comprende la dispersión electrón-electrón y que, en última instancia, conduce a 

un aumento de la temperatura en la superficie. Uno de los procesos por los que la temperatura se 

estabiliza y regresa a un estado de equilibrio, consiste en interacciones fonón-fonón con el medio 

circundante. Dichas interacciones fonón-fonón disipan el calor a través de la interfaz partícula-

medio, hasta que las NPs vuelven a su temperatura superficial inicial. La eficiencia fototérmica de 

las NPs como fotosensibilizadores depende en gran medida de la morfología y el tamaño de las 

NPs. En términos de eficiencia, es preferible que las NPs presenten una eficiencia baja en la 

dispersión de luz y una absorción elevada en la longitud de onda de emisión del láser que se va a 

utilizar para la irradiación. Así, el ajuste del máximo de absorbancia para las NPs, el cual depende 

de su tamaño y forma, permite seleccionar la morfología más adecuada para la longitud de onda 

del láser que se va a utilizar. Para el uso de las NPs híbridas como fotosensibilizadores para PTH 

se ha considerado necesario disminuir el tamaño total de las NPs. Para ello, se ha investigado el 

papel de la presencia de agua durante la síntesis de los núcleos de óxido de hierro. De esta forma, 

se pudieron obtener NPs con diámetros inferiores y, junto a la estrategia descrita en el capítulo 



4 

 

anterior para modificar el recubrimiento con oro, fue posible obtencer NPs híbridas de menor 

tamaño y estudiar sus propiedades como fotosensibilizadores. Los experimentos de PTH que se 

describen en este capítulo fueron realizados principalmente durante una breve estancia de 

investigación (5 semanas) en el grupo de Macromoléculas y Microsistemas en Biología y Medicina 

(MMBM), en el Instituto Pierre Gilles de Gennes (IPGG, París), bajo la supervisión de la Dra. Claire 

Wilhelm. Este estudio de la capacidad de NPs de diferentes tamaños y morfologías se realizó 

inicialmente en disolución, a fin de comparar NPs de diferentes tamaños y también de determinar 

la concentración necesaria para alcanzar un calentamiento significativo, para su posterior 

aplicación en sistemas biológicos. Además, se sintetizó una serie de muestras de control con 

capacidad de calentamiento, determinando así la implicación de cada uno de los componentes de 

las NPs híbridas en dicho proceso de calentamiento. A continuación, se estudió el efecto 

fototérmico de las NPs híbridas usando cultivos celulares, primero en 2D y luego en estructuras 

celulares más complejas en 3D. 

Mientras que el sistema de NPs descrito en los primeros capítulos consiste en un núcleo magnético 

con una cobertura de oro en forma de estrella, en el Capítulo 4 se presenta la síntesis, optimización 

y caracterización de un modelo alternativo de NPs híbridas, para su uso como agentes 

fotosensibilizadores. 

En este caso, el componente plasmónico, que consiste en nanobastones de oro (en inglés 

nanorods, AuNRs), se localiza como núcleo central de la NP híbrida. Los núcleos de AuNRs se 

recubrieron posteriormente con una capa de sílice y, finalmente, se crecieron NPs de óxido de 

hierro sobre la superficie de la capa de sílice mediante ciclos de descomposición térmica de un 

precursor organometálico. Las variaciones con respecto a las NPs híbridas de los capítulos 2 y 3 

aportan una mayor eficiencia de los AuNRs para la generación de calor, ya que su absorbancia 

máxima (790 nm) es muy cercana a la longitud de onda del láser que se usó para irradiarlas (808 

nm). Además, en este caso, las NPs magnéticas se sintetizaron en la parte exterior de la NP híbrida, 

lo cual permite mejorar la respuesta magnética, con posibles aplicaciones en separación magnética. 

La separación magnética es una técnica que consiste en unir específicamente una molécula (o una 

célula) a una partícula magnética y así separarla de su entorno a través del uso de imanes o campos 

magnéticos externos. 

El uso de estas nuevas NPs como fotosensibilizadores se estudió en disolución, atendiendo al 

incremento de temperatura que producían, estableciendo así la concentración mínima necesaria 

para conseguir un calentamiento por encima de 42 ºC (condiciones de hipertemia). 

Posteriormente, se realizaron estudios en 2D con cultivos celulares y en 3D con modelos similares 

a los del capítulo 3, pudiendo así comparar la eficiencia de ambas NPs híbridas. 

A continuación, se procedió a funcionalizar las NPs híbridas con anticuerpos. En este caso, se 

seleccionó como anticuerpo de interés aquel que reconoce al antígeno CD44, debido a que se 

observa su expresión en células cancerígenas con potencial implicación en procesos de metástasis 

y migración celular. Los anticuerpos se unieron a la superficie de las NPs híbridas y posteriormente 

se utilizaron dos controles, uno positivo con células que expresan el anticuerpo CD44, para 
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confirmar la correcta funcionalización de las NPs, y uno negativo, que consistía en un cultivo 

celular en el que no todas las células expresan este anticuerpo en su superficie. De este modo, se 

evaluó la capacidad de las NPs para unirse de manera específica a un tipo de células determinado, 

con la idea de poder separarlas magnéticamente haciendo uso de imanes externos y de irradiarlas 

para conseguir el calentamiento específico de dichas células. 

En el Capítulo 5 se abordó la importancia de proporcionar un informe completo de las condiciones 

utilizadas para las medidas de calentamiento fototérmico, así como las posibles consecuencias 

derivadas de no especificar las condiciones de irradiación, sobre la reproducibilidad y 

comparabilidad de los diferentes sistemas y sus medidas. 

Una parte de esta tesis se ha centrado en la aplicación de NPs híbridas para calentamiento 

fototérmico. Dentro de los objetivos de aprendizaje acerca del efecto fototérmico y las técnicas 

utilizadas para medir y evaluar el rendimiento de NPs como fotosensibilizadores, se llevó a cabo 

una estancia breve en el grupo de la Dra. Claire Wilhelm. Tras dicha estancia, se intentó 

implementar los protocolos aprendidos en nuestro laboratorio, pero se observó que las medidas, 

al igual que ocurre en literatura, no eran fácilmente reproducibles. En consecuencia, se procedió 

a analizar los parámetros que podrían afectar a las medidas, con el fin de comprender la 

procedencia de las diferencias observadas. Tras un estudio exhaustivo, se descubrió que algunos 

parámetros, de los que rara vez se informa al reportar mediciones fototérmicas son, sin embargo, 

clave para la reproducibilidad de las medidas. Por lo tanto, en este capítulo se describe el efecto 

de algunos componentes del sistema de calentamiento por irradiación con láser sobre los 

resultados obtenidos. Como resultado, se presentan algunas directrices que se consideran 

cruciales para reportar estudios del efecto fototérmico de fotosensibilizadores basados en NPs. 

En este estudio, se destacaron parámetros importantes que influyen en el aumento de 

temperatura producido por NPs bajo irradiación láser. Además, se identificaron aspectos que rara 

vez son discutidos, como el uso de un colimador del haz láser, la posición del láser durante la 

calibración, o el uso de láseres multimodo o monomodo, como parámetros cruciales para la 

reproducibilidad de los resultados experimentales. este estudio se llevó a cabo utilizando 

nanoestrellas de oro y se fijaron 8 condiciones diferentes, variando los parámetros mencionados. 

Así, se evaluó la importancia de dichos parámetros y cómo se ven afectados los valores de 

calentamiento obtenidos al medir la misma muestra en condiciones diferentes. Este estudio 

permitió concluir que es imprescindible proporcionar información precisa sobre la configuración 

del equipo de calentamiento, para asegurar una mínima reproducibilidad de dichas medidas.  

Finalmente, aunque será necesario realizar más investigaciones, los resultados obtenidos en esta 

tesis han revelado el gran potencial de las NPs híbridas multifuncionales para su aplicación como 

agentes de contraste para bioimagen multimodal y su potencial aplicación como agentes 

fotosensibilizadores para terapia fototérmica. Tanto la metodología desarrollada para la obtención 

de NPs híbridas como los resultados obtenidos, resultarán de utilidad para la síntesis de NPs 

optimizadas para otras aplicaciones y podrían suponer un paso más hacia el desarrollo de 

plataformas teranósticas basadas en NPs.  
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Abbreviations 

2D Two-dimensional 

2-NAT Napthalene-2-thiol 

3D Three-dimensional 

4-BPT Bisphenyl-4-thiol 

Ab Antibody 

ADF Annular dark field 

Au Gold 

AuNP Gold nanoparticle 

BF Bright field 

BW-I First biological window 

C Carbon 

cDMEM Complete DMEM 

CT Computed tomography 

CTAB Hexadecyltrimethylammonium bromide 

DLS Dynamic light scattering 

DY-633 
2-(3-{2-tert-butyl-7-[ethyl(3-sulfonatopropyl)amino]chromenium-4-
yl}prop-2-en-1-ylidene)-1-(5-carboxypentyl)-3,3-dimethylindoline-5-
sulfonate  

EDC N-ethyl-N′-(3-(dimethylamino)propyl)carbodiimide 

EDX Energy Dispersive X-Ray Analysis 

EELS Electron energy loss spectroscopy 

EELS Electron energy loss spectroscopy 

EM Expectation Maximisation 

Fab Fragment antigen-binding 

FBS Fetal bovine serum 

FC Field cooled 

Fc Fragment crystallizable 

Fe Iron 

HAADF High angular annular dark field 

HDF Human Dermal Fibroblasts 

HRSTEM High resolution scanning transmission electron microscopy 

ICP-MS Inductively coupled plasma mass spectroscopy 

IO Iron oxide 

IOAuNS Iron oxide-gold nanostar 

IONP Iron oxide nanoparticle 

LDH Lactate dehydrogenase 

MCF7 Breast cancer cell line  
MDA.MB.231 cells Epithelial, human breast cancer cell line 

MES 2-(N-morpholino)ethanesulfonic acid 

MIP Maximum intensity projection 

MLRA Multiple linear regression analysis 

MP Multiphoton 

MRI Magnetic resonance imaging 

NaAc Sodium acetate 

NHS N-Hydroxysulfosuccinimide 
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NIR Near infrared region 

NP Nanoparticle 

PAA Polyallylamine hydrochloride 

PB Phosphate buffer 

PBS Phosphate buffered saline 

PDDA Poly(diallyl dimethyl ammonium chloride) 

PdI Polydispersity index 

PE Polyelectrolite 

PEG O-[2-(3-mercaptopropionylamino)ethyl]-O’-methylpolyethylene 
Glycol 

PEI Polyethyleneimine 

PLA Polylactic acid 

PLGA Poly(lactic-co-glycolic acid 

PMA Dodecylamine/polyisobutylene-alt-maleic anhydride 

PS Penicillin-streptomycin 

PSS Poly (Sodium-4-styrenesulfonate) 

PTH Photothermal heating 

PTT Photothermal therapy 

PVA Polyvinyl alcohol 

PVP Poly(vinylpyrrolidone) 

RaR Raman-active Reporter molecules 

ROI Region of interest 

SAR Specific absorption rate 

SERS Surface-enhanced Raman scattering 

SQUID Superconducting quantum interference device 

STEM Scanning transmission electron microscopy 

TAMRA 5-Carboxytetramethylrhodamine 

TEM Transmission electron microscopy 

TEOS Tetraethyl orthosilicate 

UV-Vis Ultraviolet/Visible 

VSM Vibrating sample magnetometer 

Zavg Average diameter 

ZFC Zero field cooled 
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Aims and scope 

This thesis has been carried out in the framework of an ERC Advanced Grant entitled “Four-

Dimensional Monitoring of Tumour Growth by Surface Enhanced Raman Scattering (ERC AdG 

787510, 4DBIOSERS)”. Within the overall objectives of this project, the use of surface-enhanced 

Raman scattering (SERS) for bioimaging and the photothermal treatment of cancer are major 

topics. In this context, the thesis has focused on the synthesis and optimization of hybrid 

nanoparticles (NPs) composed of gold and iron oxide, for their use as multifunctional contrast 

agents for multimodal bioimaging and as photosensitizers for photothermal therapy. Multimodal 

bioimaging is the combination of different imaging techniques to obtain complementary 

information and thus, overcome the limitations of each individual technique. In general, contrast 

agents are used in these techniques to increase the quality of the images and thereby improve 

their diagnostic value. Hybrid NPs made of gold and iron oxide offer the possibility of combining 

their plasmonic and magnetic properties, respectively, for their use as contrast agents in various 

imaging modalities. Functionalization of the hybrid NPs with molecular ligands, such as Raman-

active molecules and fluorescent dyes, together with the intrinsic properties of the NPs, facilitate 

their application as contrast agents for magnetic resonance imaging (MRI), surface-enhanced 

Raman scattering (SERS) and fluorescence imaging. 

In addition, hybrid NPs can also be used as photosensitizers for hyperthermia treatment of 

diseases. The word hyperthermia refers to a condition in which the body temperature rises 

abnormally above 42 °C, causing cell damage. Thus, the plasmonic component of hybrid NPs can 

act as photosensitizer for photothermal heating by absorbing light and converting it into heat. 

This thesis has therefore been structured around three main objectives: (1) the synthesis, 

optimization, and characterization of hybrid NPs with different conformations through the 

combination of gold and iron oxide NPs with different morphologies; (2) the study of the 

properties of hybrid NPs for their use as contrast agents for multimodal bioimaging; and (3) the 

use of hybrid NPs as photosensitizers for their application in photothermal heating. 

The structure of the thesis is as follows: After a general introduction (Chapter I), where the main 

aspects related to the synthesis and characterization of NPs, as well as technical and analytical 

aspects of bioimaging and hyperthermia techniques, are introduced. The synthesis and 

optimization of multifunctional hybrid (magnetic-plasmonic) NPs are subsequently introduced, 

with an emphasis on their application as contrast agents for multimodal bioimaging (Chapter II). 

Then, the optimization of the same hybrid nanoparticles is reported toward their potential use as 

photosensitisers for photothermal heating (Chapter III). 

A second method is proposed and demonstrated in Chapter IV, with an alternative distribution of 

components within the hybrid NPs, and improved properties for their use as nanoheaters and in 

magnetic separation. Finally, in Chapter V we discuss the importance of providing a complete 

description of the conditions used for photothermal heating measurements, as well as the risks 

related to the reproducibility and comparability of different systems and their measurements, 
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should the irradiation conditions not be sufficiently described. The main conclusions of the thesis 

are then summarized. 



 



 

 

  



 

 

 

  Chapter I 



  



17 

 

1. Introduction 

Contents       

1.1 The importance of cancer theranostics .................................................................................... 18 

1.2 Nanoparticles: a multifunctional alternative ..................................................................................... 23 

1.2.1 Magnetic nanoparticles ................................................................................................................ 24 

1.2.2 Plasmonic nanoparticles .............................................................................................................. 25 

1.2.3 Hybrid nanoparticles..................................................................................................................... 26 

1.2.4 Surface functionalization of iron oxide nanoparticles .......................................................... 27 

1.2.5 Surface functionalization of gold nanoparticles .................................................................... 28 

1.2.6 Characterization of hybrid systems .......................................................................................... 29 

1.3 Nanoparticles for bioimaging .............................................................................................................. 31 

1.3.1 Magnetic nanoparticles for bioimaiging ................................................................................... 31 

1.3.2 Plasmonic nanoparticles for bioimaging .................................................................................. 32 

1.3.3 Hybrid nanoparticles for multimodal bioimaging .................................................................. 33 

1.4 Nanoparticles for hyperthermia ......................................................................................................... 36 

1.4.1 Magnetic hyperthermia ................................................................................................................ 37 

1.4.2 Photothermal therapy .................................................................................................................. 37 

1.4.3 Towards multitherapy: photothermal therapy + magnetic hyperthermia ........................... 39 

Thesis contents .......................................................................... 40 

References .................................................................................. 42 

 

 

 

 

 

 

 

 

 

 

 

 

 



18 

 

1.1 The importance of cancer theranostics 

Cancer is a term given to a heterogenous group of diseases that involve the uncontrolled growth 

of cells, which have the ability to invade surrounding tissues and spread to other parts of the 

body1. Cancer remains one of the biggest causes of morbidity and mortality worldwide, with an 

estimated 19.3 million new cases and nearly 10 million deaths in 20202. Although primary tumours 

represent an important clinical burden, the presence of cancer metastasis often suggests low 

survival rates with poor prognoses. The metastatic process involves the migration of cancer cells 

from their initial site of formation (primary cancer) to another site of the body via the blood or the 

lymphatic system. Interestingly, some primary cancers have special niche tissues for metastatic 

formation, for example, metastatic breast cancer has a tendency to spread to the lung, thus 

forming a breast-derived lung cancer3. Secondary metastases are the main cause of cancer 

morbidity and mortality, causing approximately 90% of all cancer deaths4. The primary method to 

improve survival rates and lower morbidity is to improve early cancer detection, thus significantly 

enhancing the lives of cancer patients5. An early diagnosis implies that the detection is made when 

the patient is asymptomatic or exhibits no symptoms of the disease. For instance, it has been 

found that detection at early stages plays a key role in the management of specific cancers such 

as cervical and breast cancer and is likely to play an important role in the treatment of lung, 

prostate, and colorectal cancer6. 

According to the World Health Organization, early diagnosis consists of three components7: 

1. Understanding the signs of various cancers and the need of seeking medical help. 

2. Accessibility to clinical assessment and diagnostic services. 

3. Timely referral to treatment services 

Before the appearance of symptoms, screening aims to identify people with evidence suggestive 

of a particular malignancy or pre-cancer. If abnormalities are found during screening, additional 

tests to confirm the diagnosis are performed. Whilst screening programs can be complicated and 

costly, they are generally very useful for correctly diagnosing some types of cancer, for example, 

colon and breast cancers, in populations at risk8. Research to improve early diagnosis is motivated 

by the fact that cancer treatment costs directly depend on the disease stage9,10 and that, as such, 

cancer has become one of the most serious issues to directly affect public health11.  

Modern medicine is placing more emphasis on precision and personalized medicine as a method 

to increase diagnosis accuracy and improve treatment. One such method involves pre-clinical 

imaging to better evaluate biological processes at the cellular and molecular level, allowing the 

early or presymptomatic detection of diseases12.  

Imaging techniques with quick acquisition times, high sensitivity, and manageable costs, enable 

the viewing of physiological and pathological processes with high specificity and in real time13. 

Imaging is essential for the treatment of cancer patients. It is necessary and often used for 

diagnosis, for the identification of abnormalities, and for guiding biopsies. Besides, it is also 

important for estimating the stage of the disease and, consequently, to choose an appropriate 
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treatment14. One of the most widely used imaging techniques for clinical applications is magnetic 

resonance imaging (MRI). MRI is a non-invasive and non-ionizing imaging technique with a spatial 

resolution of 100 μm15,16. In MRI, an external magnetic field is used to align atomic nuclei, i.e. 

water protons (1H), which are the most abundant magnetic nuclei in our body. Such an alignment 

creates a magnetization vector that is parallel to the applied magnetic field. To generate images, 

radiofrequency energy pulses at the resonance frequency are applied and energy is absorbed by 

the protons, which then change their orientation by rotating toward the transverse plane. When 

the pulse ends, the protons return to their equilibrium state and the accumulated energy is 

delivered as an alternating current that is different depending on the molecular environment of 

the protons. This current is measured in a receiver coil and used for image construction. The time 

that the proton needs to return to its initial state is called relaxation time and can be divided into 

T1, which depends on the interaction between atoms and their environment, and T2, related to 

the interaction of atoms with each other. MRI relies on the differences in tissue proton density 

and relaxation times to generate contrast. T1 is given by the time required for the excited 1H to 

return to their original position, causing some energy loss into surrounding nuclei (spin-lattice 

relaxation). On the other hand, T2, also known as spin-spin relaxation, is the exchange of energy 

between high and low energy nuclei, without loss of energy to surrounding nuclei.17 That said, 

discrimination of certain tissues gets complicated when the relaxation differences do not generate 

enough contrast. To improve that, gadolinium-contrast agents have been most commonly used to 

enhance the contrast in the regions of interest18. By enhancing local magnetic fields, contrast 

agents produce changes in the magnetic susceptibility. These effects result from interactions 

between the nuclear and magnetic moments of the contrast agent, which intensify transitions 

between spin states and shorten the T1 and T2 times. In particular, gadolinium-based contrast 

agents cause a decrease in the T1 relaxation time turning the images brighter. Also computed 

tomography (CT) is frequently used to visualize nearly all parts of the body. CT is a non-invasive 

technique that features high spatial resolution and tissue penetration depth. In this technique, an 

ionizing radiation, specifically X-ray radiation, is used to obtain cross-sectional images of internal 

organs, bones, soft tissues, vessels, etc., by differences in the absorption and attenuation of the 

radiation when passing through the different tissues. X-ray images are recorded while the detector 

moves around and a reconstruction of the individual images into cross-sectional images or “slices” 

is performed. A drawback of the technique is the high radiation dose required to reconstruct the 

images from those individual X-ray projections. In order to enhance the quality of the image, 

iodinated contrast media are commonly used in CT due to their high X-ray absorption 

coefficient19. 

Additional optical imaging techniques are gaining importance for their use in pre-clinical imaging. 

Besides, new techniques have been developed and are under continuous growth due to their 

potential properties. In this regard, fluorescence imaging is a useful and widely used technique for 

bioimaging that enables the visualization of biological processes at the molecular level using non-

invasive procedures without ionizing radiations20. The acquisition modes in fluorescence imaging 

are based on the capacity of a certain fluorescent substance to emit light of a specific wavelength 

when excited by a light source of another appropriate wavelength. Many efforts have been made 
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in the development of desirable fluorophores with high brightness and biocompatibility for 

imaging of biological samples and tissues21, especially with regards to those with absorbance or 

excitation/emission in the near infrared region (NIR) (650 -1450 nm). This wavelength range is 

known as the biological transparency window due to its minimal tissue absorbance, thus making 

it suitable for bioapplications22,23.  

Photoacoustic imaging (PAI) is a hybrid imaging technique that combines optical excitation and 

ultrasound detection with a relatively deep tissue imaging capability24. In PAI, tissues are irradiated 

with non-ionizing laser pulses, light is absorbed by chromophores and converted into heat, 

producing a time variant thermoelastic expansion. This expansion process generates pressure 

changes in the tissues that result in the emission of acoustic waves. By using laser pulses for 

irradiation, this process is repeated with each pulse, thereby generating multiple waves that 

constitute the PA signals that are recorded by an ultrasound transducer. The signal is then 

measured and amplified to reconstruct a sonogram image25. It has been demonstrated that PAI is 

an effective method for visualizing blood vessels26. 

The development of new emerging imaging techniques has also gained interest. For instance, 

magnetic particle imaging (MPI) is an emerging pre-clinical imaging system that was developed in 

the early 2000s27. MPI is a quantitative 3D imaging technique that enables real-time imaging with 

high sensitivity and spatial resolution. Static and oscillating magnetic fields combined with 

magnetic particles (typically iron oxide nanoparticles, or IONPs), as the name indicates, are applied 

in this technique. Thus, MPI measures changes produced due to the magnetization of IONPs, 

resulting in an image that can be reconstructed considering the spatial distribution of the IONPs. 

Hence, there is no background, and IONPs are the only source of signal, resulting in a signal that 

is proportional to NP concentration28. 

Raman scattering, which was first introduced by Raman and Krishnan29, is the term for inelastic 

photon scattering given by a molecule. Due to the energy transfer between light and a molecular 

vibration when a molecule is illuminated, the scattered light has a different frequency than the 

incident light. The vibrational frequency of a chemical bond in a molecule is revealed by the 

frequency difference, or Raman shift. As a result, the analyte's spectral fingerprints can be seen in 

a Raman scattering spectrum (intensity against Raman shift, in cm-1). In this regard, Raman 

scattering has given place to an imaging modality called Raman imaging that allows for high-

resolution, real-time, non-invasive imaging of tissues30. However, the low efficiency of Raman 

scattering and therefore the sensitivity of the technique is its major limitation. Thus, strategies to 

overcome this limitation have been investigated. Fleischmann and colleagues noticed that when 

pyridine was in close proximity to a rough silver electrode, a significant enhancement of the 

inelastic scattering from the molecule occurred, which led to the discovery of the surface-

enhanced Raman scattering (SERS) effect in 197431. Thus, SERS arose as a method to enhance 

the efficiency of Raman scattering as an analytical technique. In fact, it has been reported that the 

SERS signal can be enhanced up to 1010 – 1011 times compared to normal Raman scattering32. 

SERS is a versatile technique that allows the precise identification of molecules that are attached 

or closely located to the surface of plasmonic NPs32. Additionally, each molecule's distinct 
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vibrational fingerprint provides unmistakable identification and detection limits up to femtomolar 

concentrations can be readily achieved34. The SERS mechanism relies on localized surface plasmon 

resonances (LSPR), i.e., collective oscillations of conduction electrons in nanoparticles (NPs), in 

resonance with an external electromagnetic radiation, resulting in intense absorption and 

scattering within the ultraviolet/visible range under this optical excitation35. Additionally, an 

amplified localized electromagnetic field is generated at the NPs surface, which is ultimately 

responsible for the enhancement of the Raman signal of adsorbed molecules. NPs covered by a 

monolayer of so-called Raman Reporter molecules (RaR) are known as SERS tags. Through the 

enhancement of the signal of RaR molecules in contact with the NPs surface, a specific SERS code 

is generated (see Figure 1.1). Consequently, SERS is gaining interest for its application in 

bioimaging33 and SERS tags are used as contrast  agents for this technique. Interestingly, the size 

and shape of such NPs can be changed to modify their optical properties and make them maximally 

absorb at a desired wavelength. A clear example of this effect is seen in gold nanorods (AuNRs) 

which plasmon band maxima can be tuned by modifying their aspect ratio36. Apart from the high 

sensitivity provided by the plasmonic enhancement, down to single molecule detection, the 

narrow bandwidth of the detected spectral peaks (vibrational molecular fingerprint) largely 

facilitates multiplexing, which is highly attractive for bioimaging37. 

 

Figure 1.1. Upper part: Localized surface plasmon resonance generated when incident light 

interacts with a metal nanostructure smaller than the wavelength of light. Lower part: Comparison 
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between Raman and SERS. The enhancement of the signal is produced by the enhanced local 

electrical fields at metal NPs when their LSPR is excited. 

Even if remarkable information can be achieved using these different imaging techniques, they 

present limitations. In Table 1.1 a comparison of the presented imaging techniques is shown, 

pointing at their respective advantages and weaknesses38,39.  

Table 1.1. Comparison of the characteristics of the most used imaging techniques. 

Imaging 

technique 

Acquisition 

time 
Sensitivity Advantages Weaknesses 

Fluorescence  Rapid Very high 

High spatial 

resolution (200nm) 

Wide range of 

dyes available 

Poor penetration 

(mm) 

Medium cost 

SERS  Medium Very high 
High spatial 

resolution (1μm) 

Poor penetration 

(mm) 

Mapping of small 

areas 

MRI Low Low 

No depth limit 

High soft tissue 

contrast 

Low spatial 

resolution (100μm) 

Expensive 

CT Rapid Low No depth limit 

Low spatial 

resolution (500μm) 

Ionizing radiation 

Photoacoustic Low High Low cost 

Poor penetration 

(cm) 

Complex image 

reconstruction 

MPI Rapid High 
No ionizing 

radiation 

Low spatial 

resolution (1mm) 
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Considering the data shown in Table 1.1, there is not one ideal imaging technique that meets all 

the favourable conditions for bioimaging. Thus, multimodal imaging consisting of the combination 

of different imaging techniques to obtain complementary information while overcoming the 

limitations of each single technique has emerged as an interesting approach40.  

In this regard, fluorescence imaging is a technique that has been extensively used in bioimaging. 

Even so, it presents limitations such as significant tissue autofluorescence and strong light 

attenuation, which results in poor tissue penetration depth (less than 1 cm) and low sensitivity 

with high background signal41. Thus, the use of SERS imaging, which provides reduced background 

autofluorescence noise, in combination with fluorescence imaging, becomes an interesting 

approach to avoid the intrinsic limitations of fluorescence imaging alone. Even if promising 

performance and applications can be achieved from the combination of fluorescence imaging and 

SERS, issues such as suboptimal light penetration through tissue remain. Thus, their application 

with conventional imaging techniques used in clinical diagnostic applications, such as MRI, can be 

an interesting approach toward obtaining valuable information42. Although MRI yields excellent 

penetration through tissue, the low resolution of the technique gives poor information on small 

or single biological structures. In contrast, both SERS and fluorescence can offer excellent 

resolution and multiplexing, but they suffer from poor tissue penetration and a limited ability to 

image large areas. By combining these complementary techniques, the advantages of each one 

can be taken advantage of to better study biological samples or tissues. 

1.2 Nanoparticles: a multifunctional alternative 

During the last 50 years, materials at the nanometre scale (1-100 nm) have emerged as an 

interesting tool with different novel uses in imaging, diagnosis, and therapy. Since then, the 

application of nanomaterials in nanomedicine has advanced significantly, with an increase in their 

use to address unresolved medical issues43. One of the most important developments in materials 

science is the use of metal NPs44. The tuneable nature of their remarkable physicochemical 

properties has allowed their use in different biomedical fields, including medicine, biology, physics, 

chemistry, and sensing45–48. Due to their size-dependent optical, magnetic, and/or electronic 

properties, the application of metal NPs in the field of biomedicine can offer many advantages. In 

particular, plasmonic and magnetic NPs have been found to have suitable properties for their 

application in bioimaging techniques which typically require the use of contrast agents to enhance 

the signal from selected structures or fluids within the body to improve image contrast49. For 

instance, MRI typically operates using contrast agents that are used to change the relaxivity of 

water molecules to create soft tissue contrast. Magnetic NPs are able to generate a local magnetic 

field resulting in a change in the nuclear relaxation of magnetic nuclei in the surroundings. These 

NPs can accelerate the relaxation process and shorten the relaxation time of protons nearby, 

enhancing the signal contrast between the surroundings and distal background in MR images. In 

particular, iron oxide nanoparticles (IONPs) have been studied in detail and slowly incorporated 

into clinical use50. IONPs are commonly used as T2 contrast agents. However, in T2-weighted 

images the signal can be confused with signals from haemorrhage, calcification, or metal deposits. 

Therefore, the main interest is now focused on the development of T1 contrast agents51. 
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With regards to plasmonic NPs, such as gold or silver NPs, they present suitable properties for 

biomedical applications due to their respective chemical stability and antibacterial activity52. Their 

optical characteristics can be precisely adjusted by modifying NP shape and dimensions, from the 

visible range of the electromagnetic spectrum to the NIR, expanding their range of biological 

applications53. Consequently, the physicochemical properties of plasmonic NPs with different 

morphologies and structures have been thoroughly studied, also demonstrating their potential for 

use in sensing, imaging, diagnostic, and therapeutic applications54. 

One interesting approach is the combination of NPs properties within the same nanostructure. 

This is how hybrid NPs were born, whereby two or more components with multifunctional 

capabilities are combined into hybrid nanostructures55. The interest of combining magnetic and 

plasmonic NPs relies on the use of non-invasive imaging techniques for fast disease diagnosis.  

 The synthesis of magnetic and plasmonic NPs and their assembly into hybrid nanostructures will 

be discussed in the following section. 

1.2.1 Magnetic nanoparticles 

Regarding magnetic NPs, the colloidal synthesis of IONPs in particular, has been studied 

extensively56. Methods for IONP fabrication can be selected to ensure control over size, shape, 

and composition57. Co-precipitation, thermal decomposition, and hydrothermal processes are the 

most common synthesis methods58.  Co-precipitation comprises the simultaneous precipitation of 

Fe2+ and Fe3+ ions in a highly basic solution, usually under an  inert atmosphere (N2 or Ar), either 

at room temperature or at higher temperatures (above 70 ºC); particles with sizes ranging from 5 

to 20 nm are usually obtained via this method59. In the hydrothermal procedure, IONPs are 

obtained by treating iron salt precursors at high temperatures (130–250 °C) in an autoclave, at 

pressures ranging from 0.3 to 4 MPa60–62. By contrast, using the thermal decomposition method, 

IONPs are obtained through the decomposition of organometallic iron precursors, followed by 

oxidation in a high boiling point organic solvent containing surfactants. Monodisperse particles 

can be obtained with high reproducibility by using this method, but its main drawback is that 

biological applications require a post-synthesis phase transfer into a polar solvent63. Dadfar et al.50 

have classified the synthetic methods for IONPs and coatings needed for different applications in 

diagnosis and therapy based on of their stability and non-toxic nature. Magnetite (Fe3O4) and its 

oxidized form maghemite (γ-Fe2O3) are the most widely used IONPs for biomedical applications64. 

Both iron oxides present structural similarity comprising a cubic inverse spinel, the main difference 

being that magnetite is made of both Fe(II) and Fe(III) whereas maghemite contains ferric Fe(III) 

ions only, and shows higher thermal and chemical stability. Both materials are metastable oxides, 

show size-dependent magnetic properties65, and are easily magnetized, i.e. show a magnetic 

response in the presence of an external magnetic field. 

The magnetic properties of IONPs are directly related to their size and morphology. Particle size 

determines the paramagnetic or superparamagnetic response of the nanostructures, in connection 

to the size-dependent spin exchange effect. On the other hand, the morphology of the particles 

is involved through shape-induced magnetic anisotropy66. Thus, the development of anisotropic 
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and faceted IONPs, such us iron oxide nanocubes (IONCs) or nanoflowers (IONFs), have been 

studied in connection with their use for both MRI and magnetic hyperthermia (MHT)67.  

The effect of particle size and shape on the relaxivity has also been extensively reported. Several 

studies have demonstrated that faceted NPs provide improved magnetism and relaxivity, as 

compared to spherical NPs of similar size, with an increase in the relaxation rates with increasing 

particle size68. Additionally, multicore systems show an improved magnetic response in 

comparison to single-core NPs of similar size. While dipole-dipole interactions arise in single-core 

particles, exchange coupling occurs among individual crystallites in multi-core systems due to the 

short distance between them, thus leading to strong magnetic interactions69. These assemblies 

represent a situation where aggregation of IONPs is controlled, so that no changes occur in the 

number of cores per particle. This system is advantageous for biomedical applications such as MRI 

and MHT, because of the obtained high saturation magnetization values70. Figure 1.2 shows the 

most common IONP morphologies synthesized for biomedical applications. 

 

Figure 1.2. Most common morphologies of IONPs made of magnetite or maghemite, for biological 

applications. Scale bars correspond to 50 nm. Modified and reproduced from71–74. Copyright 

(2012) (2018) (2021) American Chemical Society, (2008) John Wiley and Sons. 

1.2.2 Plasmonic nanoparticles 

Plasmonic NP synthesis can be achieved by means of a wide variety of chemical75, physical76 and 

biological77 methods. After several decades of research on spherical gold nanoparticles (AuNPs)78, 

the colloidal synthesis of anisotropic NPs has gained huge interest, mainly driven by their tuneable 

optical properties. Anisotropic NPs can accommodate multiple plasmon modes, related to their 

morphology and orientation with respect to the polarization of incident light. Additionally, 

elongated NPs can display LSPRs at lower energies, further in the NIR. Such an optical tunability 

is particularly relevant for biological applications44,79 because, as explained before, maximum light 

transmission through tissue and minimized autofluorescence are obtained in the NIR80. AuNRs, 
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nanostars (AuNSs), or nanotriangles (AuNTs) are some examples of AuNPs that are anisotropic 

and display tuneable LSPR properties81. The most widely applied approach for the fabrication of 

anisotropic NPs is based on seed-mediated growth, comprising an initial step in which metal ions 

are reduced to form small metal nuclei, which are subsequently used as seeds for the growth of 

larger NPs with morphologies determined by the seed structure, surfactant (and other additives), 

and reaction kinetics. The most used AuNP morphologies for biological application are summarized 

in Figure 1.3. 

 

Figure 1.3. Most common morphologies obtained by seed-mediated growth of gold NPs. Scale 

bars correspond to 100 nm. Modified and reproduced from37,82–86. Copyright (2010) (2014) (2016) 

(2017) (2019) American Chemical Society. 

1.2.3 Hybrid nanoparticles 

Considering the relative compatibility between IONPs and AuNPs in terms of size and surface 

functionalization methods, novel approaches for the fabrication of hybrid NPs that combine both 

magnetic and plasmonic nanostructures have been reported (Figure 1.4). Most of these 

approaches require in situ synthesis of both components, as opposed to pre-synthesis steps and 

assembly. With regards to nanomaterials designed for biological applications, aqueous synthesis 

methods are the most explored ones, thanks to the lack of cytotoxic solvents and limited synthesis 

and functionalization steps, which reduce the possibility of contamination. Although various 

approaches exist, most of the plasmonic-magnetic NPs reported in literature are made of an iron 

oxide core surrounded by an outer plasmonic gold layer (AuIONPs). The coating shell of such core-

shell NPs is designed to enhance the stability of the IONPs and allow further diverse 

functionalization87. The synthetic process comprises the reduction of Au precursors in the 

presence of IONPs, which act as seeds and become inner cores upon gold shell formation. For 

this purpose, two principal strategies have been used. On one hand, the direct synthesis of the 
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gold layer can be performed by adding gold precursors and a reducing agent to the dispersion of 

IONPs88,89. This process is however hindered by a complicated control over the thickness and 

geometry of the gold shell. On the other hand, hybrid particles can also be achieved by first 

depositing an intermediate layer, which provides a suitable surface charge, facilitating the 

decoration with gold seeds. The density of seeds can subsequently determine the thickness and 

geometry of the gold shell, obtained upon reduction of gold ions90. The intermediate layer usually 

comprises either silica91 or polymers such as polyvinylpyrrolidone (PVP)92 or polyethyleneimine 

(PEI)93.   

 

1.2.4 Surface functionalization of iron oxide nanoparticles 

Surface functionalization provides the IONPs with additional colloidal stability, biocompatibility 

and prevents the NPs from aggregation. Inorganic molecules, metals, polymers, proteins, silica, or 

organic compounds could be used to modify the surface of IONPs. In the following section we 

will briefly report the most commonly used molecules for the functionalization of IONPs. 

Polymers. The most prevalent surface coating utilized in IONP functionalization is polymeric, thus 

providing stability and aiding to prevent oxidation94. In this regard, polyethylene glycol (PEG)95, 

poly(vinylpyrrolidone) (PVP)96, polyvinyl alcohol (PVA)97, poly(lactic-co-glycolic acid) (PLGA)98, and 

chitosan99 are the most commonly used polymers for surface functionalization of IONPs due to 

their biocompatibility.  

Surfactants- IONPs tend to agglomerate due to magnetic attraction among NPs, van der Waals 

forces, and high energy surface100. In order to achieve enough repulsive interactions to prevent 

agglomeration of the IONPs, coating with surfactants is frequently used. Surfactants, which can 

Figure 1.4. Schematic illustration and TEM images of common combinations of iron oxide and gold 

into hybrid NPs. Scale bars correspond to 50 nm. Adapted from ref.42,122,237–241. Copyright (2009) 

(2016) (2017) American Chemical Society, (2017) Royal Society of Chemistry, (2013) John Wiley 

and Sons, (2018) Springer Nature. 
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change the surface charge and determine the biocompatibility, surround the magnetic NPs in 

layers and they are often added during the synthesis of IONPs101. Oleic acid and oleylamine are 

normally used as surfactants for the obtention of highly uniform IONPs magnetic NPs. However, 

a subsequent ligand exchange is needed for transforming hydrophobic to water-soluble IONPs 

for bioapplications102.  

Biomolecules. Enzymes, antibodies, proteins, bovine/human serum albumin (BSA/HSA), biotin, 

avidin, and polypeptides have all been attached to the surface of IONPs103. Due to their 

biocompatibility, biomolecule functionalized magnetic IONPs have recently emerged as a popular 

and successful techniques in biological separation, detection, sensing, and other 

bioapplications104–106. 

Inorganic compounds. For IONPs, SiO2 is the most common inorganic coating. The silanol 

groups provide ligands with the ideal anchoring, supplying the nanosystem with a variety of 

functional groups. SiO2 coatings have been shown to provide stability, hydrophilicity, and high 

biocompatibility97. Also carbon based materials are being used as IONP coatings107. These 

materials are water soluble, have strong electrical conductivity, are chemically and thermally 

stable, and act as a barrier against IONP oxidation, thus making these coatings ideal for IONP 

applications. 

1.2.5 Surface functionalization of gold nanoparticles 

In similarity to IONPs, AuNP surface functionalization is also especially important for their 

functionality, stability, and biological compatibility108. The main strategy for the functionalization 

or surface modification of AuNPs is through thiol groups that allow a strong interaction with the 

gold surface. Thus, the AuNPs are functionalized via direct conjugation with thiol containing 

molecules. 

Raman active molecules. Thiolated aromatic molecules easily adsorb onto gold surfaces and 

are therefore employed in the development of SERS tags that offer distinctive Raman spectra. 

Examples using different thiolated molecules can be found in the literature109. However, most of 

the Raman active molecules used for AuNPs functionalization are soluble in organic solvents, thus, 

phase transfer or an additional coating are needed to provide the NPs with hydrophilicity for their 

use in bioapplications33. 

Polymers. In order to increase the stability of AuNPs, polymers have also been used as coating 

molecules. Longer stability, high surface density, and the capacity to modify the solubility are some 

of the benefits of polymer-stabilized AuNPs. PEG is one of the most often utilized molecules for 

functionalizing AuNPs110. Apart from the polymers used for IONPs, which have also been used 

for AuNPs, polyethyleneimine (PEI), poly(diallyl dimethyl ammonium chloride) (PDDA), and 

polystyrene, among others, are all also used for surface functionalization of AuNPs111. Additional 

molecules, such as fluorescent dyes, can be chemically coupled to specific functional end groups 

of the polymers to provide the NPs with additional functionalities. It has been proven that the 

fluorescence is not quenched by the presence of AuNPs allowing the application of multicolour 
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fluorescent NPs in biological applications such as bioimaging112,113 or visualization of biological 

processes114. In the same way, bifunctional ligands are used to modify biomolecules; one moiety 

is employed to anchor the biomolecule to the surface, and the other is directed to interact 

specifically with the system. Antibodies (Ab), DNA oligonucleotides, enzymes, and drugs are used 

for specific targeting of cells, immunoassays, specific bindings and drug delivery applications115. 

Inorganic compounds. As shown in the functionalization section of IONPs, SiO2 is also 

extensively used for the surface modification of AuNPs and different strategies have been 

developed and previously reported116. Silica shells provide rich surface chemistry that allows for 

further conjugation with biomolecules or drugs, great biocompatibility, tuneable porosity and 

outstanding transparency117. Hence, AuNPs coated with SiO2 have found their application in 

biomedicine including bioimaging118, photothermal therapy119,120, and SERS detection121.  

1.2.6 Characterization of hybrid systems 

One important concern during the synthesis of hybrid plasmonic-magnetic particles is the 

potential influence of each metallic component on the other’s inherent properties (magnetic and 

plasmonic), and thus, a meticulous characterization of their properties is crucial. Whilst various 

works have shown that magnetic properties remain unchanged after growing Au around IONPs, 
42,122,123 subsequent functionalization in the form of coatings or shells may affect their 

performance for bioapplications. Coatings may reduce, for example, the accessibility of water 

protons to IONPs cores, which can be detrimental to their relaxation times and thus compromise 

the application of hybrid NPs for MRI124. Although  various synthetic protocols for the fabrication 

of plasmonic-magnetic NPs and functionalization strategies have been reported in detail,125–128 as 

well as the biomedical application of these hybrid nanostructures129,130,  limited description of the 

relevant characterization techniques is reported. Therefore, we describe below the 

characterization methods that should be considered when working with AuIONPs for their correct 

and full characterization.  

From both the synthetic and applied points of view, appropriate analysis of the prepared 

nanostructures is essential. Characterization of plasmonic NPs requires UV-visible-NIR 

spectroscopy, which provides information about the plasmon modes excited upon irradiation of 

the NPs, such that the extinction bands can usually be correlated to their size, shape, or aspect 

ratio131.  Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) are 

widely used to retrieve NP morphological and structural characterization, with precise information 

regarding size distribution, morphology, crystalline phase, elemental composition, etc. Dynamic 

light scattering (DLS) is typically used to measure the hydrodynamic diameter and polydispersity 

of NPs in a colloidal dispersion. Whereas characterization of anisotropic NPs provides inaccurate 

results by DLS62, reliable results are often obtained when working with spherical NPs132,133. 

Regarding the characterization of magnetic NPs, apart from the above-mentioned techniques for 

morphological characterization, spectroscopic methods are used to collect information on their 

chemical composition for a correct identification of metal oxide phases. For this purpose,  X-ray 

diffraction (XRD), Mössbauer spectroscopy134, or X-ray photoelectron spectroscopy (XPS) can be 
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used to identify crystalline structures and composition. To understand the magnetic response of 

IONPs, superconducting quantum interference device (SQUID) is generally used as a 

magnetometer, to measure the response of IONPs under external magnetic fields. The so-called 

zero field cooled—ZFC, field cooled—FC measurement provides information regarding the iron 

phase. For instance, a metal-insulator transition known as Verwey transition can be detected 

around 110 K and is associated with the magnetite phase135. Additionally, the blocking 

temperature TB – below TB magnetic ordering occurs whilst above TB the thermal energy 

dominates the NPs response to the applied magnetic field – can be also obtained from the ZFC/FC 

curves. Magnetic hysteresis loops at room temperature can be obtained by vibrating sample 

magnetometry (VSM), from which the saturation magnetization, MS, can be determined. For 

IONPs, MS values typically range from 45 to 80 emu/g-Fe and give information about their 

magnetic response136,137. Additionally, magnetic relaxivity (r) and relaxation time shortening values 

(T1 and T2) can be determined using a contrast agent analyser or an MRI scanner42. 

In general, AuIONPS can be characterized using the same methods as for their individual 

components. However, it may be complicated to distinguish both metals within the same 

nanostructure. Thus, more sophisticated methods should be applied for a complete 

characterization of hybrid NPs. For example, in core-shell type AuIONPs it is usually difficult to 

distinguish the core from the shell using TEM. In this respect, identification of the presence of 

both domains in single NPs can be made by using energy dispersive X-ray spectroscopy (EDXS). 

When the electron beam hits the sample, it produces electron transitions from a high-energy 

(outer) shell to a lower-energy (inner) shell of the atom, the energy difference produced by the 

electron displacement is released as X-rays and is characteristic for each element138, so different 

metals within the same nanostructure can be distinguished139. Another useful tool is electron 

energy loss spectroscopy (EELS) coupled to TEM. In EELS, one measures the distribution of 

electron energies that have been inelastically scattered while passing through the sample, due to 

interactions of primary beam electrons with the electrons in the sample. Thus, information about 

electronic structures, bonding states or coordination number can be acquired by looking at the 

characteristic energy loss spectra140. Differentiation of metals can also be achieved by high-angle 

annular dark field scanning transmission electron microscopy (HAADF-STEM), as the contrast of 

the images depends on the atomic mass of the elements141. Electron diffraction techniques are 

also readily available on any TEM, by which the interaction between electrons and crystalline 

materials produces patterns that allow characterization of the crystalline structure. For example, 

specific information related to structural determination or the growth direction can be acquired 

by using selected area electron diffraction (SAED), while symmetry, thickness and unit-cell 

parameters can be studied using convergent beam electron diffraction (CBED) 142. High-resolution 

TEM (HRTEM) can also provide precise information, even about the atomic distribution in complex 

systems. Electron tomography can also be used to achieve quantitative three-dimensional (3D) 

information of nanostructures143. In electron tomography, multiple images are acquired at 

different angles and, by applying mathematical algorithms, 3D volumetric reconstructions of the 

sample can be retrieved. This versatile tool, with resolution from the nanometre to the atomic 

level, provides a better understanding of the structure and composition of NPs, even allowing the 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/electron-beams
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distinction between different elements at different depths when combined with EDXS or EELS 

analysis144. 

1.3 Nanoparticles for bioimaging 

Both AuNPs and IONPs have been used as contrast agents for different imaging techniques, hence 

the interest of their combination into hybrid NP structures. Having the characteristics of both 

components in a single NP allows their use as multimodal contrast agents for correlative imaging. 

In the following section, the aspects regarding magnetic and plasmonic NPs that can act as 

contrast agents for each imaging technique are presented. 

1.3.1 Magnetic nanoparticles for bioimaiging 

IONPs for Magnetic Resonance imaging. Normally, MRI operates using contrast agents to 

enhance the quality of the acquired images. The majority of clinically available T1 contrast agents 

are paramagnetic metallo-chelates comprising gadolinium, which acts by shortening the relaxation 

time of protons, producing a bright contrast that improves the quality of the images. 

Unfortunately, it has been demonstrated that Gd3+ complexes may cause renal toxicity145, hence 

the development of efficient and safer contrast agents for MRI is essential. Magnetic NPs are 

great candidates as contrast agents for MRI, as they produce a magnetic field that alters the 

relaxation time of water protons resulting in an enhancement in the contrast between tissues with 

and without NPs146,147. In particular, IONPs have been widely used as negative (T2) contrast agents 

in MRI. IONPs reduce magnetic relaxation times, thereby inducing a hyperintense change of the 

resonance signal in MRI and providing a so-called negative contrast. Magnetic mono-domains at 

the nanometre scale in the appropriate iron oxide phase, together with appropriate saturation 

magnetization values, provide IONPs with excellent T2 contrast. Additionally, superparamagnetic 

IONPs present strong and controllable magnetic responses under external magnetic fields. IONPs 

can thus act as “magnets” and yield signal suppression during MRI, appearing as dark spots 

(negative contrast)148. Notwithstanding, due to the limitations in the signal intensity of T2-driven 

diagnosis, research nowadays focuses mainly on the development of T1 contrast agents based on 

small IONPs (<5nm) with medium size coatings (hydrodynamic sizes of 10–20nm), which display 

high water exchange rate, so they may eventually replace the current Gd-based contrast agents 

and provide positive contrast (brighter images) while avoiding kidney toxicity149. Coatings on NPs 

play an important role as bulkier coatings (i.e., hydrodynamic diameter >30–40nm), thereby 

restricting water access to the nanoparticle core, increasing the outer-sphere contribution to the 

relaxation mechanism, and hindering the T1 effect. Coatings leading to small hydrodynamic 

diameters (<7nm) do not provide enough stability to the particles, resulting in aggregates that may 

enhance the T2 effect150. 

IONPs for magnetic particle imaging.  Although magnetic contrast agents are also used in 

MRI, the signal is produced by the relaxation of hydrogen protons from water molecules that are 

around the tracers. Because of this indirect approach, it is challenging to precisely measure tracer 

amounts in vivo151. By contrast, the magnetic response of the magnetic tracers directly produces 

contrast in MPI and the intensity is proportional to the mass of the tracer152. Thus, MPI has 
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provided promising results for vascular imaging, oncology, inflammation and cell tracking in vitro 

and in vivo153–155.However, most of the current MPI systems are designed only to handle small 

animals with chamber diameters between 3 and 12 cm. Therefore, human-scale scanners are 

starting to be manufactured for its clinical translation156. Additionally, research is being done to 

improve MPI's performance in terms of sensitivity and spatial resolution by adjusting the size, 

shape, composition, surface, crystallinity, and aggregation state of the IONPs157 so that it can 

compete with current modalities and lead to clinic application158.  

1.3.2 Plasmonic nanoparticles for bioimaging 

AuNPs for computed tomography. AuNPs express a high X-ray absorption and, in combination 

with their ability to accumulate in tissues via targeted or non-targeted methods, they have been 

proposed as contrast agents for CT. Consequently, imaging time is reduced resulting in a reduction 

in overall radiation exposure and the risk of acute kidney injury159. Several examples have been 

reported on the use of AuNPs as contrast agents for CT 160. Although theoretically the contrast 

properties are expected to vary depending on the NP properties, a study by Dong et al. on the 

CT contrast capacity of AuNPs with different sizes, ranging from 4 to 152 nm, did not show 

meaningful differences in terms of signal contrast161.  

AuNPs for photoacoustic imaging. When using plasmonic AuNPs, which can efficiently absorb 

and scatter light, a difference in the PA signal is registered, allowing the acquisition of images with 

improved contrast. Thus, anisotropic AuNPs are excellent contrast agents for PAI, which allows 

obtaining information in real time, with high spatial resolution and deep penetration when using 

NIR wavelengths. For an optimal amplification of the photoacoustic signal, it is important to 

control the morphological and optical properties of the NPs162. Another important feature of 

AuNPs is the absence of photobleaching, which may readily occur when using other molecules as 

contrast agents, e.g. fluorescent dyes163. AuNPs with different geometries, including 

nanoprisms164, nanocages165, nanospheres166, nanovesicles167 and nanostars168 have been 

studied, but AuNRs are still the preferred geometry for use as contrast agents in PAI169. A 

theoretical study on the optimal geometry and size for AuNRs and AuNSs proposed AuNSs with 

small cores (30 nm) and relatively long tips (17 nm) as the optimum NP geometry toward the 

development of biocompatible PAI contrast agents, which was validated by experimental PAI 

measurements170. 

AuNPs for surface-enhanced Raman scattering imaging. The contrast agents in SERS 

bioimaging are SERS tags171–173, as defined above. Different designs have demonstrated the 

possibility of creating large libraries of SERS barcodes174. Another key advantage of SERS tags is 

their stability against photobleaching175,176, which renders them excellent candidates for long-term 

bioimaging experiments. SERS imaging has been used for live imaging of in vitro complex cell 

systems33, as well as in vivo imaging , e.g. for visualization of the boundaries between tumour and 

normal tissues in mice177, or the detection of gastrointestinal tumours in rats178. In a further 

development, the use of SERS tags for image-guided surgery is gaining interest, for example 
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toward improving intraoperative tumour-resection procedures, in which SERS tags have been 

used to detect residual tumours at the margins of freshly resected tissue179. 

1.3.3 Hybrid nanoparticles for multimodal bioimaging 

The development of NPs that can provide contrast simultaneously for different techniques has 

largely progressed with the general advances in colloidal synthesis methods. The potential of such 

plasmonic-magnetic NPs as multimodal imaging probes has now been sufficiently 

demonstrated180,181, as well as the resulting imaging combinations. 

 

Figure 1.5 shows a collection of selected images that illustrate the use of plasmonic-magnetic NPs 

in different imaging modalities for in vitro and in vivo models. PAI, SERS and CT imaging modalities 

can all be applied thanks to the gold component, whereas MPI and MRI rely on the iron oxide part. 
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Figure 1.5. (A) Hybrid NPs as contrast agents for PAI, CT and SERS. Core-shell, spherical Janus 

NPs and star-like Janus NPs are used respectively for each technique. The gold component is 

involved in the capacity of the hybrid NPs to act as contrast agents for these techniques. (B) Core-

shell NPs containing either smaller iron oxide cores or a unique big core, have been used as 

contrast agents for MPI and MRI due to the magnetic component. (C) CT, MRI and PAI of a HeLa 

tumour in a mouse model, at different points after injection of 200 µL, 40 nM of star-like hybrid 

NPs. Both components are exploited for multimodal imaging. Graphical representations and 

representative TEM images are shown for the various NPs, next to corresponding images 

generated from the different techniques. Increasing contrast can be observed when increasing 

the dose concentration of gold or iron oxide in each case.  Adapted from ref.42,182–186 Copyright 

(2019) (2020) American Chemical Society, (2017) Royal Society of Chemistry,  (2018) John Wiley 

and Sons, (2020) Springer Nature. 
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In addition to these examples, an extensive literature search of the most relevant plasmonic-

magnetic NPs for multimodal imaging is summarized in Table 1.2, highlighting the morphology, the 

imaging modalities, the target disease, and the harmless maximum concentration that was used 

for each system. Examples include hydrophilic and biocompatible Au-Fe2O3 heterodimers for MRI, 

CT and PAI183, plasmonic-magnetic NPs obtained by laser ablation of a bulk Au-Fe alloy for MRI, 

CT, and SERS187,  Au-IO Janus NPs for MRI, CT, SERS, and PAI42, IONPs and AuNRs as contrast 

agents for dual MRI/CT188, and hybrid star-shape NPs for MPI, MRI and PAI186. 

Table 1.2. Summary of plasmonic-magnetic NPs for multimodal bioimaging. 

Nanostructure Type Synthesis of 
the magnetic 

NP 

Imaging 
modaliti

es 

Target 
disease 

Model Harmless 

(up to) 

Ref 

M−Fe3O4 

(M = Au, Ag, and 
Pd) 

Hetero-
dymers Laser-pyrolisis MRI, CT , 

PAI Lung cancer in vivo 0.5µg/mL 183 

Au-Fe NPs Alloy Laser ablation MRI, CT, 
SERS 

Breast, 
prostate 

cancer and 
hystiocytic 
lymphoma 

in vivo 

290µg/mL
Au 

10µg/mLFe 

187 

Fe3O4@Au Core-shell Co-precipitation MRI, CT 

Brain 
diseases 

 

Lung cancer 

in vitro 

 

in vivo 

 

100µg/mL 

 

189 

 

190 

 

Fe3O4@AuNPs Janus Co-precipitation MRI, CT, 
PAI, SERS 

Adenocarcino
ma in vitro [Au]= 

50µM 
42 

Fe3O4@Au Core-shell Co-precipitation MPI Glioblastoma in vitro 50µg/mL 191 

Fe3O4-AuNSs Core-shell Co precipitation MRI, MPI, 
PAI HIV in vitro 50µg/mL 186 

Fe3O4@SiO2@Au Core-shell Thermal 
decomposition MRI, CT Liver cancer in vitro 200µg/mL 185 

spiky Fe3O4@Au Core-shell Co-precipitation MRI, PAI, 
CT 

Cervical 
carcinoma in vivo 200µg/mL 184 

Fe3O4@ SiO2@Au Core-shell Thermal 
decomposition 

MRI, CT, 
FI 

Cervical 
carcinoma in vitro 350µg/mL 112 

Fe3O4@AuNPs Janus Thermal 
decomposition MRI, CT Liver cancer in vivo 

[Fe] 

3.2mM 

192 

Fe3O4@AuNPs Core-
satellite Co-precipitation MRI, CT Liver cancer in vivo 1mg/mL 193 
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Fe3O4@AuNPs Core-
satellite Hydrothermal MRI, CT Epithelial 

carcinoma in vivo 100µg/mL 194 

Fe3O4@Au Core-shell Co-precipitation MRI, PAI 
Glioblastoma 
and breast 

cancer 
in vitro 

[Fe] 

2.5-20mM 

195 

Fe3O4@AuNPs Dummbell Thermal 
decomposition MRI, CT Liver cancer in vivo 

Au 

48 mg kg−1 

Fe 

36 mg kg−1 

159 

Fe3O4@BCP@AuNP
s 

Janus 
Vesicle 

Thermal 
decomposition MRI, PAI Glioblastoma in vivo 

[Fe] 

0.125mM 

196 

Fe3O4@AuNPs Core-shell Co-precipitation MRI, CT, 
SPECT - NPs in 

solution - 197 

Fe3O4@AuNSs Core-shell Hydrothermal MRI, CT 

Cervical 
canrcinoma 

and 
glioblastoma 

in vitro [Au]=2mM 198 

 

It can be noticed that almost all of the NPs found in the literature correspond to core-shell NPs 

made of an iron core covered by a gold shell. Additionally, the most extended use is the 

combination of MRI and CT. These techniques have been widely studied and are also used in pre-

clinical imaging. From this bibliographic research we can confirm that new multifunctional probes 

with novel morphologies and optical properties for multimodal imaging are still needed. Novel 

arrangements of the magnetic and plasmonic domains should be explored in order to vary the 

optical and magnetic properties of the NPs and combine conventional techniques with new 

emerging techniques such as SERS and MPI. Thus, new hybrid NPs beyond core-shells could be 

used for multimodal bioimaging providing valuable information from different techniques.   

1.4 Nanoparticles for hyperthermia 

The main therapeutic techniques used today to remove tumors include radiotherapy and 

chemotherapy199. However, using these techniques it is difficult to avoid harming both  healthy 

and cancerous cells200. 

In addition to bioimaging applications, plasmonic-magnetic NPs can also be used as therapeutic 

agents. For example, hyperthermia refers to a condition in which the temperature is abnormally 

increased, causing cell damage. In biological environments the hyperthermia temperature 

threshold is at ca.  42 ºC. Above this temperature, various processes including protein 

denaturation, cytoskeleton disruption, or changes in signal transduction, are triggered in cells 

resulting in  the activation of cell death mechanisms or uncontrolled cell ablation201. Indeed, a 

recent study showed that cell death mechanisms depend on the specific temperature reached, so 

that apoptosis prevails at temperatures between 43-49 ºC, whereas necrosis dominates above 49 
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ºC202. However, application of hyperthermia as a therapeutic technique has the drawback that it 

can affect both diseased and healthy cells, thereby resulting in unwanted side-effects. Therefore, 

localized hyperthermia techniques including photothermal therapy (PTT) and magnetic 

hyperthermia (MHT) have emerged as innovative and selective treatments, for which plasmonic-

magnetic NPs would be used203. In the following section, PTT and MHT produced by AuNPs and 

IONPs will be discussed, highlighting the advantages and disadvantages of using hybrid NPs to 

enhance such effects. 

1.4.1 Magnetic hyperthermia 

MHT exploits heat generated by magnetic NPs, usually for oncology treatments. Upon excitation 

with an alternating current (AC) magnetic field, tumour-localized magnetic NPs generate localized 

heat that strongly depends on the concentration, but also on the size, composition, shape and 

anisotropy of the magnetic NPs204,205. The main drawback of MHT is that most magnetic NPs have 

a rather poor heating efficiency, so large amounts of NPs should be directly injected for effective 

therapeutic performance, which may in turn induce cytotoxicity issues. Additionally, NPs often 

lose some of their heating efficiency in biological environments as a consequence of aggregation 

and the subsequent decrease in interparticle distance206. For this reason, an increased NP heating 

efficiency is still highly desired, which could be obtained by modifying the degree of mutual 

interaction between magnetic NPs in close contact, such as in multicore IONPs207. More recently, 

the heating properties of IONFs have been analysed for application in MHT, concluding that a 

larger number of cores favours MHT performance208. On the other hand,  a greater heating 

performance has been demonstrated for IONCs under MHT, in comparison with various other 

shapes73,209. Both IONCs and IONFs with larger NP volume and high concentration of defects 

have also been shown to display suitable properties, not only for their use in MHT but also as PTT 

heaters thanks to the efficient absorption of light when irradiated at 808 and 1064 nm 

wavelengths, respectively208,210.  

1.4.2 Photothermal therapy 

PTT is based on the photothermal conversion of absorbed light into heat, i.e. dissipation of an 

electromagnetic radiation absorbed at a certain location, in the form of heat to the surrounding 

environment. This process requires the presence of light absorbing “sensitizers”, such as molecular 

dyes or small NPs (in larger particles light scattering is the preferred mechanism, thus reducing 

heating efficiency. AuNPs are efficient in converting light into heat. This conversion occurs when 

NPs are irradiated with a laser, in this process, resonant irradiation induces an excitation of the 

free electrons of metal NPs leading to a quick non-equilibrium heating211. Electrons jump to an 

excited energy state followed by a relaxation process consisting of electron-electron scattering 

that produces an increase of temperature on the surface. One of the processes used to decrease 

this temperature consists of phonon-phonon interactions with the surrounding media. The 

phonon-phonon interactions dissipate heat across a particle-matrix interface until the NPs return 

to their initial electron temperature176.The main advantages of this technique include low cost (no 

major equipment needed), minimum invasiveness (extremely small amounts of sensitizers are 
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needed and the light stimulus can be applied remotely), and high specificity (heating is confined 

to the irradiated area where the sensitizers are located). These properties render PTT highly 

suitable to selectively kill diseased cells, with negligible harm to healthy ones, which is of particular 

interest in cancer therapy212. The applied local heat causes irreversible damage to cell membranes 

leading to necrosis. The heating efficiency of the AuNPs themselves is directly related to their 

plasmonic response, i.e. the specific LSPR mode213. The selection of preferred AuNPs in terms of 

size and shape will thus depend on the desired optical properties, which should match the laser 

wavelength to be applied, usually within the NIR range, from 650 to 1359 nm. In this range, deeper 

light penetration is achieved due to minimum scattering by tissue and light absorption by 

haemoglobin (<650 nm) and water (>900 nm) (see Figure 1.6).  

 

Figure 1.6. Main biological molecules and their absorbances in the Vis-NIR electromagnetic 
range214. 

Anisotropic AuNPs are thus ideal candidates as nanoheaters for photothermal therapy, as their 

LSPR in the NIR can be effectively tuned. Given the wide variety of available AuNP shapes, 

different possibilities have been explored for this purpose. Gold nanoshells (AuNSHs) have been 

studied for both in vitro and in vivo PTT, achieving irreversible photothermal ablation of tumour 

tissue215, and this was the first AuNP shape that found application in clinical trials216. AuNRs have 

also been used for in vitro PTT217. Experimental demonstration was subsequently reported using 

smaller AuNRs (D = 10 nm), with LSPRs around 800 nm, for in vivo treatment218. Another preferred 

morphology is that of spiky nanostars; AuNSs with sizes of 30 and 60 nm proved effective for 

tumour ablation upon PTT, with smaller ones reaching a deeper penetration depth into the tumour 

interstitial space219. Gold nanocages (AuNCs) have also been shown to be effective; e.g. AuNCs 

with 45 nm edge-length and LSPR at 810 nm led to in vitro targeted photothermal destruction of 

breast cancer cells220. The efficacy of AuNCs for in vivo photothermal treatment of a bilateral 

tumour was subsequently demonstrated by the same authors221. More recently, a nanoprobe 

based on a silica core covered by a gold shell has been applied for localized photothermal ablation 
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of prostate tumours in a clinical trial, demonstrating the potential of Au nanoprobes for clinical 

treatment216. 

1.4.3 Towards multitherapy: photothermal therapy + magnetic hyperthermia 

As discussed above, external stimuli such as light or magnetic fields, are required to generate heat 

using AuNPs or IONPs as sensitizers209. Magnetic NPs present a low molar absorption coefficient 

in the NIR region and consequently have poor photothermal effects. On the other hand, plasmonic 

NPs do not possess magnetic properties, and thus cannot be applied in MHT. Thus, by combining 

IONPs and AuNPs into hybrid nanostructures, hybrid nanoheaters with PTT and MHT properties 

should be able to form222. Such dual-nanoheaters have shown improved hyperthermal 

performance, as the temperature increment reached by PTT is supplemented by that induced by 

MHT223. Hybrid NPs have been successfully demonstrated to detain tumour growth in cancer 

cells, both using in vitro and in vivo models, thanks to combined PTT and MHT treatments224. 

However, even though the combination of PTT and MHT appears as an interesting approach for 

novel and effective cancer treatments, such a combination is still rare and only a few examples 

are found in literature where hybrid NPs were used225–227 (see Figure 1.7). This slow development 

may be related to the concentration differences required for each heating technique.  

 

Figure 1.7. PTT, MHT and dual PTT+MHT experiments using colloidal dispersions of Janus NPs in 

water, at different concentrations. The measurements were carried out in Eppendorf tubes, using 

a volume of 150 μL and a 680 nm laser working at 0.5 W/cm2 during 5 min for PTT and 470 kHz 

and 18 mT for MHT (upper panel). In the lower panel, PTT, MHT and dual PTT+MHT in vivo 

experiments are illustrated.  A volume of 100 µL of core-satellite NP solution at [Fe] = 150 mM 

was directly injected into tumors produced from human prostate adenocarcinoma cells (PC3), in a 

mouse animal model. Irradiation conditions were: 680 nm, 0.3 W/cm2 for PTT; AC magnetic field 

at 110 kHz, 25 mT, for MHT. Reproduced from223,224. Copyright (2020) John Wiley and Sons, 

(2017) Royal Society of Chemistry. 

Even if multitherapy combining PTT and MHT remains largely unexplored, the use of hybrid NPs 

for image-guided hyperthermia is increasing exponentially and has been described by a number 

of authors228–232. Since PTT is easier to implement and more efficient than MHT233, recent studies 
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have reported the use of the plasmonic domain of hybrid NPs for PTT while the magnetic domain 

was employed for imaging, so that a single nanostructure becomes an interesting tool for image-

guided phototherapy186,234,235. This combination has shown interesting results in both in vitro and 

in vivo experiments, achieving complete tumour ablation and cell death. Interestingly, the use of 

magnets during the incubation of NPs with cells has also been used to enhance internalization, 

again leading to more effective therapies209. 

One of the most common combinations of imaging + treatment involves the use of hybrid NPs as 

contrast agents for MRI/CT, followed by PTT after tumour localization185. Notwithstanding, NP 

systems that combine multimodal imaging such as SERS, MRI and PAI236, or MRI, CT and PAI184, 

with PTT treatment have also been reported. Hybrid Fe2O3@Au magnetic gold nanoflowers have 

been described for cancer theranostics using MRI to first localize the tumour, followed by PAI for 

deep tumour localization, and finally SERS to allow the detection of tumour margins. This method 

results in in a precise localization of the tumour over various orders of magnitude. Having specific 

information regarding the position of the tumour, efficient ablation under NIR irradiation can be 

achieved using the photothermal effect of the Au component236. 

Moreover, magnetic targeting can improve the therapeutic response of PTT by enhancing thermal 

damage. In a recent study, hybrid NPs were injected intravenously and magnets were used for 

accumulation of the NPs. The results showed that the temperature increment in the tumour was 

16.7 ºC, as compared to 8.5 ºC in the absence of the guiding magnets. This result confirmed that 

intravenous injection followed by magnetic accumulation is more efficient than even intratumoral 

injection, which reported a temperature increment of 12 ºC230. 

Considering all this information, the development of novel theranostics agents is highly desirable. 

The study of new hybrid NPs that combine magnetic and plasmonic properties with innovative 

structures and configurations is rapidly increasing. The combination of emerging techniques such 

as SERS with conventional ones like MRI and/or fluorescence imaging will provide an interesting 

approach towards complementary multimodal bioimaging that would represent an important tool 

for diagnosis. These observations, alongside the progress in the development of novel 

hyperthermia treatments, make hybrid NPs suitable candidates as theranostics agents. Hence, in 

this thesis, we have explored new approaches to obtain hybrid NPs with different configurations 

as novel theranostics agents. 

Thesis contents 

The term "theranostics" refers to the smart integration of therapy and diagnostics. Such an ability 

to simultaneously image and treat tumors with NPs may prove advantageous over conventional 

techniques for individual diagnosis or therapy. Thus, a further advantage for both imaging and 

treatment is to be able to study diseases in vitro by means of a variety of imaging methods and 

combining them with novel treatments. 

This thesis is divided in 4 additional chapters.  In chapter II, the synthesis and optimization of 

hybrid NPs are described. The arrangement of the hybrids consists of a core made of a IONP 

covered by a spiky gold shell. The hybrid NPs were then further functionalized with Raman-active 
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molecules and fluorescent dyes) for their use in multimodal bioimaging. In particular, SERS, MRI 

and fluorescence imaging were combined and studied in 2D, 3D in vitro cell models and ex vivo 

models. In chapter III, the hybrid nanostructures were further optimized for their use in 

hyperthermia. The size of the IOAuNS was decreased and the properties of the NPs for 

photothermal therapy was studied in 2D and 3D cell models.  

In chapter IV, a new hybrid system was developed, comprising AuNRs covered by a silica shell, on 

which IONPs were subsequently grown using thermal decomposition cycles. Additionally, the 

hybrids were functionalized with antibodies. The application of the hybrid NPs for photothermal 

therapy was studied in 2D and 3D cell models and the IOAuNS were functionalized with 

antibodies for specific targeting of cells.  

Hence, the multifunctional hybrid systems that were prepared and characterized in this thesis 

represent an interesting multimodal approach towards the development of novel theranostic 

platforms. Additionally, in chapter V, a guide of factors to consider when conducting photothermal 

experiments is presented. Based on our experience, we have studied the effect of some 

parameters such as the use of a collimator and/or the importance of a proper calibration in the 

photothermal measurements. The results demonstrate the importance of controlling and reporting 

all the details of a set-up for reproducing and comparing experiments using NPs as nanoheaters. 
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2.1 Introduction 

In this chapter, the synthesis and optimization protocols of hybrid magnetic-plasmonic NPs are 

discussed with emphasis on their application as contrast agents in multimodal bioimaging. 

Multimodal contrast agents, which take advantage of multiple imaging modalities, have emerged 

as an interesting approach to overcome the technical limitations of individual techniques1. As has 

been discussed in Chapter I, although many efforts have been made in the development of hybrid 

NPs with new configurations and properties, for example, hybrid NPs with suitable plasmonic 

properties for SERS are still needed. In this chapter, a new strategy for the fabrication of 

multifunctional nanohybrids is addressed. 

Core-shell AuIONPs composed of an iron oxide core surrounded by an outer gold shell layer, are 

an example of contrast agents, often used in combined MRI/CT imaging2,3. The use of such NPs 

with alternative techniques such as SERS, surgical guidance, or detection of metabolites, is still its 

infancy but presents great potential4.  

Regarding the development of core-shell hybrid NPs, the coating gold shell is usually designed to 

protect the iron oxide cores from oxidation and degradation in cellular media, thereby improving 

their long-term stability. Reports suggest this protective effect depends strongly on the 

morphology and thickness of the gold shell, being most efficient when a continuous (hole-free) 

shell is formed5,6. This double role of the Au component, not only as an inert protective material 

to IONPs but also as a chemical component sensitive to alternative imaging techniques such as 

SERS, merits further investigation to determine whether either property can be improved upon. 

In the first experimental chapter of this thesis, we have focussed on the fabrication of a novel 

hybrid iron oxide-gold system by the adsorption of small gold nanoparticles (AuNPs) onto pre-

made iron oxide cores7, followed by the controlled growth of spiky gold shells. We determined 

that the gold layer thickness and branching degree (tip sharpness) can be controlled by modifying 

both the density of AuNPs on the cores (IONPs) and the conditions of subsequent nanostar 

growth. In the synthesis of AuIONS, each step was optimized to maximize the potential of the 

NPs for the desired applications. As shown in chapter I, hybrid NPs can be functionalized with 

different molecules, thereby allowing functionalization of IOAuNSs with Raman-active molecules 

and fluorescent dyes. The procedures for synthesis and functionalization are detailed in the 

Experimental section. All hybrid NPs were fully characterized, including electron tomography, 

ADF-STEM, HAADF, HR-STEM, 3D reconstructions, EELS and EDX analysis, in collaboration with 

the Electron microscopy for Materials Science group led by Prof. Sara Bals in the University of 

Antwerp. Additionally, the performance of the IOAuNSs as multimodal contrast agents for 

correlative imaging of in vitro 2D and 3D cell models, as well as ex vivo tissue samples, were 

studied. In particular, NPs were applied in MRI, SERS, and fluorescence imaging, showing 

remarkable performance as contrast agents in all three imaging techniques. These findings 

represent a step forward in the fabrication of hybrid materials for their use as novel contrast 

agents for multimodal bioimaging. 
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2.2 Synthesis of magnetic nanoparticles 

The first step for the synthesis of our hybrid NPs was the synthesis of a magnetic core. For this 

purpose, multicore IONPs were prepared by means of a polyol-mediated solvothermal synthesis 

approach8, with slight modifications. Briefly, iron (III) chloride was dissolved in ethylene glycol, a 

short-chain polyol, followed by addition of poly(vinylpyrrolidone) (PVP) as a capping agent. Next, 

sodium acetate (NaAc) was incorporated to the reaction mixture to promote the hydrolysis of Fe3+ 

ions, thereby controlling both nucleation and the final particle morphology. After exposing the 

mixture to high temperature (200 ºC) for 8 hours in an autoclave, the formation of hollow 

maghemite (γ-Fe2O3) IONPs composed of multiple crystallites is observed. The UV-vis spectrum 

of the obtained IONPs is shown in Figure 2.1A. Using this procedure, we have fabricated IONPs 

of 119 ± 25 nm that appeared homogeneous and presented a narrow size distribution, as shown 

in the TEM image (Figure 2.1B). Using ADF-STEM, it could be observed that IONPs cores 

presented a hollow structure in middle of around 39 nm (see ¡Error! No se encuentra el origen de l

a referencia.C). The size of the crystallites that make up the multicore structure, were measured 

by HR-STEM and resulted in 5 nm. 

 

Figure 2.1. (A) Normalized UV-Vis-NIR spectra of IONPs. (B) TEM images of homogeneous and 

polydisperse IONPs. (C) ADF-STEM image of a IONP showing a hollow core of 39 nm, an electron 

tomography reconstruction of the IONP is shown (top-left). 

2.2.1 Magnetic characterization 

The magnetic properties of the IONPs were studied using the various techniques described in 

Chapter I, section 1.2.6. We recorded zero-field cooled (ZFC) and field cooled (FC) magnetization 

curves, as well as magnetic hysteresis loops, to obtain information about the iron phase and to 

confirm that the magnetic properties of aged and freshly prepared IONPs did not change with 

time. Electron energy loss spectroscopy (EELS) was used to confirm the Fe2O3 composition of the 

cores (¡Error! No se encuentra el origen de la referencia.A,B). To test for potential oxidation over t

ime, which would have an important effect on the magnetic properties, hysteresis loops were 

recorded for both freshly prepared and aged (6 months post-synthesis) IONPs. A saturation 

magnetization of 50 Am2/kg was measured in both cases (¡Error! No se encuentra el origen de la r

eferencia.C), which is slightly lower than the saturation magnetization of bulk maghemite (74 

Am2/kg)9, likely due to surface disorder effects on the synthesized IONPs10. Additionally, a near-



72 

 

superparamagnetic behavior characterized by low remanence and coercivity can be observed in 

the intersection of the loop with the axes. Additionally, ZFC/FC curves for IONP also confirm a 

maghemite phase of IONPs with only negligible traces of the Verwey transition (¡Error! No se e

ncuentra el origen de la referencia.D)11. 

 

Figure 2.2 (A) EELS spectra of freshly prepared IONPs, showing a mall shoulder centred at 710.8 

eV, assigned to Fe3+. (B) EELS spectra of IONPs that were aged for 6 months. The different spectra 

in (A) and (B) correspond to measurements of different IONPs of the same sample. (C) Hysteresis 

loops for freshly made (blue) and aged (black) IONPs. (D) ZFC/FC curves for IONPs recorded at a 

magnetic field of 100 Oe. 

2.3 Synthesis of plasmonic nanoparticles 

The process for growing a Au shell surrounding the IONP core involves the synthesis of AuNPs, 

which are used to decorate pre-made IONPs. The synthesis was performed by means of 

previously described methods12,13. Briefly, for both methods, citrate is added to a HAuCl4 solution. 

For the synthesis of 4nm AuNPs, citrate acts as a capping agent, while reduction with  NaBH4 

under vigorous stirring allows the formation of small spherical particles. By contrast, for the 

synthesis of 15 nm AuNPs, citrate acts as both capping and reducing agent at high temperature 

(boiling), promoting the formation of bigger AuNPs. Thus, homogeneous AuNPs with a narrow 



73 

 

size distribution were obtained and the diameters were calculated from TEM images (see Figure 

2.3). UV-Vis spectroscopy confirmed the non-aggregated nature of the AuNPs, exhibiting a 

characteristic peak at 520 nm for 4 nm AuNPs, whereas that for the larger 15 nm AuNPs was 

located at 524 nm, in agreement with previous literature14. 

 

Figure 2.3. (A) Normalized UV-Vis-NIR spectra (400 nm) for 4 nm AuNPs (red) and 15 nm 

AuNPs (blue), and representative TEM images of (B) 4 nm AuNPs and (C) 15 nm AuNPs. 

2.4 Synthesis of hybrid iron oxide-gold nanoparticles 

2.4.1 Decoration of iron oxide nanoparticles with gold nanoparticles 

In order to obtain hybrid NPs, previously synthesized AuNPs were spontaneously adsorbed onto 

the IONP surface by the simple addition of the AuNP solution to dried IONPs, under sonication. 

We investigated the attachment of both 4 and 15 nm AuNPs, and whereas uniform surface 

adsorption was observed for both NP types, a higher density of AuNPs was achieved using 4 nm 

AuNPs (Figure 2.4) 

 

Figure 2.4. (A) Normalized UV-Vis-NIR spectra (400 nm) of IONPs decorated with 4 nm AuNPs 

(red) and 15 nm AuNPs (blue). The black spectrum corresponds to IONPs as a control. (B) TEM 

images of IONPs decorated with 4 nm and (C) 15 nm AuNPs. 

We subsequently focused on the characterization of IONPs decorated with 4 nm AuNPs. We first 

conducted ADF-STEM imaging to attempt to determine the spatial distribution of the two metallic 

components. The successful and homogeneous decoration of AuNPs along the IONP outer 

surface was confirmed. HR-STEM was used and allowed to perfectly distinguish the AuNPs 
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(Figure 2.5A). Then, using 3D reconstructions from electron tomography images we were able to 

clearly resolve the AuNPs that attached to the IONPs surface (Figure 2.5B). 

 

Figure 2.5. (A) ADF-STEM images of IONPs decorated with 4nm AuNPs. HR-STEM showing the 

4nm AuNPs are shown in the blue box (upper-right). (B) Electron tomography reconstruction in 

3D of IOAuNPs and isolated AuNPs. 

2.4.2 Optimization of iron oxide-gold nanostars: controlling the size and the 

branching degree 

It was important to determine the AuNP density on IONPs as the AuNPs act as nucleation points 

for growth and branching of the final outer Au shell. Therefore, the procedure was optimized to 

obtain IONPs decorated with different densities of 4 nm AuNP on the surface. We observed that 

by varying the relative concentration of AuNPs with respect to that of IONPs, the amount of 

AuNPs that attach to the IONP surface can be controlled. Specifically, with decreasing AuNP 

concentration, a decreasing surface coverage was observed (herein termed Series a-c). As can be 

observed in Figure 2.6,  TEM images confirm the decrease in the density of AuNPs from series a 

to series c.  
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Figure 2.6. Normalized UV-vis-NIR spectra and TEM images of series a-c of 4 nm AuNPs (red), 

IONPs (black), and IONPs decorated with AuNPs (IOAuNPs) (blue). The insets in the left column 

depict the schematic representation of each nanostructure.  The [Au]/[Fe] ratio decreases from 

series a = 3.7x10-2 to series b = 1.1x10-2 to series c = 2.3x10-3. All spectra were normalized at 

400 nm. 

In a final step, the growth of Au tips protruding from AuNPs was achieved by adapting a reported 

procedure for surfactant-free AuNS15. The conditions were varied to explore the effect of branch 

length and density on the physico-chemical characteristics of the final NPs, and thus their 

performance as contrast agents. Two approaches were used for the variation of the 

nanostructures: (1) the previously described decrease in concentration of AuNPs attached to the 

IONPs, and (2), an increase of the concentration of HAuCl4 in the tip-formation reaction. As shown 

in Figure 2.7 below, low and high magnification TEM images clearly show homogeneous and 

monodispersed nanoparticles with notable differences in tip length and density. Specifically, 

longer tips and hence overall larger IOAuNSs were grown when increasing the amount of HAuCl4 

added in the growth step (sequence I-IV), whereas IOAuNSs with smaller overall diameters were 

obtained from iron oxide cores with a lower density of AuNPs (series a-c).  
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Figure 2.7. Low and high magnification TEM images of IOAuNSs obtained from series a-c 

(increasing AuNP coverage), and I-IV (increasing added HAuCl4). Series II (highlighted in a green 

box) was selected for further experiments. All the images are at the same magnification. The 

[Au]/[Fe] molar ratios, measured by ICP-MS, were: aI=3.6, aII=2.7, aIII=2.6, aIV=0.97, bI=1.7, 

bII=1.2, bIII=1.0, bIV=0.2, cI=0.58, cII=0.35, cIII=0.25, cIV=0.13. 
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From TEM images, we measured the overall diameter of the IOAuNSs, measuring from outer tip-

to-tip. As shown in Table 2.1 and Figure 2.8, the diameter decreases, as expected, along series a 

to b to c, and increases along series I to IV. 

Table 2.1. Diameter of IOAuNSs measured from TEM images.  

 

 

Figure 2.8. Graphical representation of the results from TEM determination of particle diameter, 

listed in Table 2.1. 

In order to have a more detailed analysis of the thickness and structure of the Au shell, further 

characterization by electron microscopy and electron tomography was carried out for the NPs 

highlighted in green in Figure 2.7. As shown in this same figure, for a fixed amount of added 

HAuCl4, thicker gold shells were obtained when increasing the initial coverage of IONP cores with 

AuNPs. Representative 3D visualizations of the structures retrieved by high-angle annular dark 

field (HAADF) electron tomography are shown in Figure 2.9. The results showed complete gold 

shell formation for samples aII and bII, but defects were observed for cII (Figure 2.9A). Careful 

inspection of orthoslices through 3D reconstructed data sets yielded the average gold shell 

thickness for samples aII (75 ± 15 nm), bII (66 ± 12 nm) and cII (24 ± 5 nm), as illustrated in Figure 

2.9B.  



78 

 

 

Figure 2.9. (A) Representative 3D visualizations of electron tomography reconstructions 

corresponding to particles aII, bII and cII. (B) Orthoslices through the 3D electron tomography 

reconstructions shown in (A). The double-head arrows indicate the thickness of the gold shells. 

In addition, EDX analysis was performed to distinguish the spatial distribution of both metals in 

the IOAuNSs. As shown in Figure 2.10. ADF-STEM and EDX analysis of IOAuNS. The hollow iron 

oxide core can be seen in red and the Au spiky shell is shown in green.,  Fe in the IO core (shown 

in red) could be easily distinguished from the Au shell (shown in green). Additionally, a hollow core 

in the IONP can also be observed in the Fe mapping.  

 

Figure 2.10. ADF-STEM and EDX analysis of IOAuNS. The hollow iron oxide core can be seen in 

red and the Au spiky shell is shown in green. 

2.5 Functionalization 

The functionalization of the NPs with different molecules was carried out to provide the IOAuNSs 

with specific properties to act as contrast agents for SERS and fluorescence imaging. One 

important concern is the control over the number of functional molecules that can be attached to 

the Au surface. In this regard, previous methods to calculate the surface area of AuNSs typically 
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assumed an area equivalent to a sphere, taking the outer tip-to-tip diameter of the NP as the 

overall sphere diameter16. In this thesis we developed a geometric model to better simulate the 

surface area, thus being more accurate in calculating the concentration of molecules required for 

efficient NP functionalization. As shown in Figure 2.11, three scenarios for the random distribution 

of spikes were considered (see details in Experimental section), and the surface area and the 

estimated number of spikes were calculated from this theoretical model. Subsequently, we 

validated the model with real data obtained from electron tomography, thus providing real values 

for the surface area. Using a manual segmentation process and a surface generation module, 

boundary surfaces were extracted for Au surface area determination (Figure 2.11B). Data 

regarding the surface area were also acquired (Figure 2.11C) and a study of the length of the 

spikes was also performed to validate the geometrical model (Figure 2.11D). This study was also 

performed in collaboration with the Electron microscopy for Materials Science group. 

Remarkably, the experimental values were in agreement with the geometrical model based on a 

hexagonal arrangement of spikes with randomly assigned lengths. Thus, the theoretical model was 

validated with real data and could be used for a more accurate calculation of the surface area of 

nanostars. 

 

 



80 

 

 

Figure 2.11. (A) Three scenarios for spike distribution, modelled as fully ordered circles (base of 

conical spikes) on a surface, assuming that the cone radius is much smaller that the radius of the 

core sphere. In the table, the data obtained from the theoretical models are compared to the 

experimental data. All the area values are given in nm2. (B) Sketch of the procedure to calculate 

Au coverage, comprising removal of the iron core by manual segmentation in 3D ADF-STEM 

images (see Experimental section). (C) Analysis of shell diameter and total Au surface area for the 

particles in series II. (D) Spike length distribution for particle bII, obtained from the 3D 

reconstruction of a single NP.  



81 

 

2.5.1 SERS encoding 

As required for the use of the NPs as contrast agents in SERS imaging, Raman-active molecules 

were attached to the Au surface. It is well-known that AuNPs can be readily functionalized with 

thiolated molecules, due to the stability of thiol-metal bonding17. We therefore selected two 

standard thiolated RaRs, namely biphenyl-4-thiol (4-BPT) and naphthalene-2-thiol (2-NAT), for 

surface functionalization and encoding of IOAuNSs. 

We selected 4-BPT and 2-NAT because they offer clearly distinguishable fingerprints so is easy 

to differentiate precisely between both molecules in a mixed population. The chemical structures 

of the molecules and the characteristic SERS spectra are shown in Figure 2.12. The characteristic 

Raman vibrations of the molecules in solution and in cells as well as the assignment of their 

vibrational modes are listed in Table 2.2. 

 

Figure 2.12. Molecular structures of 4-BPT and 2-NAT and SERS spectra with the characteristic 

peaks for these molecules. 

Table 2.2. Characteristic Raman vibrations of 4-BPT and 2-NAT in solution and in cells, and 

assignment of their Raman-active vibrational modes as reported in the literature. 

 

RaR 
vib v ~ / cm-1 
(in solution) 

vib v ~ / cm-1 (in 
cell)  

mode assignment 

4-BPT 

1084 

1285 

1593/1604 

1083 

1284 

1593/1603 

ring C-H bend18,19 

ring C-H bend18,19 

ring C-C stretch18,19 
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2-NAT 

640 

769 

846 

1070 

1383 

1453 

1586 

1626 

641 

770 

850 

1070 

1382 

1454 

1587 

1625 

 

ring deformation20 

ring deformation20 

C-H twist20 

ring C-H bend (in plane) 20 

ring C-C stretch20 

ring C-C stretch20 

ring C-C stretch20 

ring C-C stretch20 
 

 

RaR adsorption onto IOAuNSs was achieved by means of a previously reported phase-transfer 

method in which the NPs were transferred to an organic solvent (chloroform) containing the 

Raman reporter21. A schematic representation of the phase transfer is shown in Figure 2.13. 

 

Figure 2.13. Schematic representation of the phase transfer process. Both solutions were placed 

in the same tube, NPs are initially located in the aqueous phase (H2O) whereas 4-BPT molecules 

are located in the organic phase (chloroform). After shaking vigorously, 4-BPT molecules start 

binding onto the NPs, which get functionalized and diffuse into the organic phase (CHCl3). 

The RaR-functionalized NPs (in chloroform) were subsequently coated with the amphiphilic  

dodecylamine-modified polyisobutylene-alt-maleic anhydride amphiphilic polymer (PMA), 

resulting in their subsequent phase transfer, back to aqueous solvents21. Finally, the remaining 



83 

 

organic solvent was removed in a rotary evaporator and the particles were washed and recovered 

by centrifugation (full details in the experimental section). The addition of the external PMA layer 

renders IOAuNSs hydrophilic, thus allowing their redispersion in water for further use in biological 

environments. The structure of the polymer is shown in Figure 2.14. 

 

 

Figure 2.14. Structure of the amphiphilic polymer (PMA). The hydrophilic backbone of 

polyisobutylene-alt-maleic anhydride (black) is modified via amide bonds with hydrophobic 

dodecylamine side chains (blue). A sketch of the amphiphilic polymer is shown in the right panel. 

Figure modified from16.  

2.5.1.1 SERS characterization 

All IOAuNSs samples (series a-c and I – IV) were successfully encoded with Raman reporter 4-

BPT molecules, using the phase transfer procedure and PMA coating (see Experimental section). 

Considering that biological tissues are particularly transparent at wavelengths between 650 and 

950 nm (first biological window, BW-I) and that IOAuNSs were selected to display LSPR within 

the NIR range, a 785 nm laser was used for all SERS measurements. UV-vis-NIR and SERS spectra 

are shown in Figure 2.15. The characteristic vibrational fingerprints of 4-BPT could be clearly 

observed for all the encoded NPs, however, changes in the intensity of the spectra were observed 

due to the different morphologies of the NPs. SERS measurements were performed by fixing the 

NP concentration based on iron content ([Fe] = 0.1 mM), thus allowing us to solely study the 

effect of the gold shell thickness and morphology on the SERS intensity. It has been widely 

reported that the presence of well-defined spikes on AuNSs can strongly contribute to the 

enhancement of the Raman signal of adsorbed molecules, acting as intrinsic hotspots22. In this 

regard, the significantly lower SERS intensity recorded for particles cII is likely due to the less 

defined and more polydisperse spikes, as reflected by broader LSPR bands23. In contrast, the high 

SERS signal is reflected by the high level of tip branching and tip definition.  
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Figure 2.15. Normalized UV-vis-NIR spectra (left) for IOAuNSs after coating with 4-BPT and SERS 

spectra (centre and right) of PMA-encapsulated IOAuNSs of (A) series a (B) series b and (C) series 

c. Colour scheme for all IOAuNSs: series I (red), series II (green), series III (blue), and series IV 

(yellow). All samples were measured in solution and at the same iron concentration [Fe = 0.1 mM]. 

2.5.2 Fluorescent dyes 

To incorporate fluorescent molecules to the structure, the PMA used to encapsulate IOAuNSs 

was chemically modified with 5-Carboxytetramethylrhodamine (TAMRA) and 2-(3-{2-tert-butyl-

7-[ethyl(3-sulfonatopropyl)amino]chromenium-4-yl}prop-2-en-1-ylidene)-1-(5-carboxypentyl)-

3,3-dimethylindoline-5-sulfonate (DY633) fluorescent dyes (See Figure 2.16 for a schematic 

representation). Briefly, the dyes were attached via amide bonds to the carboxylic group of the 

hydrophilic backbone of the PMA using N-ethyl-N′-(3-(dimethylamino)propyl) carbodiimide/N-

Hydroxysulfosuccinimide (EDC/NHS) chemistry. Figure 2.17 shows the optical characterization 

with the specific excitation and emission bands for the dyes and for the PMA modified with the 

dyes 
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Figure 2.16. Structure of PMA-modified TAMRA (A) and DY633 (B), also showing a schematic 

representation of their incorporation into IOAuNSs. Figure modified from15.  
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Figure 2.17. (A) Normalized fluorescence excitation and emission spectra of PMA-TAMRA micelles 

and normalized fluorescence emission of IOAuNS@4-BPT@TAMRA (pink). (B) Normalized 

fluorescence excitation and emission spectra of PMA-DY633 micelles and normalized 

fluorescence emission IOAuNS@2-NAT@DY633 (blue).  

Labelling the PMA structures with the fluorescent dyes allowed in turn the functionalization of 

IOAuNSs with both RaR molecules (4-BPT and 2-NAT) and fluorescent dyes (TAMRA and DY633). 

SERS spectra were recorded to check that the signal of the Raman reporter was not affected by 

the functionalization with fluorescent molecules. As shown in Figure 2.18, no significant changes 

in the intensity and the fingerprint of their SERS spectra were detected in the presence of the 

dyes. 
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Figure 2.18. SERS spectra of IOAuNSs labelled with Raman reporters and fluorescent dyes, 

compared to those of IOAuNSs labelled with Raman reporters only. The concentration was fixed 

to [Au+Fe] = 0.5 mM. No significant changes were observed, neither in the vibrational fingerprint 

of the Raman tags nor in the signal intensity. A 785 nm laser was used for the measurements. 

2.6 Application of nanoparticles for imaging 

2.6.1 2D cell model 

The use of NPs as contrast agents in any biological application requires biocompatibility, stability 

and, in cases where cell-internalization is required, efficient cellular uptake. Human breast cancer 

MCF7 cells were chosen for the biological experiments, thanks to their frequent use in research 

and various characteristics such as uncomplicated maintenance, normal division times (ca. 1 day), 

adherent nature when grown in traditional cell culture, and size (typically ca. 30 µm, with high 

circularity). Additionally, they exhibit active endocytosis, which results in high amounts of 

nanoparticle internalization without inhibition of normal cellular features (growth, proliferation, 

etc.). We first conducted cell viability and NP uptake studies to confirm the biocompatible nature 

of IOAuNSs. We incubated adhered MCF7 cells with various concentrations of IOAuNSs (up to 

0.25 mM of [Au + Fe]) and after 24 h we measured the cell viability using the commercial lactate 

dehydrogenase (LDH assay) (Figure 2.19A). No signs of cytotoxicity were observed. TEM imaging 

of fixed and resin-embedded MCF7 cells exposed to IOAuNSs showed that IOAuNSs were 

internalized by the cells and organized inside vesicles, suggestive of endosomes, throughout the 

volume of the cell (Figure 2.19B). 

Importantly, no sign of cytotoxicity was observed, which was confirmed by exposing MCF7 cells 

to different concentrations of IOAuNSs up to for 24 h, followed by cytotoxicity analysis.  
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Figure 2.19. (A) Results of LDH tests after incubation of MCF7 cells with IOAuNS-bII, for 24 

hours. (B) TEM images of ultramicrotomed MCF7 cells containing IOAuNSs confined in 

endosomes. A schematic representation of the incubation process is shown in the bottom-left 

part. 

Additionally, we verified the uptake of IOAuNSs by conducting SERS mappings of a single MCF7 

cell after incubation with IOAuNS@4-BPT. The results are shown in Figure 2.20A and confirmed 

the colocalization of IOAuNSs with MCF7 cells. Additional high resolution 3D SERS maps of MCF7 

cells incubated with IOAuNS@4-BPT-bII were also conducted to better determine their spatial 

distribution (Figure 2.20B). As the 2D image and the 3D reconstruction from confocal Raman 

microscopy indicates, IOAuNS@4-BPT seems to be organized and distributed in vesicles inside 

the cell, in agreement with TEM results in Figure 2.19B. 
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Figure 2.20. (A) SERS map (left) analysed with true component analysis, which evidences in an 

intensity colour code the presence of the NPs, and representative SERS spectrum (right) of a single 

cell pre-loaded with IOAuNS@4-BPT-bII. (B) 3D Reconstruction of the measurement shown in 

(A). Orthogonal projections of a z-stack are shown in the right panel, including xy projection (i) yz 

projection (ii) and xz projection (iii). 

2.6.1.1 SERS imaging 

Again, in order to study the role that the gold shell thickness and morphology have on the overall 

SERS intensity, SERS measurements were performed on cells labelled (see details in experimental 

section) with the different SERS encoded NPs, fixing the iron concentration of the NPs ([Fe] = 0.1 

mM), as opposed to the gold or the overall metal or NP concentration. The results for SERS 

imaging in 2D cell cultures showed that all the IOAuNSs could act as contrast agents for SERS 

(Figure 2.21). However, it was previously commented that the presence of well-defined spikes 

can strongly contribute to the enhancement of the Raman signal of the adsorbed RaR molecules. 

In this regard, IOAuNSs cI and cII showed poor SERS signal in solution (Figure 2.15) and in cell 

uptake studies, related to the less defined and more polydisperse Au spikes and their broader 

LSPR bands. 
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Figure 2.21. SERS maps of MCF7 cells, pre-loaded with IOAuNS@4-BPT from series a, b and c, 

and I-IV. Multiple Linear Regression analysis (MLRA) was performed on the data to obtain the 

regression coefficient calculated as the b-values, whose intensities indicate the presence of the 

IOAuNSs inside the cell and the intensity differences represents the difference between the 

intensity of the signal that was acquired. More details about the procedure are provided in the 

experimental section. The scale bars correspond to 20 μm. 

2.6.1.2 Magnetic resonance imaging 

Prior to analyse the use of IOAuNSs as contrast agents for MRI in cells, ZFC/FC measurements 

were performed to confirm that the magnetic properties of the IONPs did not change when 

coated with the gold shell (see Figure 2.22). Considering that there are no differences between 

the IO cores of all the IOAuNSs, the gold shell was confirmed not to affect the magnetic properties 

of the cores and thus, the contrast capacity for all the NPs should be the same.  
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Figure 2.22. ZFC/FC curves for IONPs recorded at a magnetic field of 100 Oe for IONPs (green 

line) and IOAuNSs (black line). 

We proceeded next to analyse the use of IOAuNSs as T2 contrast agents for MRI in cells. To do 

so, an agarose phantom was made by filling a 40 mm mold with agarose (1%). After cooling down 

to harden the agarose, small holes (2 mm) were carefully drilled into the agarose resulting in 

cylinders of equal size. Due to the pointed nature of the drill bit, we observed that the bottom of 

the cylinder was not completely flat. Hence, 20 μL of a 0.4 % agarose solution was pipetted into 

the bottom of each cylinder, thus achieving a flat base. Cells incubated with the different IOAuNSs 

(50 μL) were subsequently placed in the 

cylinders with special care to avoid the 

formation of air bubbles, which produce 

strong noise and will appear as dark spots 

in the MRI. Finally, a 0.9% agarose 

solution was used to seal the cylinders. 

Using this procedure, the NP dispersion 

remains encapsulated in a matrix of 

agarose which allows minimal 

interference in MRI signals (Figure 2.23).  

 

 

As the iron oxide core size plays a major role in these experiments, IOAuNSs concentrations were 

adjusted based on the total metal (Fe + Au) concentration. Compared to SERS imaging, a lower 

IOAuNSs concentration was chosen (0.05 mM) because of the increased sensitivity of the 

Figure 2.23. Image of the agarose phantom and 

scheme of the cell+IOAuNSs-containing cavities. 
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technique at these settings. Phantoms were prepared as previously described and cells, pre-

incubated with IOAuNSs, were subsequently placed in the pre-made agarose holes. A schematic 

of the MRI phantom preparation is shown in Figure 2.24. Each agarose phantom contained 

enough holes to accommodate also appropriate controls, including cell media, water, IONP, and 

cells with IOAuNSs. As can be observed in Figure 2.24A, B, C dark contrast (typical for T2 contrast 

agents) appeared only in those samples containing IONP and cells incubated with IOAuNSs. As 

expected, higher concentrations of Fe in IOAuNSs (c > b > a) resulted in higher contrast. It is 

interesting to observe that more concentrated, darker contrast was observed in the cell containing 

sample. This is possibly due to the close packing of IOAuNSs in cellular endosomes, essentially 

mimicking NP aggregation, leading to MRI intensities similar to those of considerably larger NPs24. 

 

Figure 2.24. MRI experiments in 2D using agarose phantoms (see methods). (A) IOAuNSs (I, II, III 

and IV) of the series a, b and c, internalized in MCF7 cells, were placed in the holes. Water, cell 

media and IONPs were also introduced in the agarose phantom as controls. Scale bars: 2 mm. 

2.6.1.3 Confocal Fluorescence imaging 

In order to provide an alternative imaging modality which offers relatively high spatial resolution, 

IOAuNSs were labelled with fluorescence molecules and added to cells to conduct confocal 

fluorescence imaging. IOAuNS@4-BPT@TAMRA and IOAuNS@2-NAT@DY633 were added to 

MCF7 cells and imaged after 24 h (Figure 2.25). As can be observed, fluorescent signal was 

recorded from the cell area, in agreement with previous SERS studies. This therefore suggests 

that multifunctional IOAuNSs are able to act as contrast agents for SERS, MRI and fluorescence 

imaging in 2D. 



93 

 

 

Figure 2.25. Fluorescence microscopy images of MCF7 cells incubated with (A) with IOAuNS@4-

BPT@TAMRA (B) IOAuNS@2-NAT@DY633. 

2.6.2 3D cell model 

To test the particles in 3D, we chose to focus solely on the IOAuNSs bII because these NPs had 

good SERS and MRI properties and therefore were of interest for multimodal imaging applications. 

We decided to test the capability of IOAuNSs to act as contrast agents for MRI, SERS and 

fluorescence imaging in a 3D cell model. Spheroids constitute an excellent and accessible 

alternative model to more traditional 2D cell culture studies, as they better represent the complex 

3D environment occurring in vivo, often incorporating mixed cell types and gradients in nutrients 

and waste products25. Furthermore, the complications involved in NP delivery due to the presence 

of an extracellular matrix (ECM) or poor NP penetration are better mimicked in spheroids 

compared to 2D cell experiments26. We thus explored the use of spheroids comprising MCF7 

cancer cells and fibroblasts (HDF), as a 3D model for multimodal imaging with IOAuNSs. HDF cells 

are known to aid in improving intercellular adhesions and thus spheroid formation with certain cell 

types27. 

We initially pre-labelled the separate cell populations with two different RaR-labelled IOAuNS-bII 

which were also fluorescently labelled to allow correlative confocal fluorescence microscopy. 
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IOAuNSs-containing cells were detached from the surface and mixed in a 1:1 ratio 

(IOAuNS@4BPT and IOAuNS@2NAT) to form spheroids. A scheme of the procedure can be seen 

in Figure 2.26 as well as an optical image in which a dark area appeared after the incubation of 

the spheroids with NPs, confirming the internalization of the NPs by the cells that pre-forrmed 

the spheroid. 

  

Figure 2.26. Schematic illustration of spheroid preparation. MCF7 and HDF cells were pre-

incubated with IOAuNS@4-BPT@TAMRA and IOAuNS@2-NAT@DY633, respectively, prior to 

co-culture into the spheroid. Optical images of the spheroids with and without NPs are shown in 

the right part. 

Additional characterization was carried out for MCF7 and HDF cells in 2D pre-loaded with NPs 

that were then used to form the spheroids. Both cells were immunostained with E-cadherin and 

TE-7 and fluorescence imaging was used to confirm that both cells were present and that the 

internalized NPs can be detected inside each cell through the fluorescent dyes (Figure 2.27). 
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Figure 2.27. Cellular uptake of IOAuNSs. Immunostaining of MCF7 (E-cadherin, green) and HDF 

(TE-7, blue) cells previously incubated with IOAuNS@4-BPT@TAMRA (red) and IOAuNS@2-

NAT@DY633 (pink), respectively. 

2.6.2.1 Multimodal imaging in 3D 

We proceeded to image the 3D spheroid using all three imaging techniques. Live SERS imaging of 

the whole spheroid was first carried out to probe the overall location of the multimodal NPs. As 

shown in Figure 2.28A, B, whereas both RaRs can be clearly identified in the SERS maps, and 3D 

reconstructions can be obtained, IOAuNSs appear to be located only at the outer layer of the 

spheroid. Considering that spheroid-containing cells were pre-labelled with IOAuNSs, this result 

was unexpected – IOAuNSs should have been distributed throughout the entire spheroid volume. 

We thus examined a slice of the spheroid after fixation and microtome cutting, conducting SERS 

mapping and fluorescence confocal imaging on the central part of the spheroid. As can be 

observed in Figure 2.28C, D, this measurement confirmed the presence of both types of SERS-

encoded NPs throughout the xy plane, suggesting that the lack of SERS signal in the center of the 

spheroid in live samples stemmed from limitations in the penetration depth of the incident or 

outbound laser, and extensive backscattered signal, principally due to the large amount of 

IOAuNSs in the sample, which can cause absorption and multiple scattering of light. We 

subsequently examined the spheroids using MRI, by placing 5 spheroids per hole in the agarose 

phantoms. Contrast was clearly observed for the spheroids containing IOAuNSs, with intense dark 

areas corresponding to the spheroids (Figure 2.28E). 
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Figure 2.28. (A) SERS mapping along the xz plane, of live spheroids showing pixels corresponding 

to 4-BPT (green) and 2-NAT (red). A total area of 800 x 430 µm2 was imaged, with a resolution 

of 5 x 10 µm2. Data were analysed by MLRA. In this analysis for each x-y point on the map, the 

entire SERS spectrum is used to determine statistically how well it matches the reference 

spectrum. Thus, the intensity map is given by the differences in the spectra comparison. The white 

dotted line highlights the edge of the spheroid. (B) SERS mapping and 3D reconstruction of a 

selected volume at the outer edge of a live spheroid (brightfield image also shown). A total volume 

of 84 x 84 x 70 µm3 (xyz) was probed, with a resolution of 2 x 2 x 5 µm3 (xyz). Data were analysed 

by TCA. (C) SERS map of a transversal cut (area 360 × 560 μm2, 50 µm in thickness) of a fixed 

and embedded spheroid, showing the presence of 4-BPT and 2-NAT positive pixels throughout 

the xy plane. Data were analysed by MLRA. (D) Orthogonal projection collected by confocal 

fluorescence imaging of a transversal cut (50 µm in thickness) through a fixed and embedded 

spheroid. (E) MRI images from spheroids, with (right-hand side circles) and without (left-hand side 

circles) IOAuNSs, planted in a phantom.  

To mimic a more realistic situation, a second model of IOAuNS-spheroid interaction was 

developed. When NPs are administered in vivo for imaging purposes, NP penetration into the site 

of interest is determined by various factors, including the enhanced permeation and retention 

(EPR) effect, the tumor microvasculature, and potential spatial inhomogeneities in the NP delivery. 

We thus formed the spheroids first (again comprising MCF7 and HDF cells) and subsequently 

exposed them to a mixture of IOAuNS@4-BPT@TAMRA and IOAuNS@2-NAT@DY633. A 

scheme of the procedure can be seen in Figure 2.29. 

Due to the size of IOAuNSs, some sedimentation was observed during the incubation period with 

the spheroids. To avoid this issue, we incubated IOAuNSs with spheroids inside Eppendorf tubes, 

in a rotisserie rotator stored in an incubator at 37 ºC overnight. 
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Figure 2.29. Illustration of spheroid formation. MCF7 and HDF cells were used to pre-form 

spheroids and then, IOAuNS@4-BPT@TAMRA and IOAuNS@2-NAT@DY633, were added for 

incubation. 

We first conducted confocal and SERS imaging of the whole live spheroid, again to determine 

IOAuNSs distribution (Figure 2.30A, B). Similar results were observed as in the previous 

experiment, with limited capacity to determine the distribution of the NPs in deeper buried layers. 

Although it appeared that NPs were only located at the outer edge of the spheroids, this could 

only be confirmed by fixing and making a transversal cut along the xy plane. Indeed, SERS imaging 

clearly showed the presence of IOAuNSs at the outer 100 µm layer of the spheroid, with no signal 

recorded from the inner core (Figure 2.30C). Thus, we proved that IOAuNSs are suitable contrast 

agents for spheroid imaging, and although they do penetrate the complex 3D model, a certain 

limitation was found in the light penetration depth that can be achieved.  
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Figure 2.30. (A) SERS imaging of a MCF7:HDF spheroid incubated with IOAuNS@4-BPT@TAMRA 

(in green) and IOAuNS@2-NAT@Dy633 (in red) NPs. A volume of 400 x 380 x 150 μm3 was 

mapped and MLRA used to obtain b-values whose intensities are shown. Scale bar, 100 μm (B) 

Orthogonal projection captured using confocal fluorescence imaging of a z-stack of a MCF7:HDF 

spheroid incubated with IOAuNS@4-BPT@TAMRA (in red) and IOAuNS@2-NAT@Dy633 (in pink) 

NPs. Scale bars correspond to 100 μm (C) Brightfield image with overlaid SERS map of 

IOAuNS@4-BPT@TAMRA (in green) and IOAuNS@2-NAT@Dy633 (in red) NPs, detected in an 

OCT-embedded slice (635 × 875 μm2) of MCF7:HDF spheroid. MLRA used to obtain b-values 

whose intensities are shown. The blue dotted lines represent the spheroid edge and approximate 

maximum penetration depth of IOAuNSs, used to calculate the bottom graph.  

2.6.3 Multimodal imaging ex vivo 

In our pursuit of increasing complexity of the biological model, the next step comprised 

implementing the NP contrast agents for multimodal imaging in ex vivo models. For this purpose, 

we chose to conduct intracerebral injections into an excised mouse brain. The brain is an organ 

that provides a tissue with homogenous, low-level background contrast in MRI and which is 

sufficiently large to apply multiple injections of different materials for comparison. Considering 

that we aimed at conducting SERS and fluorescence imaging on sliced tissue measuring a few tens 

of microns in thickness, MCF7 cells were chosen as the carriers of IOAuNSs (using IOAuNSs 

functionalized with 2-NAT and DY633 for SERS and fluorescence microscopy, respectively), 

because the injection of free IOAuNSs posed the problem of NPs diffusing into the tissue, inducing 
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a significant reduction in SERS and fluorescence signals. First, MCF-7 cells were incubated 

overnight with IOAuNS@2-NAT@DY633, at a final total metal (Fe + Au) concentration of 0.05 

mM, previously shown to be suitable for MRI imaging. Cells were trypsinized and concentrated to 

2 x 106 cells/mL before injecting 5 μL into the right brain hemisphere. A second injection of 

IOAuNS@2-NAT@DY633, at the same estimated concentration in the cell-containing sample, was 

injected into the left hemisphere as a NP control. PBS buffer was also injected in the upper part 

of the brain as a media control. A schematic view of the layout is shown in Figure 2.31. 

 

Figure 2.31. Schematic illustration of different injections into a mouse brain, both with (right 

hemisphere) and without cells (left hemisphere), as well as a PBS buffer control (top part of both 

left and right hemispheres). 

For MRI measurements, the entire brain was placed in the MRI scanner for imaging, whereas SERS 

and fluorescence images were obtained a posteriori, using the same brain tissue cut with a 

microtome. As can be clearly observed in Figure 2.32, MRI imaging shows dark contrast where 

the injections were performed and both free IOAuNSs and IOAuNSs-endocytosed MCF7 cells 

were visible in multiple slices. Subsequently, correlated SERS and fluorescence imaging of brain 

tissue cuts were analysed and the suitability of these techniques for IOAuNSs detection and 

mapping in whole tissue samples was demonstrated (Figure 2.33A, B). Whereas sample processing 

was arguably more complicated and laborious due to the numerous cuts to be made and 

sequential verification of positive signal, both techniques proved suitable for imaging of these 

multimodal NPs at different spatial resolutions and concentrations.  
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Figure 2.32. MRI of consecutive brain slices after injection of cells incubated with IOAuNS@2-

NAT@DY633 (right hemisphere; shown by blue boxes) and IOAuNS@2-NAT@DY633 (left 

hemisphere; shown by red boxes). PBS buffer was injected as control (top part of both left and 

right hemispheres). 

 

Figure 2.33. Images from a brain slice containing IOAuNS@2-NAT@DY633 and cells + 

IOAuNS@2-NAT@DY633 (A) SERS imaging in which 2-NAT of IOAuNS@2-NAT@DY633 appears 

as a red signal. (B) Fluorescence imaging of IOAuNS@2-NAT@DY633 in which the signal of 

DY633 appears as a pink signal. 

2.7 Conclusions  

We have developed a colloidal system comprising hybrid NPs with magnetic and plasmonic 

components, which can act as contrast agents for multimodal imaging, combining SERS, MRI, and 

fluorescence imaging. The NPs showed high versatility for imaging biological samples, ranging 

from 2D cell cultures to ex vivo models. We demonstrated that the overall particle size can be 

tuned by varying two key synthesis parameters, namely the concentration of gold spheres used 

as the nucleation points upon adsorption on iron oxide cores, and the concentration of added gold 

precursor for seeded growth of spikes. Through variation of these parameters, we succeeded in 

fabricating particles with different morphologies and sizes, which therefore displayed different 

optical properties. Whereas a low density of gold spheres on the surface of IONP cores leads to 
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smaller final particles with incomplete gold shells and short tips, a higher Au NP density and higher 

concentration of HAuCl4 in the seeded-growth reaction resulted in complete shell formation with 

well-defined spikes. The morphology of IOAuNSs can thus be tuned accordingly and was 

optimized to obtain NPs with suitable properties for applications in bioimaging. Whereas most 

published studies calculate the surface area of complex NPs for subsequent functionalization by 

assuming the volume of a sphere while using stars, we showed here a simple geometry model for 

realistic estimation of the surface area, which is more accurate toward efficient NP 

functionalization, while a better description of the surface morphology can be reached in 

compliment with 3D tomography data. We applied the results of this model to the surface 

functionalization of IOAuNSs with Raman-active molecules and fluorescent dyes, and then 

demonstrated their non-cytotoxic nature in MCF7 breast cancer and fibroblast cells. With regards 

to the multimodal imaging properties of the IOAuNSs, SERS signal enhancement was found to be 

largely dependent on their absorbance and the density of hotspots (tips), so that the best 

candidates for SERS were smaller NPs with complete gold shells and well-defined spikes (IOAuNSs 

sample bII). MRI experiments demonstrated that all particles provided T2 contrast due to the γ-

Fe2O3 magnetic cores, regardless of the presence of any further SERS or fluorescence 

functionalization. Furthermore, magnetic characterization of the NPs showed that the gold shell 

thickness did not affect the magnetic properties of the iron oxide cores. Both these aspects are 

particularly important for multimodal contrast agents, where the addition of one extra imaging 

component may hinder the efficacy of another. In summary, iron oxide-gold hybrid nanoparticles 

with controlled sizes were employed for SERS, MRI and fluorescence imaging within complex 

biological models. The synthesized IOAuNSs can thus be used as an interesting alternative to 

conventional contrast agents, achieving valuable information from each imaging technique that 

could improve the accuracy of the actual diagnostic methods. These findings open up the 

possibility of expanding the use of multimodal NPs for combination of imaging with other 

bioapplications such as photothermal therapy and/or magnetic targeting of cells and tissues. 

2.8 Experimental Section 

2.8.1 Materials 

Ferric chloride hexahydrate (FeCl3·6H2O, ≥98% Sigma-Aldrich), poly(vinylpyrrolidone) (PVP360; 

Sigma-Aldrich), sodium acetate anhydrous (ReagentPlus ≥99.0% Sigma-Aldrich), ethylene glycol 

(ReagentPlus, ≥99% Sigma-Aldrich), absolute ethanol (CH3CH2OH, Sigma-Aldrich), hydrogen 

tetrachloroaurate trihydrate (HAuCl4·3H2O, ≥99.9% Sigma-Aldrich), sodium citrate tribasic 

dihydrate (≥98% Sigma-Aldrich), sodium borohydride (NaBH4, ReagentPlus, 99%, Sigma-Aldrich), 

silver nitrate (AgNO3, ≥99% Sigma-aldrich), L-ascorbic acid (AA, ≥99% Sigma-Aldrich), 

hydrochloric acid solution (HCl 37 wt% Panreac), poly (isobutylene-alt-maleic anhydride (Mw 

6.000 Da, Sigma-Aldrich), dodecylamine (CH3(CH2)11NH2 ≥99.9%, Sigma-Aldrich), 

Tetrahydrofuran (THF, C4H8O, anhydrous ≥99.9%, Sigma-Aldrich), naphthalene-2-thiol (2-NAT, 

99% Sigma-Aldrich), biphenyl-4-thiol (4-BPT, 97% Sigma-Aldrich), chloroform (CHCl3, ≥99.8% 

Sigma-Aldrich), HS-PEG-COOH (Mw 3.000 Dalton, Iris Biotech), DY633 (λex = 637 nm, λem = 657 
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nm, Dyomics,) and TAMRA (Molecular Probes, Life Technologies, #A1318, λex = 544 nm, 

λem = 571 nm, Fisher scientific) were prepared and used without further treatment. Milli-Q water 

was used for all the experiments.  

2.8.2 Nanoparticle synthesis methods 

Multicore IONPs Synthesis. For the preparation of multicore IONPs, a previously reported 

synthetic procedure was followed.26 Briefly, 0.21 mmol of iron chloride hexahydrate was dissolved 

in 36.3 mL of ethylene glycol under stirring. Then, 516.6 mol of PVP360 was slowly added to 

the solution under vigorous stirring and the solution was heated (< 100 ºC). When the reactants 

were completely dissolved, 5.2 mmol of sodium acetate was added to the solution. The mixture 

was placed in a Teflon autoclave and heated in a drying oven for 4 h at 200 ºC. Finally, the solution 

was cooled down and the particles were washed twice by centrifugation (9000 rpm, 20 min) with 

ethanol and one additional wash with milli-Q water. 

AuNP Synthesis (4nm). For the synthesis of 4 nm Au seeds, a previously reported method was 

used.27 In brief, 0.6 mL of freshly prepared 0.1 M NaBH4 solution was quickly added under 

vigorous stirring to a 20 mL of solution containing 2.5×10-4 M HAuCl4 and 2.5×10-4 M sodium 

citrate. The formation of Au NPs was immediately observed by a color change. The colloidal 

dispersion was stored at 4 ºC and used as seeds within 2-5 h. 

AuNP Synthesis (15nm). For the synthesis of 15 nm Au seeds, 95 mL of 0.5 mM HAuCl4 was 

mixed under vigorous stirring and heated until boiling and then 5 mL of 34 mM citrate solution 

was added. After 15 min of boiling, the solution was cooled down and stored at 4 °C. 

IOAuNP Synthesis. For the decoration of IONPs with 4 nm AuNPs,28 5 mL of iron oxide 

nanoparticles [Fe] = 14 mM (Z-potential: -2 mV) was placed in a 40 mL glass vial and separated 

using a magnet, followed by removal of the solution and addition of 25 mL of gold nanospheres 

at the desired concentration (Table 2.3). The mixture was left under sonication for 30 min and 

stirred in a vortex mixer for 1.5 h. The product was washed several times with the help of a 

magnet, to ensure complete removal of the gold nanospheres that were not attached to IONPs. 

The final gold concentration of IOAuNP was analysed by ICP-MS. 

Table 2.3. Concentration of AuNPs solution (25 mL) used for the fabrication of the IOAuNPs used 

as seeds for the tip’s growth 

 

[Au] of AuNPs solution Seeds for IOAuNSs 

0.1 mM a; I, II, III, IV 

0.05 mM b; I, II, III, IV 

0.02 mM c; I, II, III, IV 
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IOAuNS Synthesis. Typically, 10 mL of HAuCl4 at different concentrations were placed in a 20 

mL glass vial. Then, HCl was added and immediately after, a solution containing the IOAuNSs was 

incorporated as seeds, the concentration of gold being varied as shown in Table 2.4. Then, AgNO3 

and ascorbic acid were simultaneously and quickly added to the solution. A fast change from 

brown to blue indicates gold nanostar formation. Subsequently, HS-PEG-COOH was added to 

stabilize the final particles. The different amounts and concentrations of the reactants used for 

the fabrication of IOAuNSs are summarised in Table 2.4. The solution was stored at 4 ºC until 

further use. Due to the magnetic nature of the IOAuNSs, for all the reactions a specially designed 

stirrer made of polylactic acid (PLA) was 3D-printed and connected to a mechanical stirrer to 

ensure effective mixing of the reactants (Figure 2.34). 

Table 2.4. Summary of the reactants used for the synthesis of IOAuNSs 

 
Sample 

Total 
Vol. 
(mL) 

HAuCl4 
(µL) 

(0.129M
) 

HCl 
(µL) 

(1 M) 

IOAuNPs 
(µL) 

[Au] = 
0.30 mM 

AgNO3 
(µL) 

(3 mM) 

Ascorbic 
acid (µL) 

(100 mM) 

PEG (µL) 
(1 mM) 

aI 10 5    2.5   25 175   25 30 

aII 10 10    5.0   25 350   50 30 
aIII 10 15    7.5   25 525   75 30 
aIV 10 20    10   25 700   100 30 

 

 
Sample 

Total 
Vol. 
(mL) 

HAuCl4 
(µL) 

(0.129M) 

HCl 
(µL) 

(1 M) 

IOAuNPs 
(µL) 

[Au] = 
0.20 mM 

AgNO3 
(µL) 

(3 mM) 

Ascorbic 
acid (µL) 

(100 mM) 

PEG (µL) 
(1 mM) 

bI 10 5 2.5      35 175       25    30 

bII 10 10 5.0      35 350       50    30 
bIII 10 15 7.5      35 525       75    30 
bIV 10 20 10      35 700      100    30 

 

 
Sample 

Total 
Vol. 
(mL) 

HAuCl4 

(µL) 
(0.129M) 

HCl 
(µL) 

(1 M) 

IOAuNPs 
(µL) 

[Au] = 0.10 
mM 

AgNO3 
(µL) 

(3 mM) 

Ascorbic 
acid (µL) 

(100 
mM) 

PEG (µL) 
(1 mM) 

cI 10 5 2.5 70 175 25 30 
cII 10 10 5.0 70 350 50 30 
cIII 10 15 7.5 70 525 75 30 
cIV 10 20 10 70 700 100 30 
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Figure 2.34. Polylactic acid (PLA) 3D printed stirrer that worked attached to a mechanical stirrer 

PMA synthesis. For the preparation of the PMA a previously published protocol was followed28. 

Typically, 3.1 g of poly (isobutylene-alt-maleic anhydride) and 2.7 g of dodecylamine were mixed 

with 100 mL of THF in a 250 round bottom flask. The yellow-pale mixture was then placed in a 

sonicator for 30 min and then stirred for 3 h. Afterwards, the mixture total volume was reduced 

to 40 mL in a rotary evaporator. The solution was then left with reflux overnight. Then, the THF 

was completely removed in the rotavapor, and the PMA was redissolved in 40 mL of chloroform 

and was storage in the freezer until use. The final concentration of the PMA is 0.5 M. 

2.8.3 Functionalization 

Description of geometrical model. We assumed spikes with conical shape (height L; base 

radius B), much smaller than the radius of the spherical core Rcore. We can thus assume the core 

as a flat surface, with area 𝐴𝑐𝑜𝑟𝑒 = 4𝜋𝑅𝑐𝑜𝑟𝑒
2 = 𝑙𝑐𝑜𝑟𝑒

2  (𝑙𝑐𝑜𝑟𝑒 = 2𝑅𝑐𝑜𝑟𝑒√𝜋 is the side of a square with 

the same area as the sphere). The area of the conical spike is 𝐴𝑠𝑝𝑖𝑘𝑒 = 𝜋𝐵(√𝐿2 + 𝐵2).  

Three different arrangements were considered: first, a square array of n circles with equal radius 

(Figure 2.11), 𝑛 = 𝑁2 = (
𝑙𝑐𝑜𝑟𝑒

2𝐵⁄ )
2

= 𝜋 (
𝑅𝑐𝑜𝑟𝑒

𝐵⁄ )
2

. The total surface area is the sum of the cones 

(spikes) plus the total free area, given by: 

𝐴𝑇𝑁𝑆 = 𝑁 [𝜋𝐵√𝐿2 + 𝐵2 + 𝑙𝑠𝑞𝑢𝑎
2 − 𝜋𝐵2] 

A second case comprises a hexagonal arrangement of identical conical spikes on a planar area, 

covering an area 𝜑 of ca. 0.9069. The area occupied by the circular bases of the spikes is  
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4𝜋𝑅𝑐𝑜𝑟𝑒
2 𝜑 = 𝑛𝜋𝐵2, so that: 𝑛 = 4𝜋𝜑𝑅𝑐𝑜𝑟𝑒

2

𝜋𝐵2
= 4𝜑 (

𝑅𝑐𝑜𝑟𝑒

𝐵
)
2

. Hence, the total area of an IOAuNSs with 

a hexagonal surface arrangement of conical spikes is: 

𝐴𝑇𝑁𝑆 = 4𝜋𝑅𝑐𝑜𝑟𝑒
2 (1 − 𝜑) + 𝑛 [𝜋𝐵(√𝐿2 + 𝐵2)] 

The third model involves a hexagonal arrangement of conical spikes with a random distribution of 

lengths fitting the experimental data for IOAuNSs surface (from electron tomography). The 

number and area of the spikes, as well as the total IOAuNSs surface area, was estimated from all 

three models, the random model being the most realistic one. 

SERS encoding of IOAuNSs. The probes were encoded using different Raman-active 

molecules, following an established protocol based on successive phase transfer.10 Briefly, 5 mL 

of IOAuNPs (total concentration of metals [Au+Fe]=1.5 mM]) was placed in a test tube. 2 mL of 

4-BPT 10 mM in chloroform and 16 L of HCl were added and the mixture was stirred for 2 h to 

enable phase transfer. Finally, the particles located in the organic phase (bottom phase) were 

recovered and washed twice with chloroform by centrifugation (9000 rpm, 5 min).  

PMA functionalization of IOAuNSs. The dispersion of IOAuNS@4-BPT or IOAuNS@2-NAT 

was placed in a round-bottom flask and 100 L 0.05M of dodecylamine-modified polyisobutylene-

alt-maleic anhydride amphiphilic polymer (PMA) was added and stirred. The solvent was 

evaporated in a rotary evaporator and the particles redispersed in 5 mL of water and 1 mL of 

NaOH pH = 12. The particles were washed three-fold by centrifugation (9000 rpm, 5 min) or until 

neutralization. The PMA used to wrap the Raman-encoded IOAuNSs was prepared following 

previous reports.10,29 PMA comprises polyisobutylene-alt-maleic anhydride (hydrophilic backbone) 

on which 75% of the anhydride rings have been reacted with dodecylamine (hydrophobic chain).  

PMA functionalization with fluorescent dyes. Labelling of NPs with fluorophores was 

performed on PMA functionalized with TAMRA dye and DY633 dye. The procedure was 

conducted as previously reported.30 The excitation and emission spectra of the particles coated 

with the dye- modified polymer are shown in Figure 2.16. 

2.8.4 Characterization 

Standard characterization. All NPs were characterized using TEM, ICP-MS, and UV-Vis-NIR. 

UV−vis-NIR extinction spectra were recorded using an Agilent 8453 UV−Vis diode array 

spectrophotometer, normalizing spectra at 400 nm. ICP-MS analysis was conducted using an ICP-

MS Agilent 7500ce to determine the concentration of Au and Fe. Samples containing biological 

material (cells or spheroids) were digested in aqua regia during 48 h, followed by addition of H2O2 

and continued heating until a clear and transparent solution was observed. The samples were 

cooled down to RT and subsequently measured. TEM images were collected with a JEOL JEM-

1400PLUS transmission electron microscope operating at 120 kV, using carbon-coated 400 

square mesh Cu grids.  
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Z-Sizer measurements. A Malvern Zetasizer 3000 HS particle size analyser (Malvern 

Instruments, UK) was used to measure zeta-potential and dynamic light scattering (DLS), from 

which hydrodynamic diameter distributions were obtained. Samples were placed in disposable 

cuvettes of 1 cm optical path length using a diluted (1:100) NP solution, using distilled water as 

solvent. The width of the DLS hydrodynamic diameter distribution is characterized by the 

polydispersity index (PdI). In the case of a monomodal distribution (Gaussian) calculated by means 

of cumulant analysis, PdI = (σ/Zavg)2, where σ is the width of the distribution and Zavg the average 

diameter of the particle’s population, respectively. 

Electron Tomography. IOAuNSs were diluted in H2O to a final concentration of 0.05 mM, and 

drop-cast on a carbon-coated 400 square mesh Cu grid. The samples were then left to dry at 

ambient temperature. TEM images were acquired using an aberration-corrected ‘cubed’ Thermo 

Fisher Scientific-Titan electron microscope operated at an acceleration voltage of 300 kV, with a 

camera length of 58 - 105 mm. Atomic resolution scanning TEM (STEM) high angular annular dark 

field (HAADF) images were acquired using a convergence angle of 20 mrad. Tomography tilt series 

were acquired using a Fischione 2020 tomography holder over ± 76 ° with tilt increments of 2 º. 

Typically, each angle consisted of a 1k x 1k STEM HAADF image using 12 ms dwell time. The 

images acquired manually at each angle were aligned with respect to each other and the 

tomograms rotation axis was determined with mathematical precision through phase correlation. 

Finally, the 3D reconstruction was achieved using 25 SIRT cycles. A bandwidth limit was also 

applied to the SIRT reconstruction in real and Fourier space to achieve a high-quality 

reconstruction with minimized missing wedge artefacts. 

EDX Analysis. Energy dispersive X-ray (EDX) measurements were acquired every 10° with an 

acquisition time of 10 minutes per angle and 150 pA screen current using a SuperX detector. The 

resulting data was reconstructed using an Expectation Maximisation (EM) reconstruction 

algorithm using a STEM HAADF signal for accurate alignment. 

STEM EELS Imaging. Fe oxidation state was determined by electron energy loss spectroscopy 

(EELS) using an aberration-corrected ‘cubed’ FEI-Titan electron microscope operated at an 

acceleration voltage of 200 kV. Lower acceleration voltages were tried, however this led to 

significant cupping artefacts. The energy resolution provided by the electron monochromator, as 

measured from the full-width at half maximum of acquired zero-loss peaks was 0.2 eV, the 

dispersion of the spectrometer was set to 0.01 eV/ch and 2,000 channels are used to cover an 

energy range from 704 eV to 724 eV, being the entire Fe L2,3 edge. The pixel size equals 1.8 nm 

(65x65 pixels) for higher magnification single-particle EELS mapping, which is sufficient to 

distinguish any variation in oxidation state throughout the nanoflower’s sub-structure. Lower 

magnification EELS maps with a pixel size of 20 nm2 was used to determine oxidation state 

variation within different nanoflowers from both samples. 

Surface Area Measurement. To extract the accessible and external Au surface area relevant 

for further functionalization, Fe and Au phases were identified by a manual segmentation process 

using Amira software. As the Au surface contained voids and areas of exposed Fe2O3 core, the 
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total Fe surface could not be directly subtracted from the total surface (internal and external Au 

surface) of Au. Rather, the Fe surface in contact with Au must be calculated first, so that accurate 

accessible Au surface areas could be derived. Using a surface generation module, boundary 

surfaces can be extracted and later removed for a final Au surface area. 

SERS. Characterization of the SERS signal of IOAuNS@4-BPT and IOAuNS@2-NAT was 

performed with a Raman microscope (inVia Reflex, Renishaw, Wotton-under-Edge, U.K.) equipped 

with a −60 °C Peltier-cooled front-illuminated CCD detector (1024 × 512 pixel2 chip), using a 785 

nm laser excitation source (maximum output 270 mW) and a 1200 lines/mm diffraction grating. 

For the experiments 300 L of each aqueous solutions was placed in a glass vial. SERS spectra 

were collected using a 10× objective (NA = 0.25; Leica Microsystems, Wetzlar, Germany) in 

expanded scan mode, with an integration time of 10 s and at a laser power of 52.5 mW. All the 

spectra were analysed using the WiRE4.4 software (Renishaw, Wotton-under Edge, U.K.) to 

eliminate cosmic rays and the correction of the baseline in the spectra was performed on Matlab, 

using the Beads function. 

Magnetism. ZFC/FC measurements were performed at 100 Oe and within a temperature range 

of 5-300 K, using a Quantum Design MPMS3 VSM-SQUID magnetometer with a sensitivity of 

10-8 emu up to a maximum field of 7 T. The hysteresis loops were measured in a Vibrating Sample 

Magnetometer (VSM) with a sensitivity of 5·10-6 emu, up to a maximum field of 18 kOe working 

at room temperature.  

2.8.5 Cell culture 

MCF7 cells were purchased from the ATCC. Human Dermal Fibroblasts (HDF), fetal bovine serum 

(FBS), penicillin-streptomycin (PS), DMEM, lactate dehydrogenase (LDH) assay, and NucBlue were 

purchased from Invitrogen. Propidium iodide (PI) was purchased from Sigma. MCF7 and HDF cells 

were grown in DMEM supplemented with 10% FBS and 1% PS (herein termed complete DMEM, 

cDMEM).  

IOAuNSs cytotoxicity tests. The cytotoxicity of IOAuNSs in MCF7 cells was evaluated using 

the LDH assay and PI staining. Cells were seeded at 1.6 x 105 cells/cm2 in 96-well plates to analyse 

the cytotoxicity by LDH assay, and at 9 x 104 cells/cm2 in 96-well imaging plates (Ibidi) for 

characterization by microscopy. The following day, IOAuNSs were added at concentrations 

ranging from 0.25 mM to 0.031 mM (total metal ion concentration). After 24 h, the NP solution 

was removed and rinsed with media. The media was renewed again 6 h later to remove IOAuNSs 

in suspension and on the bottom of the plate. The presence of aggregated NPs was monitored 

daily by optical microscopy. The LDH test was performed using the standard protocol 48 h post 

addition of IOAuNSs. For analysis via imaging, PI was added to a final concentration of 500 nM, 

and nuclei stained using NucBlue. Images of 1 x 1.3 mm2 were acquired with a Cell Observer 

microscope (Axio Observer, Zeiss) 48 h after the addition of IOAuNSs. Post-processing and 

quantification of cells were conducted with ImageJ, and data represented as a percentage of dead 

cells.  
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Spheroids formation. Spheroids were formed from cells, with and without pre-incubation steps 

with IOAuNSs. In the case of spheroids which were exposed to IOAuNSs post formation, MCF7 

and HDF cells were mixed in a 1:1 ratio using a final cell number of 1.7x104 cells/spheroid (-

shaped plate growth method) and left for 3 days to form the spheroid. A 25 L dispersion of 

IOAuNSs (1:1 mix of IOAuNS@4-BPT@TAMRA and IOAuNS@2-NAT@DY633, final ion 

concentration 0.05 mM) in cDMEM was made in a 500 µL Eppendorf and ca. 5 spheroids added. 

Using a rotisserie rotator placed in an incubator at 37 °C, 5% CO2, spheroids were rotated during 

24 h to help achieve an even distribution of IOAuNSs around spheroids. Spheroids were 

subsequently retrieved and used for imaging studies or fixed using 4% formaldehyde for later 

imaging and embedding in OCT freezing media.  

For spheroids exposed to IOAuNSs pre-formation, MCF7 and HDF cells were seeded in 12-well 

plates (8 x 104 MCF and 6 x 104 HDF cells/mL) and once adhered, IOAuNS@4-BPT@TAMRA and 

IOAuNS@2-NAT@DY633 were added to MCF7 and HDF cells, respectively, at a final 

concentration of 0.05 mM. After 24h, non-endocytosed IOAuNSs were removed via washing, and 

cells detached using trypsin-EDTA. Cells were readjusted to 8.6 x 104 cells/mL and mixed in a 1:1 

ratio. Cells (1.7x104 cells, 200 L) were added to µ-shaped 96-well plates and incubated at 37 °C, 

5% CO2 for 3 days for spheroid formation to occur. Spheroids were subsequently retrieved and 

used for imaging studies or fixed using 4% formaldehyde for later imaging and embedding in OCT 

freezing media. 

2.8.6 Multimodal imaging 

Cell preparation. 2D SERS mapping was conducted using MCF7 cells preincubated with 

IOAuNSs from series a, b and c. In brief, MCF7 cells were seeded at 2.8 x 104 cells/cm2 in 12-

well plates and allowed to adhere. The following day, IOAuNSs diluted in cDMEM were added 

(0.05 mM final total ion concentration) and after 24 h, non-endocytosed IOAuNSs were removed, 

and cells detached using trypsin-EDTA. For SERS imaging, cells were seeded in 35 mm glass-

bottomed dishes (5 x 104 cells/dish) and after 2-3 h of incubation, SERS mapping undertaken 

using the settings described below. For MRI, a volume containing 2 x 105 cells was centrifuged 

and resuspended to 400 L of PBS. Subsequently, 100L (containing 5 x 104 cells) was dispersed 

into each well of the phantom for MRI imaging. For ICP measurements, a volume of cell solution 

containing 5 x 104 cells was centrifuged, concentrated in 50L PBS, and frozen at -20 ºC. To 

promote cell lysis, three freeze-thaw cycles were performed. The samples were subsequently 

digested using aqua regia, aided by microwave digestion (Table 2.5). For fluorescence confocal 

imaging, 1.3 x 104 cells (1:1 mix of HDF and MCF7 cells previously exposed to IOAuNS@4-

BPT@TAMRA and IOAuNS@2-NAT@DY633, respectively) were seeded in 35 mm glass-

bottomed dishes with a 500 m etched grid (Ibidi) and allowed to adhere. The following day the 

media was removed, and samples fixed and permeabilized using 4% formaldehyde and TritonX-

100. Immunostaining to identify MCF7 and HDF cells was carried out using antibodies against E-

cadherin and TE7 (both Novusbio), respectively. Appropriate matching secondary antibodies with 
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AlexaFluor 405 and 633 fluorescent labels were used at a 1/400 dilution.  Samples were stored 

in PBS at 4 °C until imaged.  

Table 2.5.  Concentrations used for the preparations of phantoms for MRI, measured by ICP-MS. 

 

SERS imaging of cells. SERS measurements were performed with a Raman microscope (inVia 

Reflex, Renishaw, Wotton-under-Edge, U.K.) equipped with a -60 °C Peltier-cooled front-

illuminated CCD detector (1024 × 512 pixel2), using a 785 nm laser excitation source (maximum 

output 270 mW) and a 1200 lines/mm diffraction grating. SERS maps were recorded in static 

mode (centered of scattered wavenumber 1450 cm-1) using a 40× dip-in water immersion 

objective (numerical aperture, NA = 0.8; Nikon Corporation, Tokyo, Japan). For single cell 

measurements, areas of ca. 30 × 30 μm2 containing one single cell, were imaged with 0.5 s 

integration time, at 12.08 mW laser power at the surface and a step size of 2 μm. All the spectra 

were first analysed using the WiRE 4.4 software (Renishaw, Wotton-under Edge, U.K.) to correct 

the baseline in the spectra (intelligent 11th polynomial order) and eliminate cosmic rays. Then, the 

maps were analysed with a MLRA-based supervised algorithm developed in a previous work29, to 

represent in the cellular images only the spectra similar to the SERS signal of the corresponding 

nanoparticles.  

SERS imaging of spheroids. SERS mapping of spheroids involved placing individual spheroids 

inside a home-made holder,31 on top of a small drop of dental glue to fix the spheroid position.  

SERS mapping along xz was performed in a Renishaw Raman microscope (inVia Reflex, Renishaw, 

Wotton-under-Edge, U.K.). An area of 800 × 430 μm2 was imaged with 0.7 s integration time, 

12.08 mW laser power at the surface and a step size of 6 μm and 10 μm in x and z directions, 

respectively. 
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Additional SERS measurements of the spheroids were performed with a WITec confocal Raman 

microscope (Alpha300R, WITec GmbH, Ulm, Germany) equipped with a −60 °C Peltier-cooled 

CCD detector (1024 × 128 pixel2 chip), using a 785 nm laser excitation source (maximum output 

83 mW) and a 300 lines/mm diffraction grating. The center of scattered wavenumber was set to 

1450 cm−1, and the signal was recorded using a N-achroplan 20× dip-in water immersion objective 

(NA = 0.5; Zeiss, Jena, Germany). For the measurement of the outer edge of a live spheroid, a 

volume of 84 × 84 × 70 μm3 was imaged with a 5 mW laser power, 0.01 s integration time, and 

step size of 2 μm in xy and 5 μm in z directions. For the transversal cut, an area of 360 × 560 μm2 

was imaged with a 10 mW laser power, 0.1 s integration time, and step size of 5 μm. For post-

incubated spheroids a volume of 400 × 380 × 150 μm3 containing a quarter of the spheroid, was 

imaged with a 10 mW laser power, 0.1 s integration time, and step size of 5 μm in xy and 10 μm 

in z. For the measurement of the spheroid slice, an area of 635 × 875 μm2 was imaged with a 10 

mW laser power, 0.1 s integration time, and step size of 5 μm. Prior to data analysis, SERS spectra 

were pretreated by cosmic ray removal and background subtraction (Shape 100), both 

implemented in the Project FIVE plus software (WITec, Um, Germany). To identify the known 

Raman reporter spectrum, the TrueComponent tool, also embedded in the same software 

package, was applied. 

Ex-vivo sample preparation. A mouse brain was extracted from a cadaveric specimen provided 

by our animal facility (no animals were expressly used for this study) and casted in a falcon tube 

with 15mL of agarose solution (1.6% w/v). Then, 5µL of IOAuNS@2-NAT@DY633, cells 

incubated with IOAuNS@2-NAT@DY633 and PBS were injected in the tissue with the help of a 

stereotaxic frame and a Hamilton syringe. After MRI imaging studies, the brain was extracted from 

the agarose, and then it was immersed in formalin 10% overnight and posteriorly in sucrose (30%) 

in PBS solution for two days, for fixation and cryopreservation of the tissue. Finally, the brain was 

frozen and kept at -80ºC until posterior use. 

SERS imaging of brain slices. SERS imaging of brain histology slices was carried out on top of a 

quartz slide. SERS measurements were performed with a confocal Raman microscope (Alpha300R, 

WITec GmbH, Ulm, Germany) equipped with a −60 °C Peltier-cooled CCD detector (1024 × 128 

pixel2 chip), using a 785 nm laser excitation source (maximum output 83 mW) and a 300 lines/mm 

diffraction grating. The center of scattered wavenumber was set to 1450 cm−1, and the signal was 

recorded using a 20× objective (NA = 0.4; Nikon Corporation, Tokyo, Japan). For SERS 

measurements of brain samples, two areas of 680 × 250 μm2 and 350 × 350 μm2 were imaged 

with a 5 mW laser power, 0.05 s integration time, and step size of 3 μm. Prior to data analysis, 

SERS spectra were pre-treated by cosmic ray removal and background subtraction (Shape 100), 

both implemented in the Project FIVE plus software (WITec, Um, Germany). To identify the known 

Raman reporter spectrum, the TrueComponent tool, also embedded in the same software 

package, was applied. 

Confocal fluorescence microscopy. Fluorescence images of biological samples were obtained 

with a Zeiss 880 confocal microscope. To image whole spheroids, the sample was immobilized in 
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a 0.5 cm silicon well printed on a coverslip (total volume ca. 50 μL), with a 1 cm circular glass 

cover slip placed on top to avoid evaporation. TAMRA- and Dy633-containing IOAuNSs were 

imaged using 561 and 633 nm laser sources, with detectors set to ca. 595 ± 25 nm and 680 ± 25 

nm, respectively. A Plan-apochromat x10 objective (NA = 0.45, Zeiss) was used to obtain z-stacks 

of ca. 200 μm. A 3-pixel mean filter was applied prior to obtaining Maximum Intensity Projections 

(MIP). 2D images of co-cultured HDF and MCF7 cells, pre-incubated with IOAuNS@4-

BPT@TAMRA and IOAuNS@2-NAT@DY633, respectively, were also obtained using a Plan-

apochromat x20 objective (NA = 0.8, Zeiss) and 405, 488, 561, and 633 laser excitation sources. 

For brain imaging, slices were cut using a cryotome and collected on quartz slides. A Plan-

apochromat x10 objective (NA = 0.45, Zeiss) was used with 633 nm excitation. The tile-feature 

of the ZEN software what used to produce an overview of the whole brain slice.  

MRI Phantom imaging. Agar was solved in hot water (15 mL, 1.6% w/v), placed in a plastic mold 

and left to solidify at room temperature. Once hardened, 32 wells of 2 mm of diameter were 

drilled in the gel. To have a perfectly flat bottom in each well, 20 μL of 0.4% agar solution was 

pipetted into the base of each well and left to solidify. Then, 50 L of the desired sample was 

deposited in each well and completely covered with 0.9% agar solution. A scheme of the 

phantoms containing the distribution of the holes and the concentrations of the samples is shown 

for cells in Figure 2.35A and for spheroids in Figure 2.35B. 

 

Figure 2.35. Scheme of the phantom model and distribution of samples and controls used in the 

phantom model for MRI measurements on 2D (A) and 3D (B) cell models. 

 



112 

 

MRI imaging of brain slices. The brain images were performed in a 11.7 T horizontal bore 

Bruker Biospec 117/16 USR scanner (Bruker Biospin, Ettlingen, Germany).  

Biological TEM Cells and spheroids were prepared for TEM imaging by first fixing the sample 

with 2% formaldehyde / 2.5% glutaraldehyde in Sorensen’s buffer, followed by OsO4 

fixation/staining and dehydration in an ethanol series. Finally, samples were embedded in Spurr’s 

resin, followed by cutting 100 nm thick slices using an ultramicrotome.  
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3.1 Introduction 

We have described in Chapter II the synthesis of hybrid magnetic-plasmonic nanoparticles –

consisting of a multicore iron oxide core covered by a plasmonic spiky gold shell – for their use in 

multimodal bioimaging applications. We have shown that the dimensions and branching degree of 

the tips can be varied through the density of AuNP seeds and the amount of gold precursor used 

for tip growth. 

In the present Chapter III, we have used the same protocol for the synthesis of hybrid NPs, but 

further optimization was implemented to pay special attention to their potential use as sensitizers 

for photothermal therapy (PTT). Photothermal therapy (PTT) has emerged as an efficient 

therapeutic tool that allows localized cancer treatment by means of a controlled and targeted 

heating of malignant cells1. PTT is based on the capacity of NPs to convert light energy into heat, 

thereby inducing a local increase of temperature. The photothermal effect induced upon laser 

irradiation is an interesting method to produce local and rapid  temperature increments in a 

controlled manner2. The ultimate goal is the generation of a local increase of temperature above 

42º C, which would result in the selective destruction of cancer cells while avoiding damage to 

healthy tissue3. 

Noble metal nanoparticles, which present unique optical properties such as strong LSPR 

absorption in the NIR, can be used as photosensitisers4. In particular, AuNPs have shown their 

potential as promising heating agents because they are highly efficient at light to heat conversion. 

By irradiating AuNPs with a laser, which emits a coherent and focused beam of photons at a 

specific wavelength, a rapid non-equilibrium heating process takes place which starts with an 

excitation of free electrons on the metallic NPs5. Electrons subsequently jump into an excited 

energy state, followed by a relaxation process comprising electron-electron scattering, which 

ultimately leads to an increase of temperature on the surface. One of the processes used to 

stabilize and decrease the temperature back to equilibrium consists of phonon-phonon 

interactions with the surrounding medium. Such phonon-phonon interactions dissipate heat 

across a particle-medium interface, until the NPs return to their initial surface temperature6.  

The photothermal efficiency of NPs as photosensitisers strongly depends on the morphology and 

size of the particles7. In terms of efficiency, it is preferable that AuNPs present low scattering and 

strong absorption at the emission wavelength of the laser used for irradiation8. Thus, the size- and 

shape-dependent spectral tuning of AuNPs allows one to select the most suitable morphology for 

the desired laser wavelength9, typically using anisotropic AuNPs that maximally absorb NIR light 

(650-1350 nm)10,11. This wavelength range is particularly interesting for PTT due to the 

transparency of tissues such as the dermis and underlying hypodermis, which represent the first 

barrier for light penetration upon application of externally applied light sources (see Figure 3.1) 

Indeed, the limit of penetration has been shown to be directly related to the incident light 

wavelength, therefore efforts to maximise this should always be taken into account for light to 

penetrate tissues and reach the NPs12.  
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Figure 3.1. Scheme showing the different penetration depth through the skin, for light with 
different wavelengths. 

In this Chapter, we further optimized the synthesis of IOAuNSs with different core size and gold 

coverage, and characterized their efficiency as nanoheaters for PTT, using both 2D and 3D cell 

models. The photothermal heating (PTH) experiments that are described in this chapter were 

mainly performed during a short research (5 weeks) stay at the Macromolecules and Microsystems 

in Biology and Medicine (MMBM) group, within the Institut Pierre Gilles de Gennes (IPGG, Paris), 

under the supervision of Dr. Claire Wilhelm. During this secondment I investigated and 

characterized the photothermal properties of IOAuNSs, while also developing 2D and 3D cellular 

models for PTH.  

3.2 Optimization of hybrid nanoparticles for hyperthermia 

3.2.1 Iron oxide nanoparticles: Influence of water on particle size 

Through experimental variation of the synthetic process, we observed that the IONP diameter, 

and the size of IO crystallites making up the core, can be tuned by varying the amount of water 

in the solvothermal process employed for the formation of multicore NPs. According to literature, 

the effect of water on the resulting IONP size is related to the hydrolysis of the iron precursors, 

with smaller particles being obtained when the hydrolysis process is faster because the solvent 

becomes less viscous13. Hydrolysis is the first step in IONP synthesis, generally using polyethylene 

glycol as the reaction medium, so that its highly viscous nature controls the hydrolysis rate. 

Therefore, addition of water to alter the solvent viscosity can ultimately be used to control the 

reaction rate. Thus, we studied the effect of increasing amounts of water on the morphology and 

size of the obtained IONPs. The effect of varying the amount of water from 200 μL to 5 mL while 
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maintaining constant the volume of ethylene glycol (36.3 mL) is summarised in Figure 3.2. We 

observed that, upon addition of small volumes of water, large particles made of small crystallites 

were obtained, whereas increasing volumes of water resulted in a decrease of the total diameter 

of the IONPs but the size for the crystallites increased. When adding volumes above 1.5 mL, the 

NPs appeared to be formed of single crystallites that did not aggregate. One important factor that 

was not varied in these experiments was the reaction time, which may play a role in the 

aggregation of crystallites. We observed that, when the amount of water was higher than 1 mL, a 

high proportion of isolated crystallites were found in the TEM images of the samples. In this case, 

by increasing the reaction time and employing high temperatures, complete aggregation of the 

cores could be observed. Nevertheless, such isolated crystallites could be easily removed by 

washing cycles using magnetic separation of larger particles, which were more strongly attracted 

to the magnet in comparison to the smaller ones. 

 

Figure 3.2. TEM images of IONPs with different sizes, obtained by varying the amount of water 

in the reaction solvent. 

Among the different sizes obtained (see Figure 3.2), IONPs of 102.2 ± 12.8 nm (herein termed 

NP “A”), and IONPs of 76.1 ± 10.9 nm (herein termed NP “B”), were chosen for further study due 

their better reproducibility. The TEM and optical characterisation of these IONPs is shown in 

Figure 3.3. In the previous chapter we have shown that 5 nm crystallites were measured when 
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synthesizing IONPs with no water in the reaction medium. We observed that, when adding water, 

the total diameter of the IONPs decreased but the size of the crystallites increased. High 

magnification TEM images of single NPs are shown in Figure 3.3.3, from which crystallites of 15.3 

± 4.2 nm were measured. 

 

Figure 3.3. TEM images and normalized UV-Vis-NIR spectra (400 nm) of (A) 102.2 ± 12.8 nm 

IONPs and (B) 76.1 ± 10.9 IONPs. 

3.2.2 Decoration of iron oxide nanoparticles with gold nanoparticles 

Following the same strategy as in Chapter II, the IONPs were decorated with AuNPs at different 

concentrations. As already demonstrated in Chapter II, 4 nm and 15 nm AuNPs can be used for 

IONPs decoration. However, a higher number of AuNPs were adsorbed onto the IONPs surface 

when using smaller AuNPs. Thus, 4 nm AuNPs were used for these experiments due to their high 

level of adsorption and their easy and quick synthesis14. The concentration of Fe was fixed for all 

the samples and a decreasing concentration of AuNPs was added (herein termed series 1-3) to 

obtain IONPs decorated with a decreasing AuNP density on the surface. 

The obtained IOAuNPs were characterized using TEM and UV-vis spectroscopy. A decreasing 

density of AuNPs is clearly visible in TEM images, from IONPs A1/B1 to A3/B3 (Figure 3.4). The 

UV-vis spectra show the characteristic shoulder at ca. 530 nm corresponding to the 4 nm AuNPs 

attached to the IONP surface. 
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Figure 3.4. TEM images and normalized (400 nm) UV-Vis-NIR spectra of IONPs decorated with 

AuNPs. The highest concentrations of AuNPs were found for A.1 and B.1 and the density 

decreased from A.1 to A.2 to A.3 and from B.1 to B.2 to B.3. The [Au]/[Fe] ratios for the NPs 

were measured by ICP, as A.1 = 0.25, A.2 = 0.20, A.3 = 0.14, B.1 = 0.35, B.2 = 0.28, B.3 = 0.18. 

Scale bars correspond to 100 nm. 

Because an excess of AuNPs were added to a fixed Fe concentration of IONPS (as opposed to a 

fixed NP concentration), and that the “B” IONPs, although smaller than the “A” IONPs, had an 

overall larger surface area, a higher [Au]/[Fe] ratio was observed. 

3.2.3 Synthesis of hybrid iron oxide-gold nanostars 

The synthesized IOAuNPs (A.1, A.2, A.3, B.1, B.2 and B.3) were used as seeds for subsequent 

gold overgrowth. The reaction was carried out as previously described in Chapter II. To calculate 

the amount of IOAuNPs required for tip growth, the concentration of Au in samples A.1, A.2 and 

A.3, and B.1, B.2 and B.3 was measured by ICP-MS. The conditions for the tip growth reaction 

were then calculated for a fixed [Au] = 0.3 mM measured directly from IOAuNPs (A.1, A.2, A.3, 

B.1, B.2 and B.3 in Figure 3.5). Thus, to maintain the same amount of gold it is necessary then to 

modify the number of IOAuNPs in the reaction mixture. Therefore, the concentration of Fe 

increases from A.1 to A.3 and from B.1 to B.3.  As the amount of IOAuNPs (used as seeds) is 

higher the resulting NPs were smaller. So, two approaches were used to decrease the size of the 

particles:  firstly, the thickness of the spiky gold shell was varied, as in Chapter II, by using IONPs 

decorated with a lower density of gold NPs because of the decreasing [Au]/[Fe] ratio (less gold 

per iron particle). Second, by using smaller IONPs as cores (IOAuNSs obtained from IONPs A are 

bigger than those obtained from IONPs B). A schematic representation of the synthesized NPs 
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and the characterization of the obtained IOAuNSs is shown in Figure 3.5, while the TEM and UV-

vis characterization of the final IOAuNSs is shown in Figure 3.6. Details are provided in the 

Experimental section. 

 

 

Figure 3.5. Schematic representation of different steps in the synthesis of IOAuNSs with 

different cores and final sizes. 

We recorded the UV-Vis spectra of the different NPs and observed that, for the smallest stars 

(SB.2 and SB.3 in Figure 3.6), the spectra showed a slight red-shift and a sharper band in 

comparison with larger IOAuNSs. This effect was expected to be beneficial from the point of view 

of the efficiency of the NPs for their performance in photothermal heating because the 

absorbance maximum is closer to the laser wavelength used, i.e. 808 nm 15. The final sizes of the 

IOAuNSs were measured using TEM images, obtaining the following average diameters (from tip 

to tip): SA.1 = 396 ± 23.7 nm, SA.2 = 302 ± 17.1 nm, SA.3 = 220 ± 21.4 nm, SB.1 = 370 ± 21.7 

nm, SB.2 = 210 ± 19.9 nm and SB.3 = 194 ± 18.3 nm. 
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Figure 3.6. TEM images and normalized (at 400 nm) UV-Vis-NIR spectra of the obtained IOAuNSs. 

The spectra were normalized at 400 nm because there is a minimum in the absorbance of 

IOAuNSs at this wavelength and above 400 nm the absorbance is increasingly influenced by the 

LSPR. The final gold concentration in IOAuNSs was analysed by ICP-MS and the resulting 

[Au]/[Fe] ratios were: SA.1 = 11.6, SA.2 = 9.3, SA.3 = 7.8, SB.1 = 12.5, SB.2 = 10.6 and SB.3 = 

7.6. Scale bars correspond to 200 nm.  

In conclusion, the size of IOAuNSs could be decreased by decreasing the concentration of AuNPs 

used as nucleation points for gold overgrowth and by decreasing the size of the iron oxide cores 

with the aim of obtaining smaller stars that displayed optimal properties for photothermal 

applications. 

3.3 Photothermal characterization 

To compare the properties of the different NPs as nanoheaters, first a standard photothermal 

characterization of IOAuNSs in solution was performed. We first studied the effect of changing 

the IOAuNSs concentration whilst using a fixed power density. Aliquots of 50 μL from the 

IOAuNSs dispersion at different particle concentrations, that ranged from [Au] = 0.1 to 2mM, 

were placed in Eppendorf tubes (0.5 mL) and subsequently irradiated using an 808 nm single 

mode laser for 5 min, with a power density of 1 W/cm2. The temperature increments were 

registered using a thermal camera focused on the region of interest (ROI); the temperature was 

first registered and then the corresponding temperature increment was calculated by subtracting 

the initial temperature (time = 0) from the final temperature (time = 5 min). A schematic 

representation of the set-up is shown in Figure 3.7. 



127 

 

 

 

 

Figure 3.7. Schematic representation of the photothermal setup. The camera is located at one 

side and the samples are irradiated from the top. During irradiation, the temperature of the 

IOAuNSs solution is measured using a thermal camera and registered using a software (FLIR 

ResearchIR Standard Software)  

The optical density at the irradiation wavelength (808 nm) at the used concentrations was 

measured using a UV-Vis spectrometer and the results are shown in Figure 3.8. For the IOAuNSs 

with smaller sizes (SA.3 and SB.3) the optical density at the given concentrations is higher. Thus, 

it will be expected to obtain higher increments of temperature for theses IOAuNSs.  
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Figure 3.8 Optical density at 808 nm for the IOAuNSs at the concentrations used for the 

photothermal characterization of the NPs in solution. 

As can be observed in Figure 3.9, all IOAuNSs showed concentration-dependent heating upon 

laser irradiation, with a clear trend of higher overall changes in temperature observed for 

decreasing IOAuNSs size. Of note, to conduct these experiments the Au concentration was fixed 

(and not the Fe or NP concentration), and therefore with decreasing IOAuNSs size, there was an 

increase in the IO component of the NP. This suggests that the IO component may also play a 

role in the heating properties, albeit not as strong as the Au component.   
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Figure 3.9. Average temperature change (ΔT, in °C) of IOAuNSs in solution. Different 

concentrations of IOAuNSs, ranging from [Au] = 0.1 to 2 mM, were irradiated for 5 min at 1 

W/cm2. 

The increase of temperature achieved at this power density (1 W/cm2) was not very high at 

relatively low concentrations. Only with the highest concentration ([Au] = 2 mM) temperature 

increments above 10-15 ºC were achieved. Thus, we decided to repeat the irradiation at all 

concentrations but increasing the power density from 1 to 2.5 W/cm2. As expected, the overall 

changes in temperature were considerably higher at all concentrations studied (Figure 3.10). We 

thus investigated the photothermal effect of the IOAuNSs in a cellular environment. We chose a 

human glioblastoma cell line (U87) for photothermal characterization. The cells were first 

incubated at a fixed concentration ([Au] = 0.1 mM) of IOAuNPs for 24 h. Subsequently, the cells 

were recovered, and their volume adjusted to 50 μL, to match previous PTH experiments. This 

cell pellet represented the most concentrated stock solution (the concentration of which was 

measured using ICP-MS) and successive dilutions were made to obtain different points 

representing the different cell+IOAuNPs concentrations. In addition, the specific absorption rate 

was calculated as previously reported16 for IOAuNSs and cells+IOAuNSs (Figure 3.10). 
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Figure 3.10. Average temperature change (ΔT, in °C), and specific absorption rate (SAR) for 

IOAuNSs in solution (color line) and in cells incubated with IOAuNSs (black line). A fixed laser 

power density of 2.5 W/cm2
 was used throughout. Triplicates were done for the IOAuNSs in 

solution whereas cells+IOAuNSs were measured once at each concentration.  

We observed that the heating profiles, overall temperature change, and SAR values were similar 

for IOAuNSs in solution and internalized in U87 cells. According to the literature, at a fixed NP 

concentration, the capacity of the NPs to heat when aggregated inside cells is higher than in 

solution16–18. Indeed, from Figure 3.10 it appears that this is the case at the highest concentration 

tested, but at lower concentrations IOAuNSs in solution heat more than in cells. The variation in 

results between IOAuNS types, concentrations, and conditions (solution vs cell) may be due to 

experimental inaccuracies during the dilution of cell+IOAuNSs samples, because mistakes would 

have been carried over during sequential dilutions, from one concentration to the next. 

Nevertheless, the photothermal characterization of IOAuNSs in both conditions allowed us to 
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check the heating capacity of the NPs and this information was considered to estimate the 

concentrations that would be needed for the application for PTH in other cellular models.  

Regarding the results, as can be seen in Figure 3.11 and Table 3.1 the differences between various 

particles are not remarkable. Notwithstanding, a tendency could be appreciated, and the results 

demonstrate that bigger particles had a lower heating capacity than smaller ones, likely due to 

their red shifted absorption maxima, which matched better the laser wavelength, making them 

more efficiently light absorbers, although the better heating efficiency could also be due to the 

higher concentration of IONPs. At the same concentration of Au, smaller IOAuNSs contain more 

IONPs that would contribute to the total heating. 

Thus, in the series SA, comprising the bigger cores, particles SA.1 can heat less than SA.2 and the 

heating capacity is further increased for SA.3. Likewise, for series SB, which showed the same 

trend, a higher increase of temperature in solution was achieved when decreasing the gold 

coverage and thus the total size of the NP. If we compare particles with different core sizes that 

were synthesized using the same amount of HAuCl4 for tip growth, such as SA.1 and SB.1, SA.2 

with SB.2 and SA.3 with SB.3, the results again suggest that particles with smaller cores and 

thinner Au coverage, leading to IOAuNSs with a smaller total diameter, showed a better 

performance for photothermal heating. 

 

Figure 3.11. Average temperature increment (ΔT, in °C) upon irradiation for 5 min at 2.5 W/cm2
 

of IOAuNS in solution at different concentrations. 
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Table 3.1. Average temperature elevation (ΔT, in °C) for PTH at 1 and 2.5 W/cm2 in solution at 

different concentrations of IOAuNSs. 

 

To check the role of the IO core in the overall heating, an additional experiment using IONPs A 

and B was carried out as control. The IONPs were irradiated under the same laser conditions as 

the IOAuNSs, using a Fe concentration 3-5 times higher ([Fe] = 0.5 mM) than that estimated to 

be present in the IOAuNSs ([Fe] = 0.1-0.2 mM). The results showed that, even at high 

concentrations, the iron oxide cores had a lower heating efficiency, with an average increase in 

temperature of 12 °C (Figure 3.12). Additionally, there were no differences in the heating capacity 

of the cores depending on their size. Considering that the iron concentration in IOAuNSs is much 

lower than the Fe concentration used in these controls, we can confirm that the cores are hardly 

affecting or contributing to the total heating. 

 

Figure 3.12. Average temperature elevation (ΔT, in °C) upon irradiation during 5 min at 2.5 W/cm2
 

in solution for water and both IONPs that were used as cores for the IOAuNSs. These samples 

were used as controls for the experiments. 

From these findings we can conclude that all IOAuNSs tested have a great capacity to heat in 

solution, and that no significant differences between the different IOAuNSs were found for their 
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capability to heat in solution. Upon addition to cells, similar heating trends were observed, reaching 

a sufficiently high temperature that would cause hyperthermia in PTT applications. 

With the aim to better understand the heating mechanism of IOAuNSs, and how the properties 

and the morphology of the particles affect the heating efficiency, we prepared various additional 

control samples. The first control consisted of a polystyrene bead (PS-bead) covered by a spiky 

gold shell that was synthesized using the same conditions as those for IOAuNSs. Thus, PS-Beads 

(D=200 nm) were first decorated with 4 nm AuNPs. For the attachment of AuNPs on the PS 

surface, a layer-by-layer assembly procedure was applied using polyelectrolytes (PE) with opposite 

charges, the details of which are fully explained in the Experimental section. Citrate coated 

(negatively charged) AuNPs, were added to PS-beads with an outer positively charged layer of 

Polyallylamine Hydrochloride (PAA(+)), which promoted their decoration by electrostatic 

attraction. Subsequently, the previously described procedure was used to grow Au tips from 

AuNPs adhered to the PS bead (resulting in PSAuNSs). A scheme of the procedure can be seen in 

Figure 3.13A. PSAuNSs were characterized using TEM and elemental analysis (EDX) of Au and 

Carbon (C), to confirm the core-shell distribution of PS and Au components (Figure 3.13B).  

 

Figure 3.13. (A) Schematic illustration of the synthesis of PSAuNSs. (B) Dark field TEM image and 

EDX analysis of Au (red) and C (green) confirming that both elements are present in PSAuNSs and 

Au is located at the external (spiky) shell. 

From TEM/EDX images we confirmed the expected distribution of both elements (high C-content 

PS core surrounding by Au shell and tips), and the overall size (364 ± 24.6 nm) which was found 

to be similar to SA.1 IOAuNs. We then irradiated PSAuNSs using the same laser parameters and 

the same Au concentration as those in the experiments with IOAuNSs. The results show that both 

PSAuNS and SA.1 IOAuNSs have very similar maximum heating at all the analysed concentrations, 

confirming that the core is not affecting nor contributing to the total heating by the hybrid 

nanoparticles (Figure 3.14). A further non-Au containing control (PS-beads alone) was also 

irradiated at the same PS-bead concentration used for the PSAuNSs, observing no significant 

temperature increase (3.1 ± 0.3 °C, similar to pure water). 
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Figure 3.14. TEM images of SA.1 IOAuNSs and PSAuNSs and comparison of the average 

temperature change (ΔT, in °C) upon irradiation in solution for 5 min at 2.5 W/cm2.  

To further verify that heating was due to the Au component, a further non-IO containing AuNSs 

control, of similar size to IOAuNSs, was synthesized. AuNSs measured 230.6 ± 20.1 nm in 

diameter, similar to SA.3 IOAuNSs. Considering that we previously observed that the heating of 

IOAuNSs was due to the gold shell (because the iron core alone did not heat significantly even at 

higher concentrations than those found in IOAuNSs), we measured the heating profiles for AuNSs 

with a solid gold core. For a proper comparison between AuNSs and IOAuNSs, we fixed NP 

concentration as opposed to Au concentration, The results showed that AuNSs and similarly sized 

IOAuNSs were able to heat up to similar temperatures (15.7 ± 2.1 °C vs 13.2 ± 1.6 °C; Figure 

3.15). The combination of all these results suggests that the photothermal conversion of light into 

heat that occurs when irradiating the NPs with a laser is a surface effect that is not affected by 

the core, regardless of the material comprising the core. 

 

Figure 3.15. TEM images of AuNSs and SA.3 IOAuNSs and the comparison of the average 

temperature change (ΔT, in °C) upon irradiation at 1 W/cm2
 in solution. 

3.4 Hyperthermia in 2D cell cultures 

Up to this point, we have shown that all NPs tested show a significant heating efficiency, both in 

solution and after internalization in cells. However, conducting PTH with a cell pellet is not a 

realistic biological model, and therefore we studied PTH in adherent cells, grown in the traditional 

96-well plate format. We followed the same laser set-up as shown in Figure 3.7, changing the 



135 

 

Eppendorf tube for a 96-well plate containing the samples. We used the results obtained for the 

increase of temperature at different concentrations (Figure 3.10) as a guide to decide which 

IOAuNSs concentration to apply. Again, U87 cells were used, initially adding SB.3 at low 

concentrations (<1 mM). The cell viability was measured using the AlamarBlue assay, which is 

based on the natural reducing power of living cells to convert resazurin (blue) to fluorescent 

resorufin (pink). As observed in Figure 3.16A, upon irradiation with a power density of 1 W/cm2 

for 5 min, no significant changes in cell viability were observed. We thus decided to increase the 

power density to 2 W/cm2 while maintaining the same IOAuNSs concentrations. As can be 

observed in Figure 3.16B, cell viability reaches almost zero (100% cytotoxicity) when using the 

highest IOAuNSs concentration of 0.8 mM. From these experiments we deduced the optimal 

conditions for irradiation in cells, the incubation of U87 cells with IOAuNSs at 0.4 mM for 24 h 

results in an increase of temperature that is high enough to kill 75-80% of cells. We then chose 

to perform a comparative study between all the different IOAuNSs (SA.1, SA.2, SA.3, SB.1, SB.2 

and SB.3). U87 cells were incubated overnight with 0.4 mM of each IOAuNS sample, followed by 

irradiation at 2 W/cm2 using the same laser setup as previously described. The results confirmed 

the same tendency of smaller NPs showing higher overall changes in temperature and thus 

cytotoxicity (Figure 3.16C). It should be considered that the concentration in cells is lower than 

the one added for incubation because not all the NP are internalized in the cells during the 

incubation. To check the real concentration, ICP-MS was required but it was not possible to use 

it in this occasion. 
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Figure 3.16. Cell death (%) calculated using AlamarBlue cell viability reagent after heating in a 

cellular environment. U87 cells were incubated with IOAuNPs SB.3 at increasing concentrations 

([Au] = 0.05-0.8 mM), then the cells were irradiated for 5 min at (A) 1 W/cm2 and (B) 2 W/cm2. 

(C) U87 cells were incubated with different IOAuNSs at [Au] = 0.4 mM, followed by irradiation at 

2 W/cm2 for 5 min. All the irradiations were performed in a 96-well plate containing 100 µL/well. 

Controls were incubated at the same conditions, but laser irradiation was not applied. For all the 

experiments, an 808 nm laser was used. 

3.5 Hyperthermia in 3D cell spheroids 

We subsequently studied the ability to apply PTH to 3D cell models. Under certain growth 

conditions, U87 cells spontaneously form cell aggregates, also termed spheroids, which serve as 

miniaturized 3D models for high-throughput testing. In this study, we formed spheroids using 

micro-moulds in 96-well plates which inhibit cell interactions with the underlying surface, thus 

promoting cell-cell adhesion and spheroid growth. U87 cells were incubated for 24 h with 

IOAuNSs SA.3 at [Au] = 0.1 mM in normal 2D cell growth substrates, and then transferred to 

micro-moulds to allow the growth of an array of spheroids in the same imaging plane. We selected 

IOAuNSs SA.3 because they showed the best performance for PTH, achieving the highest 

percentage of dead cells in 2D studies. After formation of the spheroids, the media was changed 

prior to irradiation experiments, to remove any NPs that may have been exocytosed from the 

cells. We applied different power densities ranging from 0.5 to 2 W/cm2. Our results suggest that 
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a gradual power-density-dependent cytotoxic effect can be achieved with maximal cell death 

occurring when using 2 W/cm2 (Figure 3.17). This is in aggement with the results obtained for 

cells in 2D and in solution. Thus, when increasing the concentration and/or the power density, 

the capacity to kill cells also increases. Besides, lower concentrations can be used when using 3D 

cell models in comparison with 2D models, being able to kill the cells in spheroids while using 

lower concentrations ([Au] = 0.1 mM) and lower power densities (1.5 W/cm2). 

 

Figure 3.17. Optical and live/dead images of spheroids pre-loaded with 0.1 mM of IOAuNSs SA.3 

and irradiated for 5 min at increasing power densities (from 0.5 to 2 W/cm2). The control 

corresponds to spheroids that were incubated with the IOAuNSs at the same concentration but 

were not irradiated (0 W/cm2). 

3.6 Conclusions  

We have developed biocompatible magneto-plasmonic nanohybrids composed of an IO multi-

core and Au shell with tunable plasmonic properties in the NIR region, as efficient nanoheaters 

for PTH. We have demonstrated that the size of the IO core was tunable through the amount of 

water in the solvothermal synthesis. Hence, a library of IOAuNSs particles with different Au shells 

were synthesized by decreasing the density of AuNPs on the surface (strategy developed and 

explained in Chapter II), and two different IO core sizes. IOAuNSs were characterized by UV-Vis, 

showing a red-shifting of the LSPR band with decreasing IOAuNSs size.  

A complete comparative study of the photothermal efficiency of NPs in solution and in 2D cell 

cultures was undertaken. We demonstrated the capacity of the formulation to generate heat 

through irradiation with a 808 nm laser. We compared particles with different morphologies and 

sizes, and we found that the heating capacity (expressed as SAR in W/g) increases when 
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decreasing the size of the NPs, either via decreasing the gold coverage or when decreasing the 

diameter of the iron core.  

Additionally, we have demonstrated that the iron core does not contribute to the total heating 

because the cores themselves, even when heated at higher Fe concentrations, do not heat 

significantly. An additional control to determine the relevance of the metal core was developed 

using PS beads. The PS beads were successfully covered with AuNPs and a gold shell was 

synthesized around the PS, demonstrating the versatility of the optimized method. The heating 

experiments comparing the PSAuNSs control (364 ± 24.6 nm) with the most similar IOAuNSs SA.1 

(396 ± 23.7 nm) showed that the iron core does not affect the heating properties of the gold shell. 

A further control using pure AuNSs was used to evaluate if the presence of a solid Au core can 

contribute to increasing the total heating. Thus, AuNSs measuring 230.6 ± 20.1 nm in diameter 

were synthesized and compared with SA.3 IOAuNSs (220 ± 21.4 nm). After adjusting the solutions 

to the same number of NPs, both particles showed essentially the same increase of temperature 

upon irradiation. We thus concluded that the heating of NPs is a surface/tip effect and that the 

core of the NP is not heating regardless of its material. 

With regards to the application of IOAuNSs in biological environments, we applied various 

concentrations of the different IOAuNSs to U87 cells and observed nearly zero cytotoxicity from 

the IOAuNSs at concentrations up to [Au] = 0.8 mM. Application of PTH through laser irradiation 

reduced the dose needed to inhibit 100% of cell activity (IC100) in 2D to [Au] = 0.4 mM when 

using power densities of 2 W/cm2 for 5 min. The results of calculating the heating efficiency (SAR) 

of the NPs internalized in cells resulted in similar values compared to those in solution. A 3D cell 

that consisting of arrays of spheroids made of cells pre-loaded with NPs were also successfully 

developed. Improved results were found for the efficiency of the NPs to kill the cells in 3D. In 

these models, we were able to reach an IC100 with a lower dose [Au] = 0.1 mM in comparison to 

the experiments in 2D and lower power density of 1.5-2 W/cm2 applied for a shorter time (3 min). 

3.7 Experimental Section 

3.7.1 Materials 

Ferric chloride hexahydrate (FeCl3·6H2O, ≥98% Sigma-Aldrich), poly(vinylpyrrolidone) (PVP360; 

Sigma-Aldrich), sodium acetate anhydrous (ReagentPlus ≥99.0% Sigma-Aldrich), ethylene glycol 

(ReagentPlus, ≥99% Sigma-Aldrich), absolute ethanol (CH3CH2OH, Sigma-Aldrich), hydrogen 

tetrachloroaurate trihydrate (HAuCl4·3H2O, ≥99.9% Sigma-Aldrich), sodium citrate tribasic 

dihydrate (≥98% Sigma-Aldrich), sodium borohydride (NaBH4, ReagentPlus, 99%, Sigma-Aldrich), 

silver nitrate (AgNO3, ≥99% Sigma-aldrich), L-ascorbic acid (AA, ≥99% Sigma-Aldrich), 

hydrochloric acid solution (HCl 37 wt% Panreac), byphenyl-4-thiol (4-BPT, 97% Sigma-Aldrich), 

chloroform (CHCl3, ≥99.8% Sigma-Aldrich), HS-PEG-COOH (Mw 3.000 Dalton, Iris Biotech), HS-

PEH (Mw 3.000 Dalton, Sigma-Aldrich), PS-beads (AJ20SO3, Ikerlat polymers), polyallylamine 

hydrochloride (Mw 50.000, Sigma-Aldrich) and poly (sodium-4-styrenesulfonate) (Mw 70.000, 

Sigma-Aldrich)  were prepared and used without further treatment. Milli-Q water was used for all 

the experiments.  
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3.7.2 Nanoparticle synthesis 

IONPs Synthesis. For the synthesis of 102.2 nm IONPs, 0.21 mmol of iron chloride hexahydrate 

was dissolved in 36.3 mL of ethylene glycol under stirring. Then, 516.6 μmol of PVP360 was 

slowly added to the solution under vigorous stirring and the solution was heated (< 100 ºC). When 

the reactants were completely dissolved, 5.2 mmol of sodium acetate was added to the solution. 

The mixture was placed in a Teflon autoclave and heated in a drying oven for 4 h at 200 ºC. 

Finally, the solution was cooled down and the particles were washed twice by centrifugation 

(9000 rpm, 20 min) with ethanol and one additional wash with milli-Q water. 

For the synthesis of 76.1 nm IONPs the procedure was the same but 1 mL of water was added 

to the ethylene glycol in the first step of the synthesis. 

IOAuNPs Synthesis. The protocol for the synthesis of IONPs decorated with AuNPs of chapter 

II was used to synthesize the IOAuNSs with both iron cores. Then, 4 nm seeds were attached at 

different concentrations by adding 25 mL of the AuNPs to 5 mL of dried IONPs (Table 3.2) 

Table 3.2. Concentration of AuNPs solution (25 mL) used for the fabrication of the IOAuNPs used 

as seeds for the tip’s growth 

[Au] of AuNPs solution Seeds for IOAuNSs 

0.1 mM A.1, B.1 

0.05 mM A.2, B2. 

0.02 mM A.3, B.3 

 

Then, spiky gold shells were grown using the protocol explained in chapter II for IOAuNSs-bII. 

Briefly, 10 μL of HAuCl4 (0.129 M) were added to 10mL of water, in a 20 mL glass vial. Then, 10 

μL of HCl 1M was added and immediately after, 35 μL of IOAuNSs at [Au]=0.3 mM of each 

IOAuNPs (A.1, A.2, A.3, B.1, B2, B.3) was incorporated as seeds. Then, 350 μL of AgNO3 3 mM 

and 50 μL of ascorbic acid 100 mM were simultaneously and quickly added to the solution. A fast 

change from brown to blue indicates IOAuNSs formation. Subsequently,30 μL HS-PEG-COOH 1 

mM was added to stabilize the final particles. The solution was stored at 4 ºC until further use. 

The designed mechanical stirrer was used during all the synthesis for mixing the reactants. 

Polyelectrolyte solutions. for the preparation of PAH (+) and PSS(-), 100 mL of a solution 2 

mg/mL of polyallylamine hydrochloride and poly (Sodium-4-styrenesulfonate) respectively in 0.5 

M NaCl was prepared. Then, using a buffer solution, the pH was adjusted to 6. 

PSAuNPs Synthesis. 50 μL of PS beads (10% solids) were solved in 500 μL of H2O. To remove 

the stabilizing agents the samples were washed twice by centrifugation (14000 rpm-30 min). 

Then, 500 µL of PE solution and 500 µL PS-Beads were added in a 1.5 mL Eppendorf under 
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sonication for 2 min, then the sample was placed in a shaker for 20 min. Then particles were 

recovered by centrifugation and washed twice with 1 mL of water (8500 rpm-25 min). This 

procedure was repeated three times (PAH/PSS/PAH) to prepare the beads for the adsorption of 

negatively charged AuNP. 4nm AuNP were synthesized as reported in the experimental section 

of Chapter II. 5 mL of 4nm AuNP [Au]=0.1 mM were added under sonication for 2 min and then, 

the Eppendorf was placed in a shaker for 20 min. The particles then were washed twice with 1 

mL of water and redispersed in 500 μL of water. The final gold concentration of PSAuNPs was 

analysed by ICP-MS.  

PSAuNSs Synthesis. Typically, 10 μL of HAuCl4  (0.129 M) were dissolved in 10mL of H2O in a 

20 mL glass vial. Then, 5 μL of HCl 1 M was added and immediately after, 35 μL of PSAuNPs was 

incorporated as seeds, the concentration of gold was [Au]=0.3 mM. Then, 350 μL of AgNO3 (3 

mM) and 50 μL of ascorbic acid (100 mM) were simultaneously and quickly added to the solution. 

A fast change from brown to blue indicates AuNS formation. Subsequently, 30 μL of HS-PEG-

COOH (1 M) was added to stabilize the final particles. The particles were washed twice by 

centrifugation (2000 rpm-10 min) and redispersed in water. The solution was stored at 4 ºC until 

further use. The final gold concentration of PSAuNS was analysed by ICP-MS. 

AuNSs Synthesis. A seed mediated procedure was used for the synthesis of AuNSs19. Thus, 15 

nm AuNPs were grown as AuNSs. 

-Synthesis of 15 nm AuNPs. 95 mL of 0.5 mM HAuCl4 was mixed under vigorous stirring and 

heated until boiling under vigorous stirring. Then 5 mL of 34 mM citrate solution was added. After 

15 min of boiling, the solution was cooled down and stored at 4 °C. The formation of Au seeds is 

evidenced by a change in the color solution form pale yellow to red. 

-Synthesis of 230 nm AuNSs. 15 nm AuNPs (50 μL, [Au] = 0.5 mM) were added to 10 mL of 

water containing HAuCl4 (50 μL, 50 mM) and HCl (10 μL, 1 M) followed by a simultaneous and 

fast addition of AgNO3 (30 μL, 10 mM) and AA (50 μL, 100 mM). After 30 seconds, 100 μL, of 

PEG-SH 0.1 mM was added as a stabilizer for the AuNSs. The sample was centrifuged twice (3500 

rpm, 30 min) and dispersed in water. The average diameter (230.6 ± 20.1 nm) was measured from 

TEM images.  

SERS encoding and coating with PMA. The SERS encoding and the PMA encapsulation of 

the IOAuNSs, PSAuNSs and AuNSs were done following the previously reported protocol (See 

experimental section Chapter II) 

3.7.3 Nanoparticles characterization 

NPs standard characterization. All NPs were characterized using TEM, ICP-MS, and UV-Vis. 

TEM images were collected with a JEOL JEM-1400PLUS transmission electron microscope 

operating at 120 kV, using carbon-coated 400 square mesh Cu grids. ICP-MS analysis was 

conducted using an ICP-MS Agilent 7500ce to determine the concentration of Au and Fe. Samples 

containing biological material (i.e. cells or spheroids) were digested in aqua regia during 48 h 
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followed by addition of H2O2 and continued heating until a clear and transparent solution was 

observed. The samples were cooled down to RT and subsequently measured. UV−vis optical 

extinction spectra were recorded using an Agilent 8453 UV−Vis diode array spectrophotometer, 

normalizing spectra at 400 nm. 

3.7.4 Photothermal heating experiments 

Photothermal heating in solution. Photothermal measurements of nanomaterials in aqueous 

dispersion were performed in Eppendorf tubes (0.5 mL) containing 50 µL of the sample. Each 

sample was irradiated for 5 min from the top with a single mode NIR laser (808 nm) coupled to an 

optic fibre (Laser Components SAS, France) at 1 or 2.5 W/cm2) and imaged with an infrared 

camera (FLIR SC7000) in order to measure the temperature increase. Triplicates were done for all 

the measurements for statistics. 

SAR calculation. SAR was calculated as reported in previously studies16  

The temperature elevation was measured as a function of time (dT/dt) at the initial linear slope (t 

= 30 s) to evaluate the heating effect in terms of SAR, power dissipation per unit mass of iron + 

gold (W/g). SAR was calculated using the following formula where mFe+Au is the total mass of 

iron and gold in the sample, mi is the nanoparticle element mass, and Ci the specific heat capacity 

of the component i: 

SAR = ∑ mi·Ci

mmFe+Au 

dT

dt
 

Since the mass of the heating element (IOAuNSs) is significantly lower than those of water (Cw = 

4.18 J g−1 K−1, Ccell = 4.125 J g−1 K−1), the initial equation can be written as: 

SAR = ∑ 
mw·Cw

mAu 

dT

dt
 

Cell preparation 2D. U-87 MG human glioblastoma cells (ATCC) were cultured in Dulbecco's 

Modified Eagle Medium (DMEM, Gibco) supplemented with 10% fetal bovine serum (Gibco) and 

1% penicillin-streptomycin (Gibco) and grown at 37 °C in a humidified incubator with 5% CO2. 

Then, the NPs resuspended in cell media were added at the desired concentration and left for 

incubation 24h. Afterwards, the media was changed to remove from the media the NPs that were 

not been internalized by the cells and fresh new media was added to the cells. 

Cell viability. The AlamarBlue metabolic assay (DAL1100, Invitrogen) was used to control the 

cell viability. Briefly, following the vendor’s protocol, AlamarBlue reagent was added to the 96-

well plate containing the cells, after an incubation time of 2 h, the fluorescence was recorded in a 

EnSpire Multimode Plate Reader (PerkinElmer), using a fluorescence excitation and emission 

wavelength of 570 and 585 nm, respectively. 
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Spheroids formation. U87 glioblastoma cells were incubated with SA.3 [Au] = 0.1mM following 

the same protocol than before. After 24 h incubation, the U87 glioblastoma cells were detached 

(trypsin) and counted. A 3D printed stamp with micropillars of 200 µm diameter and 200 µm in 

height was used to print molds into the wells of a 96-well plate containing 50 µL of 2% agarose 

(A0576, Sigma Aldrich) in PBS. The agarose was then left to solidify between one and two minutes 

and the stamp was removed, leaving an array of molds in the wells. The 96-well plate was then 

sterilized in UV light for 30 min before cell seeding (15000 cells per well) and centrifugation. Cells 

were allowed to mature for 48 h before photothermal irradiation. Imaging was performed on an 

EnSight Multimode Microplate Reader (Perkin Elmer), and ImageJ software was used for 

processing the acquired images and for fluorescence quantification. 

Photothermal heating in 2D. Photothermal measurements of cells incubated with NPs were 

performed in a 96-well-plate containing 100 µL of the solution of cells + NPs. Each sample was 

irradiated during 5 min from the top with a single mode NIR laser (808 nm) coupled to an optic 

fiber (Laser Components SAS, France) at 1 and 2 W/cm2. The cell viability was checked using 

AlamarBlue assay. As shown in Figure 3.18, triplicates were done for all the experiments and an 

empty well was left between samples to avoid that the laser arrives the adjacent well while 

irradiating. 

 

Figure 3.18. Schematic representation of the distribution of the samples and the controls in a 96-

well plate for the photothermal experiments in 2D. 

Photothermal heating in 3D. Photothermal measurements of 3D spheroids incubated with 

IOAuNSs were performed in a 96-well-plate containing the spheroids. Each sample was irradiated 

for 3 min from the top with a single mode NIR laser (808 nm) coupled to an optic fibre (Laser 

Components SAS, France) at power densities that ranged from 0.5 to 2 W/cm2. The viability of 

the spheroids was done using live/dead cell images. 

Live/dead staining and visualization. The Live/dead Cell Imaging Kit (R37601, Invitrogen) was 

used to check the cell viability in spheroids. Following the protocol, spheroids at day 3 of 

maturation were stained with Live Green/Dead Red staining solution in non-adherent dishes for 

2 h at 37 °C in a humidified incubator with 5% CO2. Then, the staining solution was removed and 

the spheroids were imaged using an Olympus IX81F-3 inverted microscope (Olympus) coupled 

with a laser dual spinning disc unit (Yokogawa CSU-X1) and an Andor iXonEM + CDD camera 

(Andor Technology), with a 10x objective. Images were processed using ImageJ. 



143 

 

References 

(1)  Hwang, S.; Nam, J.; Jung, S.; Song, J.; Doh, H.; Kim, S. Gold Nanoparticle-Mediated 

Photothermal Therapy: Current Status and Future Perspective. Nanomedicine 2014, 9 (13), 

2003–2022. https://doi.org/10.2217/nnm.14.147. 

(2)  Pissuwan, D.; Valenzuela, S. M.; Cortie, M. B. Therapeutic Possibilities of Plasmonically 

Heated Gold Nanoparticles. Trends Biotechnol. 2006, 24 (2), 62–67. 

https://doi.org/10.1016/j.tibtech.2005.12.004. 

(3)  Zou, L.; Wang, H.; He, B.; Zeng, L.; Tan, T.; Cao, H.; He, X.; Zhang, Z.; Guo, S.; Li, Y. Current 

Approaches of Photothermal Therapy in Treating Cancer Metastasis with 

Nanotherapeutics. Theranostics 2016, 6 (6), 762–772. 

https://doi.org/10.7150/thno.14988. 

(4)  Lv, Z.; He, S.; Wang, Y.; Zhu, X. Noble Metal Nanomaterials for NIR-Triggered 

Photothermal Therapy in Cancer. Adv. Healthc. Mater. 2021, 10 (6), 2001806. 

https://doi.org/10.1002/adhm.202001806. 

(5)  Link, S.; El-Sayed, M. A. Shape and Size Dependence of Radiative, Non-Radiative and 

Photothermal Properties of Gold Nanocrystals; 2000; Vol. 19. 

https://doi.org/10.1080/01442350050034180. 

(6)  Webb, J. A.; Bardhan, R. Emerging Advances in Nanomedicine with Engineered Gold 

Nanostructures. Nanoscale 2014, 6 (5), 2502–2530. 

https://doi.org/10.1039/c3nr05112a. 

(7)  Jimenez de Aberasturi, D.; Serrano-Montes, A. B.; Liz-Marzán, L. M. Modern Applications 

of Plasmonic Nanoparticles: From Energy to Health. Adv. Opt. Mater. 2015, 3 (5), 602–

617. https://doi.org/10.1002/adom.201500053. 

(8)  Khlebtsov, B.; Zharov, V.; Melnikov, A.; Tuchin, V.; Khlebtsov, N. Optical Amplification of 

Photothermal Therapy with Gold Nanoparticles and Nanoclusters. Nanotechnology 2006, 

17 (20), 5167–5179. https://doi.org/10.1088/0957-4484/17/20/022. 

(9)  Trigari, S.; Rindi, A.; Margheri, G.; Sottini, S.; Dellepiane, G.; Giorgetti, E. Synthesis and 

Modelling of Gold Nanostars with Tunable Morphology and Extinction Spectrum. J. Mater. 

Chem. 2011, 21 (18), 6531–6540. https://doi.org/10.1039/c0jm04519e. 

(10)  Tsai, M. F.; Chang, S. H. G.; Cheng, F. Y.; Shanmugam, V.; Cheng, Y. S.; Su, C. H.; Yeh, C. 

S. Au Nanorod Design as Light-Absorber in the First and Second Biological near-Infrared 

Windows for in Vivo Photothermal Therapy. ACS Nano 2013, 7 (6), 5330–5342. 

https://doi.org/10.1021/nn401187c. 

(11)  Morales-Dalmau, J.; Vilches, C.; De Miguel, I.; Sanz, V.; Quidant, R. Optimum Morphology 

of Gold Nanorods for Light-Induced Hyperthermia. Nanoscale 2018, 10 (5), 2632–2638. 

https://doi.org/10.1039/c7nr06825e. 

(12)  Yang, W.; Liang, H.; Ma, S.; Wang, D.; Huang, J. Gold Nanoparticle Based Photothermal 

Therapy: Development and Application for Effective Cancer Treatment. Sustain. Mater. 

Technol. 2019, 22, e00109. https://doi.org/10.1016/j.susmat.2019.e00109. 

(13)  Xiao, Z.; Zhang, Q.; Guo, X.; Villanova, J.; Hu, Y.; Külaots, I.; Garcia-Rojas, D.; Guo, W.; 



144 

 

Colvin, V. L. Libraries of Uniform Magnetic Multicore Nanoparticles with Tunable 

Dimensions for Biomedical and Photonic Applications. ACS Appl. Mater. Interfaces 2020, 

12 (37), 41932–41941. https://doi.org/10.1021/acsami.0c09778. 

(14)  Jana, N. R.; Gearheart, L.; Murphy, C. J. Seeding Growth for Size Control of 5-40 Nm 

Diameter Gold Nanoparticles. Langmuir 2001, 17 (22), 6782–6786. 

https://doi.org/10.1021/la0104323. 

(15)  Kim, M.; Lee, J. H.; Nam, J. M. Plasmonic Photothermal Nanoparticles for Biomedical 

Applications. Adv. Sci. 2019, 6 (17), 1900471. https://doi.org/10.1002/advs.201900471. 

(16)  Espinosa, A.; Kolosnjaj-Tabi, J.; Abou-Hassan, A.; Plan Sangnier, A.; Curcio, A.; Silva, A. K. 

A.; Di Corato, R.; Neveu, S.; Pellegrino, T.; Liz-Marzán, L. M.; Wilhelm, C. Magnetic 

(Hyper)Thermia or Photothermia? Progressive Comparison of Iron Oxide and Gold 

Nanoparticles Heating in Water, in Cells, and in Vivo. Adv. Funct. Mater. 2018, 28 (37), 

1803660. https://doi.org/10.1002/adfm.201803660. 

(17)  Espinosa, A.; Silva, A. K. A.; Sánchez-Iglesias, A.; Grzelczak, M.; Péchoux, C.; Desboeufs, K.; 

Liz-Marzán, L. M.; Wilhelm, C. Cancer Cell Internalization of Gold Nanostars Impacts Their 

Photothermal Efficiency In Vitro and In Vivo: Toward a Plasmonic Thermal Fingerprint in 

Tumoral Environment. Adv. Healthc. Mater. 2016, 5 (9), 1040–1048. 

https://doi.org/10.1002/adhm.201501035. 

(18)  Espinosa, A.; Reguera, J.; Curcio, A.; Muñoz-Noval, Á.; Kuttner, C.; Van de Walle, A.; Liz-

Marzán, L. M.; Wilhelm, C. Janus Magnetic-Plasmonic Nanoparticles for Magnetically 

Guided and Thermally Activated Cancer Therapy. Small 2020, 16 (11), 1904960. 

https://doi.org/10.1002/smll.201904960. 

(19)  Vanrompay, H.; Bladt, E.; Albrecht, W.; Béché, A.; Zakhozheva, M.; Sánchez-Iglesias, A.; 

Liz-Marzán, L. M.; Bals, S. 3D Characterization of Heat-Induced Morphological Changes of 

Au Nanostars by Fast: In Situ Electron Tomography. Nanoscale 2018, 10 (48), 22792–

22801. https://doi.org/10.1039/c8nr08376b. 

  

 



 



 

 

  



 

 

 

   Chapter IV 



  



149 

 

4. Synthesis of hybrid core-shell nanoparticles 

for hyperthermia  
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4.1 Introduction 

In this chapter, a novel approach to the synthesis of hybrid magnetic-plasmonic nanoparticles is 

presented. In Chapter II multicorecore IONPs were coated by a spiky gold shell to obtain hybrid 

IOAuNPs with magnetic and plasmonic properties, and eventually functionalized with RaR 

molecules and fluorescent dyes for multimodal bioimaging and photothermal heating. In the actual 

Chapter IV, we proposea different combination of the gold and iron oxide components with the 

objective of achieving optimal conditions for hyperthermia and improved magnetic properties for 

fast magnetic separation in solution. As explained in Chapter III, therapeutic hyperthermia 

conditions are reached at temperatures above 42 ºC. To obtain the best heating performance, 

ideally the maximum plasmon band position should be close to the incident light wavelength. 

However, even if IOAuNSs presented nice PTH performance, they showed broad plasmon bands 

without a well-defined maximum. Therefore, herein we have chosen AuNRs as cores for our 

hybrid system that in comparison with the IOAuNSs described in Chapter III, present sharper LSPR 

absorbance bands in the NIR, at wavelengths that can be tailored through their aspect ratio and 

can fit with the irradiation laser wavelength at 808 nm1,2. Moreover, AuNRs have been already 

reported to show excellent PTH performance with high biocompatibility3. Therefore, the aim of 

this chapter is to improve the light-to-heat conversion for PTH, trying to optimize and improve 

the performance of the hybrid systems by reducing either the concentration of NPs or the applied 

power density. 

On the other hand, magnetic separation is an effective method for the sensitive and reliable 

capture of specific biomolecules. This technique, which consists of the use of a magnetic gradient 

to separate, sort and/or label cells, proteins and other molecules4–6, has been widely used for 

water purification, sensing and biological analysis7,8. The process involves two-steps, first labelling 

the chosen biological entity with a magnetic material and then, separation of these targeted 

moieties using magnets. In this novel system, IONPs were grown by a thermal decomposition 

process on the outer part of the hybrid NPs, thereby achieving a high magnetic response. Indeed, 

successive thermal decomposition steps allowed us to increase the density and size of the 

obtained IONPs. Therefore, magnetic shells with improved magnetic response, in comparison with 

IOAuNSs, were obtained, which can be used for fast magnetic separation of specific molecules or 

malignant cells such as circulating tumour cells.  

Specifically, for the fabrication of these hybrid structures we first synthesized AuNRs by means 

of a seeded-growth method,9 which would serve as the cores for hybrid NPs. The AuNRs were 

subsequently covered with mesoporous silica,10 which provided stability and silanol groups at the 

outer surface that could be used for further functionalization. Then, the magnetic component was 

deposited by directly growing IONPs onto the silica shells, using thermal decomposition steps of 

organometallic iron precursors11. This step of the synthesis was optimized to control the density 

of IONPs grown on the silica surface, through the number of thermal decomposition steps. A 

schematic representation of the NPs obtained at each synthetic step is provided in Figure 4.1. 
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Figure 4.1. Schematic representation of the NPs obtained at each synthetic step. In this process, 

AuNRs were synthesized, covered by mesoporous silica (AuNR@SiO2) and IONPs were finally 

grown onto the silica shell to obtain AuNR@SiO2@IONPs. 

The application of these hybrid NPs as nanoheaters for PTH was studied as previously described 

in chapter III, using both 2D and 3D cell models. Additionally, the hybrid NPs were functionalized 

with antibodies (CD44+) to implement selective binding onto a target cell type for specific PTH 

treatment12,13. In our study, an antibody selective for the CD44 antigen was selected because this 

cell-surface glycoprotein is involved in a wide range of biological processes such as cell–cell 

interactions, cell adhesion, migration and thus, is related to tumour metastasis14. Additionally, we 

aimed for magnetic separation of the cells that have been labelled with magnetic NPs using an 

external magnetic field for accurate cell discrimination and specific irradiation to induce cell death. 

4.2 Synthesis of hybrid nanoparticles: a new approach 

In this section, we discuss in detail the synthesis of hybrid nanostructures following the new 

method introduced above. The various steps involved in the process were optimized to obtain 

NPs with the desired optical and magnetic properties. The characterization of the NPs at each 

synthetic step was performed in collaboration with the Electron microscopy for Materials Science 

group led by Prof. Sara Bals at the University of Antwerp (Belgium). 

4.2.1 Silica@iron oxide nanoparticles 

For a simpler optimization of the process, the deposition of IONPs was first performed and 

optimized on the surface of pure SiO2 NPs. Therefore, mesoporous silica particles with diameters 

of 150 and 240 nm were synthesized by a modified Stöber method, according to the protocol 

reported by Sanz-Ortiz et al.10. Then, IONPs were directly grown on the surface of the SiO2 NPs 

by means of a protocol for the thermal decomposition of iron oleate, as reported by Nistler et al19. 

A schematic representation of the process is shown in Figure 4.2. 
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Figure 4.2. Schematic representation of the synthesis of SiO2@IONPs. 

Briefly, 100 mg of mesoporous silica particles was dispersed in 3 mL of ethanol, placed in a round 

bottom flask and then mixed with 3 g of iron (III) oleate dispersed in 21 mL of 1-octadecene. 

Afterwards, oleic acid, which acts as a stabilizing agent, was added and the mixture was heated at 

a controlled rate for 30 min, during which time the iron oleate decomposed, forming IONPs. To 

obtain the final product, the reaction mixture was centrifuged to separate the decorated 

SiO2@IONPs from free IONPs in the reaction medium. 

The coverage of SiO2 particles by IONPs can be controlled through the number of thermal 

decomposition steps. Up to five steps were performed and the obtained SiO2@IONPs were 

characterized by TEM (Figure 4.3). It can be observed that the density and the size of IONPs on 

the SiO2 surface increased gradually from the first to the fifth step, for SiO2 NPs of both sizes. 

 

Figure 4.3. TEM images of 150 and 240 nm SiO2@IONPs after subsequent thermal decomposition 

steps. The number in green indicates the number of thermal decomposition steps for each sample. 

An increasing density and size of IONPs at the SiO2 surface can be observed from step 1 to step 

5. The initial SiO2 NPs are also shown as a reference in the left part of the figure. 
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The magnetic properties of the obtained hybrid NPs are provided by the outer IONPs. The 150 

nm SiO2 NPs were selected for the study of the magnetic properties due to their higher surface 

area in comparison with the 240 nm SiO2 NPs. To study the magnetic properties of the hybrid 

system, a hysteresis loop as well as ZFC/FC steps of representative SiO2@IONPs NPs were 

recorded and the results are shown in Figure 4.4. In order to confirm that IONPs were nucleating 

and growing as NPs on top of the silica shell, we first measured the magnetic properties of the 

SiO2@1IONPs. The hysteresis loop (M(H)) (Figure 4.4A) showed a saturation magnetization of 75 

emu/g, in agreement with values reported in the literature for IONPs20. The results suggested a 

superparamagnetic behaviour for the SiO2@1IONPs, with low remanence and coercivity, which 

was confirmed by the ZFC/FC curves (Figure 4.4B). The blocking temperature, estimated as the 

point where the ZFC curve exhibits an apex, was determined to be TB = 100 K. Analysis of the 

normalized magnetization M/Ms (H) at 300 K according to the Langevin model21 (model explained 

in the Experimental section) and fitting of ZFC/FC measurements yield both a size distribution 

centred around 10 nm for the first grown IONPs. For SiO2@4IONPs, when the silica shell seems 

to be fully covered, ZFC/FC curves were also measured (Figure 4.4C). The blocking temperature 

was in this case shifted from TB = 100 K to TB = 225 K. The fitting of the ZFC/FC measurements 

was performed using the same parameters (magnetization, thermal dependence etc.) as for the 

first growth sample to make them comparable. The size distribution in this case was around 15 

nm, which confirms NP growth as can be seen by TEM (Figure 4.5A) and also in agreement with 

sizes measured by HRSTEM (Figure 4.5B), which show a more precise value of 19.5 nm. 

Additionally, the ZFC curve indicated that the synthesized IONPs were made of maghemite 

(Fe2O3), due to the absence of a hump near 110 K, which is known to be a peculiar metal-insulator 

transition in Fe3O4
22.  

 

Figure 4.4. (A) Hysteresis loop for SiO2@1IONPs. (B) ZFC/FC curves for SiO2@1IONPs and 

SiO2@4IONPs and TEM image of a single NP. The difference in the size and density of the IONPs 

can be noted. 

Additional characterization including HAADF-STEM, HRSTEM and electron diffraction was 

performed for SiO2@4IONPs. The results in Figure 4.5A show the structure of SiO2@4IONPs with 

IONPs observed around the silica surface. Additionally, an orthoslice from a 3D electron 

tomography reconstruction showed that single IONPs were not nucleating nor growing inside the 
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pores of the SiO2 NPs but at the surface (Figure 4.5B). HRSTEM images confirmed an average 

size of the IONPs around 19.4 nm (Figure 4.5C). 

 

Figure 4.5. (A) HAADF-STEM image of SiO2@4IONPs. (B) Orthoslice of a 3D electron tomography 

reconstruction of SiO2@4IONPs; the area in blue indicates the IONPs. (C) HRSTEM image of 

IONPs grown around the silica surface and electron diffraction analysis showing the 

crystallographic structure of the IONPs (red box). 

4.2.2   Gold nanorods@silica@iron oxide nanoparticles 

Once the growth of IONPs onto silica particles was optimized, the method was implemented for 

hybrid NPs including AuNRs as plasmonic cores, for improved PTH. 

4.2.2.1 The golden core: Synthesis of gold nanorods 

AuNRs were synthesized using a seed-mediated method9. Briefly, AuNRs of 21 nm in length and 

7.5 nm in width with a longitudinal LSPR band located at 725-730 nm were first synthesized and 

subsequently used as seeds for further overgrowth into AuNRs of 66.5 ± 5.7 nm in length and 

16.4 ± 2.7 nm in width. The obtained AuNRs showed a maximum in absorbance at 790 nm. The 

particles were finally purified by centrifugation and redispersion in a 2 mM CTAB solution. The 

normalized UV-Vis spectra and a representative TEM image of the AuNRs are shown in Figure 

4.6. Well-dispersed AuNRs were obtained, indicating that there was no aggregation in solution. 
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Figure 4.6. TEM image and normalized (at the LSPR maximum) UV-Vis spectrum of AuNRs. The 

scale bar corresponds to 200 nm. 

4.2.2.2 Synthesis of silica-coated gold nanorods 

Afterwards, the AuNRs were coated by a mesoporous silica shell. For the coating of AuNRs, a 

previously published protocol was used10. Briefly, a colloidal dispersion containing AuNRs, CTAB, 

ethanol, and water was prepared. After adjusting the pH to 9 by addition of aqueous ammonia, 

200 µL of tetraethyl orthosilicate (TEOS) was added dropwise under strong stirring to trigger the 

silica formation through hydrolysis and condensation. After TEOS addition, the temperature was 

increased to 60 °C and the mixture was stirred for three days. Then, the particles were recovered 

by centrifugation and thoroughly washed with ethanol and diluted HCl, to remove the surfactant 

(CTAB). Normalized UV-vis spectra and a TEM image of AuNR@SiO2 are shown in Figure 4.7. The 

TEM image shows that the AuNRs were uniformly encapsulated by a silica shell with a thickness 

of 70.8 ± 8.2 nm, while the UV-Vis spectrum showed no changes in the shape and peak position 

of the longitudinal LSPR, compared to uncoated AuNRs (blue spectrum in Figure 4.7). Therefore, 

the AuNRs are not found to be optically affected by the silica coating process. 
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Figure 4.7. TEM image and normalized (at the LSPR maximum) UV-Vis spectra of AuNRs@SiO2 

(black) and uncoated AuNRs (blue). The scale bar corresponds to 200 nm. 

4.2.2.3 Growth of iron oxide nanoparticles on gold nanorods@silica nanoparticles 

For the growth of IONPs on top of AuNRs@SiO2, the optimized protocol developed for SiO2 NPs 

was used. Briefly, AuNRs@SiO2 NPs were added to a mixture of oleic acid, 1-octadecene and iron 

(III) oleate, which then was decomposed by a controlled increase of temperature, to obtain 

AuNRs@SiO2@IONPs, which were then recovered and washed via centrifugation. A schematic 

illustration of the full synthetic process is shown in Figure 4.8.  

 

 

Figure 4.8. Schematic representation of the synthesis of AuNRs@SiO2@IONPs 

Since the first step resulted in a poor surface coverage, the decomposition procedure was 

repeated up to three times, yielding densely covered hybrid NPs. The number of steps was 

reduced from five, performed for SiO2 NPs, to three decomposition steps of 30 min because 

mailto:AuNRs@SiO2.(blue)
mailto:AuNRs@SiO2.(blue)
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enough density of IONPs was achieved after these steps. Thus, homogeneous and fully covered 

AuNRs@SiO2@IONPs were obtained and characterized by TEM and UV-vis spectroscopy. (Figure 

4.9).  

 

Figure 4.9. Representative TEM image and normalized UV-Vis spectra of the obtained 

AuNRs@SiO2@IONPs (red) and AuNRs@SiO2 as a control (blue). 

When comparing the UV-vis spectra of AuNRs or AuNRs@SiO2 (Figure 4.8) with 

AuNRs@SiO2@IONPs (Figure 4.9) a blue shift of the longitudinal LSPR band from 790 to 760 nm 

can be observed. This shift may result from a partial thermal reshaping of AuNRs during the 

decomposition steps due to the high temperature employed23, into a less anisotropic shape24. 

After this effect was observed, the steps were reduced to three, which was the minimum number 

of decomposition steps yielding fully covered AuNRs@SiO2. The effect on IO particle size 

becomes also apparent when comparing AuNRs measured directly from TEM images (Figure 4.6). 

The initial AuNRs appeared longer (66.5 ± 5.7 nm in length and 16.4 ± 2.7 nm in width) than the 

final AuNRs (Figure 4.9), which were shorter and thicker (58.3 ± 5.1 nm in length and 15.1 ± 2.4 

nm in width). However, the two characteristic plasmon bands (the longitudinal and the less 

prominent transversal band at roughly 520 nm) are still clearly seen, as well as a higher background 

produced by the contribution of the IONPs, which appears as a broad shoulder25. 

4.2.2.4 Biocompatibility 

For their use in biomedical environments, NPs must be stable in aqueous media. Therefore, 

transfer of the obtained AuNRs@SiO2@IONPs (covered by oleic acid) into water required 

encapsulation with PMA, using the same strategy as described in Chapters II and III. 

Functionalization with PMA was thus performed for both AuNRs@SiO2@IONPs and SiO2@IONPs, 

which were also functionalized for use as controls in future experiments. By contrast, 

AuNRs@SiO2, also used as a control in applications, were already soluble in polar solvents after 

synthesis. These NPs were dunctionalized with a PEG-silane of a similar size as PMA, to enhance 

their stability and to mimic the coating of AuNRs@SiO2@IONPs. These coatings allowed us to 
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study the hybrid NPs and their controls (AuNRs@SiO2 and SiO2@IONPs) under similar conditions, 

ensuring that changes in their properties are not due to different coatings.  

4.2.2.5 Characterization  

A thorough characterization of the hybrid system was carried out. HAADF-STEM and EDX 

analysis were performed to achieve information of Au, Silica (Si), and Fe components. As can be 

seen in Figure 4.10A, AuNRs are still located inside the silica shell after the thermal decomposition 

procedure and IONPs are surrounding the silica shell. Furthermore, Si, Au and Fe were analysed 

by EDX to confirm the morphology and distribution of all the components within the hybrid NPs. 

(Figure 4.10B) 

 

Figure 4.10. (A) HAADF-STEM images of AuNRs@SiO2@IONPs. (B) EDX mapping of 

AuNRs@SiO2@IONPs showing the distribution of Au, Fe and Si within the hybrid NPs.  

The final NPs were also characterized to acquire information about the magnetic properties of the 

hybrid system. The corresponding hysteresis loop and the ZFC/FC curves were therefore 

recorded (Figure 4.11), and again the hysteresis loop revealed superparamagnetic behaviour of 

the AuNRs@SiO2@IONPs at room temperature with no remanence and low coercivity (Figure 

4.11A). Besides, the ZFC/FC step showed a blocking temperature of 250 K, similar to the blocking 

temperature obtained for the SiO2@4IONPs (Figure 4.4C). 
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Figure 4.11. (A) Hysteresis loop and (B) ZFC/FC curves for AuNRs@SiO2@IONPs. 

4.2.2.6 Fast magnetic separation  

The response of the AuNRs@SiO2@IONPs to an external magnetic field can be used for fast 

separation. This magnetic behaviour was characterized using a simple setup schematically shown 

in Figure 4.12.  

A dispersion of AuNRs@SiO2@IONPs was placed in a plastic vial and then, a permanent magnet 

was attached to the side. After 20 s the particles were magnetically separated and remained 

concentrated in a pellet. After removing the magnet, the NPs could be redispersed again in water 

and remained stable. The separation process could be repeated for the desired number of times. 

 

Figure 4.12. Schematic representation and real pictures showing magnetic separation. The 

AuNRs@SiO2@IONPs aqueous dispersion was placed in a plastic vial (left) and a permanent 

magnet was placed on the side of the vial. The AuNRs@SiO2@IONPs were magnetically separated 

and concentrated into a brown pellet (right).  

4.3 Photothermal characterization of hybrid nanoparticles 

The photothermal characterization of the NPs was carried out using an 808 nm laser. The samples 

were irradiated in solution for 5 min with a power density of 2.5 W/cm2. As in Chapter III, 

AuNRs@SiO2@IONPs in solution at different concentrations  were irradiated and the temperature 

increase was registered using a thermal camera focused on the ROI; the temperature change was 
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first measured and then the corresponding temperature increment was calculated by subtracting 

the initial temperature (time = 0) from the final temperature (time = 5 min) (Figure 4.13A). Likewise, 

AuNRs@SiO2 (Figure 4.13B) and SiO2@4IONPs (Figure 4.13C) were also measured as controls. 

The SAR for the final NPs and the controls were calculated as previously reported in Chapter III, 

and the results are shown in the right part of Figure 4.13.  

 

Figure 4.13. Average temperature increment (ΔT, °C) for PTH during 5 min at 2.5 W/cm2
 in 

solution, at different concentrations of (A) AuNRs@SiO2@IONPs (B) AuNRs@SiO2 and (C) 

SiO2@4IONPs, and calculation of the SAR for each NP. For all the experiments, an 808 nm laser 

was used. 

To determine the combined effect of Au and Fe in the heating ability of the NPs, the 

concentrations of Au and Fe in the control samples were compared with the equivalent 

concentrations of Au and Fe in AuNRs@SiO2@IONPs, as calculated from ICP-MS (Table 4.1, 

Figure 4.14). We observed that, for a certain concentration of AuNR@SiO2@IONPs, the 
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equivalent control samples resulted in less heating, and that the AuNR@SiO2 control heated less 

than the SiO2@4IONP sample. In other words, at comparable concentrations, the presence of 

both metals always resulted in the highest heating, and when comparing the contribution of each 

metallic component, Fe results in a higher heating than gold under the conditions studied. 

However, if the concentrations of Fe and Au in the control samples are compared like-for-like, 

fixing absolute concentration (i.e., 0.5 mM Au vs. 0.5 mM Fe), Au remains a much more effective 

heater thanks to its plasmonic properties, leading to strong absorbption of light with the laser 

wavelength (808 nm vs LSPR@760 nm). This is clearly shown by the fact that 25 times more Fe 

in SiO2@4IONPs compared to Au in AuNRs@SiO2 was needed to reach the same levels of 

temperature change.   

Table 4.1. Average temperature increment (ΔT, °C) for PTH at 2.5 W/cm2
 in solution, at different 

concentrations of AuNRs@SiO2  (red), SiO2@4IONPs (green), and AuNRs@SiO2@IONPs (blue). 

 

  

Figure 4.14. Average temperature increment (ΔT, °C) for PTH at 2.5 W/cm2
 in solution, at 

different concentrations of AuNRs@SiO2 (red), SiO2@4IONPs (green) and AuNRs@SiO2@IONPs 

(blue). 

The optical density of the samples at 808 nm were measured at the concentrations used for the 

irradiation using a UV-Vis spectrometer. The results are shown in  
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Figure 4.15. Optical density of AuNRs@SiO2 (red), SiO2@4IONPs (green) and 

AuNRs@SiO2@IONPs (blue).  

The results of the optical density agreed with the heating values obtained in the photothermal 

characterization (Figure 4.14) i.e., the higher the optical density of the samples at 808 nm the 

higher the increment of temperature. 

 4.4 Hyperthermia in 2D cell cultures 

Biological experiments were carried out using the same human glioblastoma cell line as that used 

in Chapter III. Thus, U87 cells were incubated with AuNRs@SiO2@IONPs, and after 24h of 

incubation, NP uptake was studied. TEM imaging showed that AuNRs@SiO2@IONPs were 

successfully uptaken by the cells and confined in endosomes, i.e., not bound to the cell surface 

(Figure 4.16).  

 

Figure 4.16. TEM images of ultramicrotomed cells after incubation with AuNRs@SiO2@IONPs. 

The NPs are clearly internalized in the cell and inside endosomes. 

We subsequently studied the heating capacity of AuNRs@SiO2@IONPs once internalized inside 

cells. Considering that we observed in Chapter III higher heating profiles for uptaken NPs 
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compared to those in solution at the same NP concentration, we studied AuNRs@SiO2@IONPs in 

cells at lower concentrations and power densities than those used for the photothermal 

characterization in solution. U87 cells were seeded in 96-well plates, allowed to adhere, and then 

incubated with AuNRs@SiO2@IONPs at concentrations ranging from 0.0125 to 0.05 mM. After 

24 h, samples were irradiated from the top using a NIR laser (808 nm) at 1 and 2 W/cm2 during 5 

min. Cell death in each well was calculated using the AlamarBlue kit, as explained in Chapter III, 

and the data processed as a percentage of cell death (Figure 4.17). 

 

 

Figure 4.17.  Schematic illustration of U87 cells incubated with NPs and graphical representation 

of the cell death (%) calculated using AlamarBlue cell viability reagent, after heating in the cellular 

environment. Viability was calculated as a proportion of 100% viable (healthy control cells with 

NPs but without irradiation). 

The results showed that, at 1 W/cm2 high NP concentrations were required to cause significant 

levels of cell death (e.g., 50% when using [Au] = 0.05 mM). By increasing the laser power density 

to 2 W/cm2, not only could 100% cell death by achieved, but lower NP concentrations ([Au] = 

0.025 mM) could also be used to achieve similar levels of cell death. Unfortunately, we could not 

determine the concentration of NPs actually internalized by the cells, and therefore we are only 

presenting instead the results as the concentration added to the cells. Thus, whereas we can 
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conclude that the hybrid NPs can act as efficient nanoheaters for photothermal heating in 2D 

cultures, we could not determine a reliable value of the relationship between NP concentration 

and % cell death due to PTT.  

4.5 Hyperthermia in 3D cell cultures 

We next developed a 3D model to study the heating properties of the NPs for PTH in a more 

realistic manner. Spheroids were grown as explained in Chapter III and incubated with 

AuNRs@SiO2@IONPs ([Au] = 0.01 mM), without washing non-endocytosed NP prior to irradiation 

during 3 min, at laser power densities ranging from 0 to 2 W/cm2. According to the results in 

Chapter III and to the literature26, we chose to lower the NP dose because of the observed 

increase of cell death when NPs are internalized in cells or spheroids, as compared to a solution 

of NPs at the same final concentration. After the irradiation experiments, live/dead images were 

acquired to evaluate the extent of cell death (Figure 4.18). We confirmed the non-toxic nature of 

the NPs when added to spheroids at a concentration of [Au] = 0.01 mM and without irradiation 

(control). Upon irradiation, we observed an increase in spheroid cell death when increasing laser 

power density. Unfortunately, we do not have a control sample of spheroid irradiation without 

NP incubation but considering the laser wavelength used for irradiation (808 nm), no laser-induced 

cytotoxicity was expected.  

 

 

Figure 4.18. Optical and live/dead images of spheroids pre-loaded with AuNRs@SiO2@IONPs 

(0.01mM [Au]) and irradiated for 3 min at increasing power densities (from 0.5 to 2 W/cm2). 

Incubated but non-irradiated (0 W/cm2) spheroids were used as a control for the experiments. 
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4.6 Selective hyperthermia through cell targeting  

4.6.1 Functionalization with antibodies 

The lack of specific binding of NPs to cancer cells is a serious concern in applications of NPs for 

cancer treatment. As shown in Chapter II and Chapter III, on certain occasions, hybrid NPs can be 

internalized by MCF7 and U87 cells without incorporating any surface functionalization targeting 

specific receptors. In order to achieve cancer cell specific targeting, NPs can be conjugated with 

antibodies, so that the intracellular uptake of such conjugated NPs would be limited by the specific 

antibody-antigen receptor interaction taking place on the cell membrane27. The objective of such 

targeting is focused on inducing cell death of cancerous cells only, thus avoiding damage to healthy 

cells. As discussed in the Introduction, for this study we chose to target the CD44 receptor due 

to its role in metastatic processes28. The CD44 receptor is a cell membrane receptor expressed 

by various cells of epithelial lineage, such as the human breast cancer cell line MDA.MB.23129.  

The functionalization of AuNRs@SiO2@IONPs with antibodies was performed using an extended 

protocol based on the activation of free carboxylic groups in the PMA structure, via EDC/NHS 

chemistry30. Thus, AuNRs@SiO2@IONPs were labelled with an anti-human anti-CD44 unlabelled 

antibody, using protein G that was previously bonded to the PMA structure. The carboxylic groups 

in PMA were functionalized via amide bonds with protein G. Briefly, EDC is a water-soluble 

carbodiimide that is used to bind carboxyl and phosphate groups to amines. EDC reacts with the 

carboxyl groups of PMA on the surface of NPs, allowing bioconjugation with the carboxylic moiety. 

In the process, an unstable amine-reactive intermediate (O-acylisourea ester) is created. Then, 

NHS turns this amine-reactive ester into a semi-stable active ester to stabilize this intermediate. 

The amine groups on the protein G are reactive with NHS esters, releasing the NHS group and 

generating stable amide bonds. Then, the antibody is added and its fragment crystallizable region 

(Fc region) is attached to the protein G via non-covalent interaction. Thus, the use of the protein 

G allowed the correct orientation of the antibody that maintained its fragment antigen-binding 

region (Fab region) free to interact with the antigens for the correct targeting of cells. 

First, indirect immunostaining was used to verify that MDA.MB.231 cells were positive for the 

expression of CD44. Cells were grown as an adherent culture and fixed prior to normal 

immunostaining protocols, using a primary anti-CD44 and a secondary fluorescently labelled 

antibody. As a negative control, we used the human breast cancer cell line MCF7, which is 

described to be low-on CD44 expression, only upregulating expression in metastatic situations of 

expressed by MCF7 cancer stem cells.31 As can be observed in Figure 4.19A, MDA.MB.231 cells 

show significantly higher levels of CD44 expression. We thus added AuNRs@SiO2@IONPs to cells 

and then the cells were washed and fixed after 2h, prior to addition of the same secondary 

fluorescently labelled antibody. We examined the presence of NPs using both fluorescence 

confocal microscopy and multiphoton (MP) confocal microscopy. As shown in Figure 4.19B, both 

the fluorescence and multiphoton signals correlated perfectly, suggesting that MP confocal 

microscopy can be used to image NPs in live cells, avoiding the requirement to fix and locate the 

NP using immunostaining protocols. The results also suggest that NPs could bind to the cell 
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surface CD44 receptor, but that the NP concentration should be optimized to avoid overloading 

cells. Additionally, NPs also showed unexpected binding to the MCF7 cell membrane, which was 

surprising considering that the immunostaining test itself showed relatively low levels of CD44.  

 

Figure 4.19. (A) Maximum intensity projections (MIP) of MDA.MB.231 and MCF7 cells stained for 

CD44, using an indirect immunostaining protocol. The nuclei are shown in blue and CD44 in pink 

(the intensity is comparable between images). (B) MDA.MB.231 and MCF7 cells incubated with 

NPs conjugated with an anti-CD44 receptor antibody. Brightfield, fluorescence (NP-CD44 is 

shown in pink), and multiphoton (NPs shown in white) images are shown. No images were 

obtained for MCF7 cells incubated with NPs because of failure of the laser. Scale bars correspond 

to 20 µm. 

4.7 Conclusions 

A new method for the synthesis of hybrid NPs has been reported in this chapter. Starting from 

AuNRs, we were able to cover them with a silica shell, on which IONPs were grown using thermal 

decomposition of iron oleate. It was found that the density of IONPs can be increased by 

performing multiple thermal decomposition steps. The number of steps was first optimized using 

SiO2 NPs and the methodology was subsequently applied to the synthesis of hybrid NPs 

containing AuNRs, with the desired IONPs coverage. It was observed in TEM images that, by 

increasing the number of steps, we could increase not only the coverage but also the size of the 

IONPs reaching around 19 nm after 3 steps of thermal decomposition. A possible explanation for 

this process is that, in the first step IONPs are formed and then, these IONPs act as nucleation 

spots and preferential growth sites for subsequent steps. It could also be observed that IONPs 

did not nucleate or grow inside the pores of the silica shell, but on its surface. 

The obtained AuNRs@SiO2@IONPs were characterized by TEM, HAADF and EDX, thereby 

confirming the structure and composition of the hybrid NPs. UV-Vis spectra were also recorded, 

showing partial reshaping of AuNRs due to the high temperature used during IONPs synthesis. 

Magnetic characterization showed promising magnetic properties with a near-superparamagnetic 

behaviour with blocking temperatures below room temperature. 
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The photothermal characterization of the NPs displayed promising properties as nanoheaters, 

achieving high temperature increments with low concentrations of Au. AuNRs covered by silica 

and silica covered by IONPs were used as controls for the heating experiments, showing that also 

the IONPs are contributing to the total heating due to the high concentration of this metal in the 

final NPs. Notwithstanding, the heating capacity of AuNRs is much better, because a similar 

temperature increment can be achieved when using concentrations 25 times lower.  

The NPs were used for photothermal heating in 2D and 3D cultures, being able to kill U87 cells 

using low concentrations and low power densities. In addition, it was demonstrated again that the 

capacity of the NPs to heat is increased when the NPs are internalized by cells. This phenomenon, 

which was already observed in Chapter III, is further enhanced when the cells are aggregated 

forming spheroids. It should be taken into account that we were working with significantly lower 

Au concentrations, compared to those used in Chapter III, meaning that AuNRs@SiO2@IONPs  

resulted to be more efficient nanoheaters than IOAuNSs. 

The conjugation of AuNRs@SiO2@IONPs with antibodies was successfully performed using 

EDC/NHS chemistry and the capacity of the NPs to bind specific cells that expressed the CD44 

antigen was studied, using MDA as a positive control and MCF7 cells not expressing the antigen 

as a negative control. We can conclude that antibody-labelled nanohybrids provide specific 

targeting of MCF7 cells. 

4.8 Experimental Section 

4.8.1 Materials 

Ferric chloride hexahydrate (FeCl3·6H2O, ≥98% Sigma-Aldrich), sodium oleate (≥99% Sigma-

Aldrich), ammonia (≥99.5% Sigma-Aldrich), absolute ethanol (CH3CH2OH, Sigma-Aldrich), 

tetraethyl orthosilicate (TEOS) (Sigma-Aldrich), hexane (≥95% Sigma-Aldrich), 1-octadecene 

(≥90% Sigma-Aldrich), hexadecyltrimethylammonium bromide (CTAB, ≥99% Sigma-Aldrich), 1-

decanol (98% Sigma-Aldrich), hydrogen tetrachloroaurate trihydrate (HAuCl4·3H2O, ≥99.9% 

Sigma-Aldrich), sodium citrate tribasic dihydrate (≥98% Sigma-Aldrich), silver nitrate (AgNO3, 

≥99% Sigma-aldrich), L-ascorbic acid (AA, ≥99% Sigma-Aldrich), O-[2-(3-

mercaptopropionylamino)ethyl]-O’-methylpolyethylene glycol (SH-PEH, Sigma-Aldrich), 1-Ethyl-

3-(3-dimethylaminopropyl)-carbodiimide (EDC, ≥98% Sigma-Aldrich), N-Hydroxysuccinimide 

(NHS, ≥98% Sigma-Aldrich), COOH-PEG-silane (Mw 5000 Da, Nanocs), Phosphate buffered 

saline (PBS, Sigma-Aldrich), Phosphate buffer (PB, Sigma-Aldrich), 2-(N-morpholino)ethanesulfonic 

acid (MES buffer, Sigma-Aldrich), Anti-CD44 antibody (ab157107, Abcam),  Donkey anti-Rabbit 

IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ Plus 647 (Thermo Fisher) 

were prepared and used without further treatments. Milli-Q water was used for all the 

experiments.  
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4.8.2 Nanoparticle synthesis 

Synthesis of AuNRs. For the preparation of AuNRs, a seed-mediated method was used. Thus, 

first we have synthesized small AuNRs as seeds that were subsequently overgrown as bigger 

AuNRs. 

Synthesis of Small Anisotropic Seeds (L=21 nm W= 7.5 nm). Typically, 2400 µL of 0.01 

M AgNO3, 21 mL of 1 M HCl, 3000 µL of 0.05 M HAuCl4, and 3900 µL of 0.1 M ascorbic acid 

were added to 300 mL of a 50 mM CTAB and 11 mM n-decanol solution at 25 °C. Then, 18 mL 

of the seed solution was added under stirring. The mixture was left undisturbed for at least 4 h at 

25 °C. The obtained small anisotropic seeds displaying an LSPRs band located at 725-730 nm 

were centrifuged at 14000–15000 rpm for 45–60 min in 2 mL tubes. The precipitates were 

collected and diluted with 20 mL of a 10 mM CTAB solution. The AuNRs dispersion was 

centrifuged twice under the same conditions. The final volume of small AuNRs dispersion was 

fixed to [Au] = 4.6 mM. 

Synthesis of AuNRs with LSPRs at 790 nm. In a typical synthesis, 2500 µL of a 0.01 M 

AgNO3 solution, 1000 µL of 0.05 M HAuCl4, 800 µL of a 0.1 M ascorbic acid solution and 3000 

µL of HCl 1M were added under stirring to 100 mL of a 50 mM CTAB and 11 mM n-decanol 

solution at 28 °C. Then, 650 µL of the small anisotropic seed suspension was added. The mixture 

was left undisturbed for 12 h. The obtained AuNRs were centrifuged at 7000 rpm and dispersed 

in 10 mL of 2 mM CTAB solution. This process was repeated twice. AuNRs of 58 ± 5.1 nm in 

length and 15 ± 2.4 nm in width were obtained. The dimensions were directly measured by TEM 

and a maximum absorbance at 790 nm was determined from UV-Vis spectra. 

Synthesis of core-shell AuNRs@SiO2. The reaction was performed according a reported 

protocol10. 170 mL of a 6 mM CTAB solution and 75 mL of ethanol were mixed at a temperature 

between 30 and 35 °C in a 500 mL round beaker. Then, 100 μL of NH3 (25 vol %) was added to 

the mixture, followed by addition of 5 mL of AuNRs 5 mM. Thereafter, 200 μL of TEOS was added 

dropwise under vigorous stirring. For the rest of the reaction time, the temperature was fixed at 

60 °C. After 2–3 hours, the sample became gradually turbid indicating the formation of the silica 

shell. The final AuNRs@SiO2 were recovered by centrifugation (9000 rpm, 20 min, 35 ºC) and 

washed twice with ethanol. 

Synthesis of SiO2 NPs. 350 mL of 6 mM CTAB and 150 mL of ethanol were mixed in a 1 L 

round bottom flask under mechanical stirring at 35 ºC. Then, the pH was adjusted to 9.5 by 

addition of NH3 (5 wt%) and the mixture was stirred for 30 min. Afterwards, 3 mL of TEOS was 

added dropwise under vigorous stirring, thus, primary nucleation clusters are formed, then, the 

mixture turned turbid indicating the formation of the NPs. After 5 min, the temperature was set 

at 60 ºC and the reaction mixture was left for three days. The product was recovered by 

centrifugation (9000 rpm, 30 min, 35 °C), washed twice with ethanol and dried at 60 ºC in the 

oven. Finally, the NPs were calcined (4 h – 600 ºC) to clean completely the surface and to increase 

the stability. 
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Synthesis of SiO2@IONPs. The obtained mesoporous silica NPs were covered with IONPs via 

thermal decomposition of iron (III) oleate, according to a protocol published by Park et al11. First, 

iron (III) oleate was prepared by dissolving 36.5 g sodium oleate and 10.8 g FeCl3  6 H2O in a 

mixture of 60 mL water, 80 mL ethanol and 140 mL hexane and heating to reflux (ca. 70 °C) for 

4 h. After cooling down, the organic layer was separated and washed four times with 60 mL water, 

the solvent was then evaporated and the product was dried, first using a rotary evaporator and 

then using a high vacuum line. After drying for 12 h, a dark orange viscous product was obtained, 

which was stored under argon and light exclusion. 

To perform the thermal decomposition, 3 g of iron(III) oleate was dissolved in 21 mL of 1-

octadecene in a 3 neck 150 mL round bottom flask equipped with a magnetic stirring bar. The 

reaction vessel was connected to a vacuum line and the mixture was degassed at 70 °C in a bath 

for 30 min. Afterwards, the water bath was removed, and the flask was equipped with a reflux 

condenser, a thermocouple and a septum while applying a N2-flow. 130 mg of mesoporous silica 

was dispersed in 3 mL of ethanol using a sonication bath and then added to the reaction mixture 

together with 535 µL of oleic acid. The flask was equipped with a septum and a thermocouple 

and the reaction mixture was heated to 317 °C with a heating ramp of 200 °C/h and a holding 

time at 317 °C of 30 min. During the whole heating process, a gentle N2-flow was applied, 

furthermore the water cooling for the reflux condenser was only switched on when the reaction 

reached a temperature of 200 °C, ensuring that all ethanol was removed from the reaction, which 

otherwise could drip back into the hot solvent causing splashing of the reaction mixture due to 

spontaneous evaporation. After cooling to room temperature, hexane was added and the product 

was recovered by centrifugation (9000 rpm, 10 min, 20 °C). The product was washed several 

times with hexane to remove unbound IONPs. 

For overgrowth, the same process was employed. First 130 mg of the prepared NPs was dissolved 

in 7 mL of 1-octadecene and then added to 3 g iron(III) oleate dissolved in 14 mL 1-octadecene. 

The mixture was degassed for 30 min, the flask was equipped with a reflux condenser and 535 

µL of oleic acid was added. Then the same heating ramp was used, and the product was collected 

via centrifugation (9000 rpm, 10 min, 20 °C) and washed several times with hexane. This process 

was repeated until the desired coverage was obtained. 

Synthesis of AuNR@SiO2@IONPs. The growth of IONPs onto silica shells was performed 

through thermal decomposition. For this process, 1.2 g iron(III) oleate, prepared as described 

above, was dissolved in 10 mL of 1-octadecene in a 50 mL 3 neck round bottom flask equipped 

with magnetic stirring. The flask was connected to the high vacuum line and degassed at 70 °C 

bath temperature for 30 min. Afterwards the flask was equipped with a reflux condenser, a 

thermocouple and a septum while applying a N2-flow. 15 mg AuNRs@SiO2 in 1 mL ethanol and 

267.5 µL oleic acid were added and the reaction mixture was heated to 317 °C with a rate of 200 

°C/h under a weak N2-flow, where it was held for 10 min. After cooling, hexane was added to the 

reaction mixture and the particles were recovered by centrifugation (9000 rpm, 10 min, 20 °C). 

The obtained product was washed several times with hexane yielding a slightly reddish dispersion. 
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For overgrowth, the same process was employed. The dried particles were first dispersed in 5 mL 

of 1-octadecene which was added to 1.2 g iron(III) oleate. When drying the particles, precaution 

must be taken to not leave them without solvent for too long since the particles then become 

hard to disperse again. The obtained mixture was degassed at 70 °C bath temperature for 30 min. 

Afterwards 267.5 µL oleic acid was added and the reaction mixture was heated to 317 °C with a 

ramp of 200 °C/h under a weak N2-flow. After cooling, hexane was added and the product was 

recovered by centrifugation (9000 rpm, 10 min, 20 °C). The obtained product was washed several 

times with hexane until the supernatant remained clear. This process was repeated until the 

desired coverage was obtained. 

4.8.3 Functionalization  

Functionalization with PMA. For the functionalization with PMA, 100 μL 0.05M of PMA was 

added to 2 mL of AuNRs@SiO2@IONPs ([Au] = 1mM). The solvent was evaporated in a rotary 

evaporator and the particles were redispersed in 1 mL of water and 100 μL of NaOH at pH = 12. 

The particles were washed several times until neutralization, using a magnet for separation. 

Functionalization with antibodies. First, 100 μL of AuNRs@SiO2@IONPs was placed in a glass 

vial and washed with water using a magnet for separation. Then, 200 μL of EDC (10 mM) and 100 

μL (20 mM) of NHS in MES buffer were added to the NPs under sonication in a glass vial. The 

particles were then left for 30 min under stirring before washing twice using a magnet. Then, 10 

μL of protein G (1 mg/mL) and 200 μL of PB were added and the mixture were left while stirring 

for 30 min; then, the NPs were washed again twice and 5 μL of the AB (5 μg) and 200 μL of PB 

were added. The particles were washed twice again and finally redispersed in 100 μL of PBS. 

Functionalization with COOH-PEG-silane. For the functionalization with COOH-PEG-silane, 

1 mL of COOH-PEG-silane 1 mM was added to 2 mL of AuNRs@SiO2 ([Au] = 1mM). The particles 

were then recovered by centrifugation and washed twice (9000 rpm – 20 min). The AuNRs@SiO2 

were redispersed in water. 

4.8.4 Nanoparticles characterization 

Standard characterization. All NPs were characterized using TEM, ICP-MS, and UV-Vis. TEM 

images were collected with a JEOL JEM-1400PLUS transmission electron microscope operating 

at 120 kV, using carbon-coated 400 square mesh Cu grids. ICP-MS analysis was conducted using 

an ICP-MS Agilent 7500ce to determine the concentration of Au and Fe. Samples containing 

biological material (i.e., cells or spheroids) were digested in aqua regia during 48 h, followed by 

addition of H2O2 and continued heating until a clear and transparent solution was observed. The 

samples were cooled down to RT and subsequently measured. UV−vis optical extinction spectra 

were recorded using an Agilent 8453 UV−Vis diode array spectrophotometer, normalizing spectra 

at 400 nm or at maximum peaks. 
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EDX analysis. EDX measurements (performed at EMAT) were acquired at different tilt angles, 

every 10°, with an acquisition time of 10 minutes per angle and 150 pA screen current using a 

SuperX detector. The resulting data was reconstructed using an Expectation Maximisation (EM) 

reconstruction algorithm using a STEM HAADF signal for accurate alignment 

STEM Characterization for SiO2@IONPs. Samples were drop casted on an amorphous 

carbon coated Cu TEM grid. A Thermo Fisher Scientific Themis Z electron microscope operated 

at a voltage of 300 kV was used at EMAT, for imaging in annular dark field scanning transmission 

electron microscopy (ADF STEM) mode. Hereby, the probe convergence semiangle was 20.6 

mrad, and the camera length was selected to be 73 mm resulting in inner and outer collection 

semiangles of 19 and 74 mrad, respectively. Tilt series were acquired using a Fischione model 

2020 tomography holder over an angular range of -75° to 60° with a 3° tilt increment. The tilt 

series were reconstructed using the expectation-maximization (EM) algorithm as implemented in 

the ASTRA tomography toolbox32.   

STEM Characterization of AuNR@SiO2@IONPs. Samples were drop casted on an 

amorphous carbon coated Cu TEM grid. A Thermo Fisher Scientific Themis Z electron microscope 

operated at a voltage of 300 kV was used at EMAT for imaging in (high angle) annular dark field 

scanning transmission electron microscopy ((HA)ADF STEM) mode. Hereby, the probe 

convergence semiangle was 20.6 mrad, and the camera length was selected to be 73 mm resulting 

in inner and outer collection semiangles of 79 and 200 mrad respectively for HAADF STEM and 

19 and 74 mrad for ADF STEM. Tilt series were simultaneously acquired in HAADF and ADF 

mode using a Fischione model 2020 tomography holder over an angular range of -70° to 66° with 

a 2° tilt increment. The reconstruction of the Au NR was based on HAADF STEM tilt series and 

the reconstruction was performed using the expectation-maximization (EM) algorithm as 

implemented in the ASTRA tomography toolbox32. To obtain a 3D reconstruction of the  FeO 

nanoparticles and SiO2,  inpainting as explained by Sentosun et al.33, was applied to ADF STEM 

projection images. During this process, the pixels of Au NR were removed from the ADF STEM 

data and replaced by the surrounding texture corresponding to SiO2. The processed tilt series 

were then reconstructed using the EM algorithm. The 3D reconstructions of HAADF STEM and 

ADF STEM tilt series were then combined by using Amira software. 

Magnetism. ZFC/FC measurements were performed at 100 Oe and within a temperature range 

of 5-300 K, using a Quantum Design MPMS3 VSM-SQUID magnetometer with a sensitivity of 

10-8 emu up to a maximum field of 7 T. The hysteresis loops were measured in a Vibrating Sample 

Magnetometer (VSM) with a sensitivity of 5·10-6 emu, up to a maximum field of 18 kOe working 

at room temperature.  

Langevin and non-interacting models fitting. The standard Langevin approach to the 

superparamagnetism (ideal SPM model) was used to provide quantitative information about the 

size of the particles from the hysteresis loops. Besides, a non-interacting model was used to fit 
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the obtained experimental measurements of the ZFC/FC curves. These fittings were performed 

as reported in previous studies34. 

4.8.5 Cell culture 

2D Cell culture. U87 human glioblastoma cells (ATCC) were cultured in Dulbecco's Modified 

Eagle Medium (DMEM, Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% 

penicillin-streptomycin (Gibco) and grown at 37 °C in a humidified incubator with 5% CO2. Then, 

the NPs resuspended in cell media at different concentrations ([Au]= 0.0125, 0.025 and 0.05 mM) 

were added and incubated with cells during 24h. Afterwards, the media was changed to remove 

the NPs that had not been internalized by the cells and fresh media was added to the cells. Cells 

were subsequently treated for PTT (see below). 

2D Cell culture with NPs conjugated with antibodies (MDA and MCF7). Cells were 

seeded in a 96-well optical imaging plate and allowed to adhere. Subsequently, wells were set 

aside for addition of NPs (pre-conjugated with anti-CD44 antibody), or for indirect 

immunostaining. In the case of the NP-incubation wells, NPs were added at [Au] = 0.01 mM for 

2h, followed by washing with PBS to remove unbound NPs. Of note, in the images in Figure 18, 

many non-endocytosed NP can be observed, presumably sticking to the underlying cell treated 

plastic in a non-specific manner. All cells were subsequently fixed using 4% formaldehyde in PBS, 

followed by a 30 min blocking step incubating cells in 1% bovine serum albumin (BSA) in PBS. 

Subsequently, non-NP samples were incubated with Rabbit anti-human anti-CD44 (1/100) for 1h, 

followed by washing with PBS. Then, all wells (NP incubated and non-NP incubated) were 

incubated with an anti-rabbit AF647 labelled secondary antibody (1/1000) in PBS for 1h. All 

samples were washed thoroughly and, in some cases, counterstained with DAPI. Images were 

taken with a Zeiss LSM 880 confocal microscope equipped with a 633 nm laser line (AF647 ex) 

and a multiphoton laser set at 780 nm for NP detection. For imaging, a x40 oil immersion EC Plan-

Neofluar objective was used and, in some cases, maximum intensity profiles (MIP) of z-stack 

images obtained to show XY, XZ, and YZ profiles of the cells.  

Cell viability. The AlamarBlue metabolic assay (DAL1100, Invitrogen) was used to measure cell 

viability. Briefly, following the commercial protocol, AlamarBlue reagent was added to the 96-well 

plate containing the cells, and after an incubation time of 2 h, fluorescence was recorded using an 

EnSpire Multimode Plate Reader (PerkinElmer) with fluorescence excitation and emission 

wavelengths of 570 and 585 nm, respectively. 

Spheroids formation. U87 glioblastoma cells were incubated with AuNRs@SiO2@IONPs ([Au] 

= 0.01mM) following the same protocol as described in Chapter III. Briefly, U87 cells were seeded 

and once adhered, NPs were added. After 24 h incubation, the U87 cells were detached (trypsin) 

and counted. A 3D printed stamp with micropillars of 200 µm diameter and 200 µm in height was 

used to print moulds into the wells of a 96-well plate containing 50 µL of 2% agarose (A0576, 

Sigma Aldrich) in PBS. The agarose was then left to solidify between one and two minutes and 
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the stamp was removed, leaving an array of moulds in the wells. The 96-well plate was then 

sterilized in UV light for 30 minutes before cell seeding (15,000 cells per well) and centrifugation. 

Cells were allowed to mature for 48 hours before photothermal irradiation. Imaging was 

performed on an EnSight Multimode Microplate Reader (Perkin Elmer), and ImageJ software was 

used for processing the acquired images and for fluorescence quantification. 

4.8.6 Hyperthermia 

Photothermal measurements in solution. 50 μL of AuNRs@SiO2@IONPs, SiO2@4IONPs and 

AuNRs@SiO2 at different concentrations ranging from [Au] = 0.005-0.1 mM and [Fe] = 0.3-5.2 

mM was placed in a 1.5 mL Eppendorf tube. Subsequently, it was irradiated during 5 min at 2.5 

W/cm2 and the sample was left 2 min for cooling down. The heating step including heating and 

cooling was recorded by a thermal camera and the data were used for calculations. The procedure 

was repeated 3 times per sample and concentration. 

For PTT, each sample was illuminated from the side with a NIR laser (808 nm) coupled to an optical 

fibre (Laser Components SAS, France) at 2.5 W/cm−2 and imaged with an infrared camera (FLIR 

SC7000) to measure the temperature increase. 

SAR calculation. SAR was calculated as reported in chapter III26  

Briefly, the temperature elevation was measured as a function of time (dT/dt) at the initial linear 

slope (t = 30 s) to evaluate the heating effect in terms of SAR, power dissipation per unit mass of 

element, Fe or Au (W/g). SAR was calculated using the following formula where mFe/Au is the total 

mass of iron and gold in the sample, mi is the nanoparticle element mass, and Ci to the specific 

heat capacity of the component i: 

SAR = ∑ mi·Ci

mFe or Au 

dT

dt
 

Since the mass of Fe and Au are significantly lower than those of water (Cw = 4.18 J g−1 K−1, Ccell 

= 4.125 J g−1 K−1), the initial equation can be written as: 

SAR = ∑ 
mw·Cw

mFe or Au 

dT

dt
 

Photothermal measurements in cells. PTT measurements of cells incubated with NPs were 

performed in a 96-well-plate containing 100 µL of the solution of cells+AuNRs@SiO2@IONPs. 

Each sample was irradiated during 5 min from the top with a single mode NIR laser (808 nm) 

coupled to an optical fibre (Laser Components SAS, France) at 1 and 2 W/cm−2. Cell viability was 

checked using the AlamarBlue assay. As explained in Chapter III, triplicates were performed for all 

the experiments and an empty well was left between samples to avoid that the laser caused 

heating of adjacent wells during irradiation (Figure 4.20) 
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Figure 4.20. Scheme of the distribution of cells in a 96-well plate for irradiation. 

Photothermal measurements in spheroids. PTT measurements of 3D spheroids incubated 

with AuNRs@SiO2@IONPs were performed in a 96-well-plate containing the spheroids. Each 

sample was irradiated for 3 min from the top with a single-mode NIR laser (808 nm) coupled to 

an optical fibre (Laser Components SAS, France) at power densities ranging from 0.5 to 2 W/cm−2. 

The viability of the spheroids was studied using live/dead cell images. 

Live/dead staining and visualization. The Live/dead Cell Imaging Kit (R37601, Invitrogen) was 

used to check the cell viability in spheroids. Following the protocol, spheroids at day 3 of 

maturation were stained with Live Green/Dead Red staining solution in non-adherent dishes for 

2 h at 37 °C in a humidified incubator with 5% CO2. Then, the staining solution was removed, and 

the spheroids were imaged using an Olympus IX81F-3 inverted microscope coupled with a laser 

dual spinning disc unit (Yokogawa CSU-X1) and an Andor iXonEM + CDD camera, with a 10x 

objective. Images were processed using ImageJ. 
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5.1 Introduction 

In this final chapter we address the importance of providing a complete report of the conditions 

used for photothermal measurements, as well as the potential consequences of undefined 

conditions on the reproducibility and comparability of different systems and their measurements. 

Along this thesis, we focused on the application of hybrid IOAuNPs for photohermal heating. 

Within our aim to learn about the photothermal effect and the techniques that are used to 

measure and evaluate the performance of NPs as nanoheaters, as discussed in chapter III, a short 

stay in the group of Prof. Claire Wilhelm was carried out to gain knowledge from a group with 

extensive expertise in the study of the photothermal properties of colloidal systems. After that 

stay, we attempted to implement their protocols in our laboratory and reproduce the methods 

they use.  

However, we noticed that even when performing the measurements under the same conditions 

and carefully reproducing the same set-up, we were unable to obtain the same results. 

Consequently, we started analysing those parameters that could affect the measurements, so as 

to understand where the differences might come from. After an extensive study, we found that 

some parameters that are rarely reported or considered when performing photothermal 

measurements, are however key toward the reproducibility of the measurements. In this chapter 

V, we report how the components of the laser heating set-up can affect the results and we present 

some guidelines that we consider should be followed when reporting on the photothermal effect 

of plasmonic nanoheaters. 

As explained in Chapters III and IV, the photothermal effect induced upon laser irradiation is an 

interesting method to produce local and rapid temperature increments in a controlled manner, 

which in turn allow destroying cancer cells selectively1. Therefore, several in vitro and in vivo 

studies has been carried out2,3 and the technique has been employed in clinical trials for prostate 

tumour ablation4 and head and neck cancer5. 

We demonstrated in Chapter III that AuNPs can act as efficient local heating agents because they 

feature suitable optical properties for their use as photosenzitizers6,7. The photothermal efficiency 

of NPs as photosensitisers strongly depends on the morphology and size of the particles8 and 

AuNPs should present low scattering and strong absorption cross sections within the region 

around the irradiation laser wavelength9.  

To understand the efficiency of AuNPs as nanoheaters, an important concern is how these 

photothermal agents are characterized. In the design of PTH experiments using AuNPs, prior to 

application in cells or in vivo studies, the first step generally includes the irradiation of a dispersion 

of AuNPs at a certain laser power to study their heating efficiency, occasionally described as the 

Specific Absorption Rate (SAR)10,11. Consequently, asides from laser wavelength and power (and 

thus, power density), sample volume and concentration are also crucial aspects affecting the 

overall heating efficiency. 
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In many cases, the reported data on the application of PTH are far from following a standard 

protocol. A literature search of the most relevant hybrid NPs for PTH was carried out and is 

summarized in Table 5.1. It can be readily noticed that different conditions are reported for each 

system, in terms of laser power, irradiation time and NP concentration. Therefore, benchmarking 

of the efficiency of different particles remains largely challenging and unclear. In most cases, even 

key parameters such as the temperature increase, irradiation time of NP concentrations are 

missing or unclear. Concentrations of hybrid NPs expressed as mg/mL are not informative enough, 

specific information about the concentration of each metal component, should be provided for a 

fair comparison to be made. Additionally, the achieved temperature increment (∆T), irradiation 

time (min), as well as information of the power density of the laser used for the PTH experiments 

(expressed in W/cm2) are key aspects when trying to compare and reproduce experiments. 

Table 5.1. Summary of hybrid nanoparticles for PTH. 

Hybrid NP Concentration Treatment 
Laser  

(nm) 

Power 

density 

W/cm2 

Time 

(min) 

∆T 

(°C) 
Ref. 

Core-shell 
[Au] 1 mM 

[Fe] 2 mM 

PTT 

in vivo 
808 1.4 15 16.7 18 

Core-shell 
[Fe] 

160 µg/mL 

PTT 

in vitro 
808 2 10 40 19 

Core-shell [Au] 1.25mM 
PTT 

in vitro 
808 1.5 5 49 20 

Nano- 

domes 

[Fe] 

100 µg/mL 

PTT 

in vitro 
808 5 0.5 - 21 

Core-shell 
[Fe] 

40 µmol/L 

PTT 

in vitro 
808 1 10 30 22 

Spiky 

core-shell 
[Fe] 4 nM 

PTT 

in vivo 
808 0.5 6 65.7 23 

Nano 

popcorns 

[NPs] 

 4 μg/mL 

PTT 

in vitro 
808 0.55 10 21.4 24 

Janus [Fe] 6 mM 
PPT 

in vitro 
680 0.5 5 32.3 11 

Core-

satellite 
[Fe] 150 mM 

PTT 

in vivo 
680 0.3 5 20  3 
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Additionally, in the majority of published reports, there is a lack of information related to the 

equipment configuration, irradiation conditions, and laser calibration, all of which hinder the 

reproducibility of the measurements and limit reliable comparisons between different 

nanoheaters12–17. 

In this study, we highlight important parameters that influence the increase of temperature 

produced by AuNPs under laser irradiation. Additionally, we have identified lesser discussed 

aspects such as the use of a laser beam collimator, the laser position during calibration, and the 

use of multimode or single-mode lasers, as crucial parameters toward the reproducibility of 

experimental findings (Figure 5.1). Consequently, we propose the standardization of protocols to 

thoroughly report all experimental parameters, should we aim to advance the application of PTH. 

We thus present the importance of the mentioned parameters and how the obtained heating 

values are affected when measuring the same sample under different conditions.  

 

 

Figure 5.1. Scheme of the parameters that were studied regarding their effect in photothermal 

measurements. 

5.2 Synthesis and characterization of gold nanostars 

For this study, AuNSs were synthesized using a seed-mediated surfactant-free method25, with 

slight modifications. Briefly, 15 nm Au seeds were added to 10 mL of water containing HAuCl4 

and HCl, followed by a simultaneous and fast addition of AgNO3 and ascorbic acid (AA), which 

promotes the growth of Au seeds into AuNSss. Thus, the amount of seeds that was added to the 

reaction as nucleation points was adjusted to obtain AuNSs with an LSPR centred at ca. 813 nm, 

in close resonance with the laser wavelength used in this work (808 nm). The average diameter 

(tip to tip) of the obtained AuNSss (117.3 ± 10.3 nm) was measured from TEM images. Further 

details on the preparation can be found in the Experimental section (5.6.2), while the 
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characterization of the AuNSss is shown in Figure 5.2. These AuNSss were used for all the heating 

experiments that are discussed in this chapter. 

 

Figure 5.2. (A) Representative TEM image of the synthesized AuNSss. (B) UV-vis spectra of AuNSs 

normalized at the LSPR maximum (813 nm). 

5.3 Photothermal measurements 

All the AuNSs photothermal measurements were performed in aqueous dispersion, using a fixed 

concentration ([Au] = 0.1 mM) and volume (50 μL). Samples were placed in a 0.5 mL Eppendorf 

tube, thus always maintaining the same geometrical conditions such as sample volume in the laser 

beam path. The Eppendorf tube was held in a purposefully 3D-printed support at controlled 

distances from the exit of the laser optical fibre. The sample was suspended in air, at a distance 

of ca. 5 cm from the benchtop and thus was not in contact with any material underneath which 

may have affected heat absorption or light reflection. Each sample was then irradiated for 5 min 

using a vertical setup with the laser, coupled to an optic fibre, shining downwards on top of the 

Eppendorf tube. Two types of laser were used for comparison: a single-mode (Laser components 

SAS, France) and a multimode (Lumics GmbH IR; LU0808T040) diode laser. Both lasers were 

applied at a power density of 1 W/cm2. Prior to all experiments, both lasers were calibrated to 

determine the power needed to achieve a power density of 1 W/cm2. The use of a non-collimated 

beam required the use of a mask during calibration. A square mask, with a centred hole measuring 

4 mm in diameter, was 3D-printed using a photopolymer resin. The mask was then covered with 

aluminium foil, keeping the hole in the centre free. This mask allowed us to block light that does 

not interact with the sample and therefore to determine the power required to achieve a power 

density of 1 W/cm2. The diameter of the mask must be properly chosen to make it match the 

diameter of the sample irradiation area. In this study, 0.5 mL Eppendorf tubes containing the 

sample solution were used, and the diameter of the upper solution surface was measured to be 4 

mm.  It should be noted that the irradiation area will change when using other volumes or tubes, 

and consequently the hole in the mask should be adjusted to ensure a correct calculation of the 
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output power during calibration. After irradiation for 5 min, the samples were allowed to cool 

down for 2 min. An infrared camera (FLIR A35) was used to register temperature changes during 

the experiments; in order to do so, a region of interest (ROI) was drawn equivalent to the surface 

area of the AuNP solution in the Eppendorf (D = 4mm), and a further ROI outside of the sample 

was used as a background control. Temperature increments were calculated from the acquired 

data by subtracting the initial temperature (time = 0) from the final temperature (time = 5 min). All 

experiments were conducted in triplicate with fresh, non-irradiated AuNSs solutions. Additionally, 

the experiments were performed in a closed room under controlled temperature. 

5.3.1 Importance of collimating the laser beam 

Fibre-coupled lasers emit strongly diverging light that has not parallel rays but scattered angles. In 

order to avoid this divergence, a collimator can be used, which improves the directionality of the 

beam leaving the optical fibre, resulting in parallel rays with low beam divergence. The resulting 

effect is that the beam diameter along its path (once outside the optical fibre, also known as the 

spot size) does not increase significantly, and thus, the power density reaching a sample at 

different distances from the laser will remain constant. In contrast, due to the divergence of a 

non-collimated beam, a significant increase in the spot size and thus decrease in the power density 

will result upon small changes in the distance between the laser and the sample. To prove the 

importance of collimating a laser source in PTH experiments, two different conditions were tested. 

In the first one, no collimator was applied and both single and multimode lasers were compared 

(experiments 1 and 2, respectively). The experimental setup was the same for both measurements, 

in that the laser was placed at a distance of 4 cm from the sample, resulting in a spot size that was 

slightly bigger (D = 6 mm, area = 28.3 mm2) than the sample area (D = 4 mm, area = 12.6 mm2) 

due to the lack of beam collimation. In order to calibrate both lasers to determine the power 

density actually reaching the sample, a mask was required to black out all illumination not reaching 

the samples. The mask was removed for the actual measurement. A schematic representation of 

the set-up is shown in Figure 5.3. In the second condition (experiments 3 and 4), a collimator was 

applied and, therefore, the distance between laser and sample was increased to achieve a spot 

size of the same diameter (D = 6 mm) as in the first experimental condition. Again, in order to 

block out light not interacting with the sample, a mask was applied for the calibration step.  
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Figure 5.3. Scheme of the set-up for the calibration and irradiation of samples when measuring 

with a non-collimated beam or a collimated beam with a spot size bigger than the irradiation area. 

The design of this experiment allowed us to study the effect of the laser profile on the overall 

heating of AuNSss. As previously mentioned, whereas single-mode lasers emit light of low 

divergence and low light output modes, multimode lasers emit light of multiple modes which forms 

a Gaussian-curve in its intensity. As such, it is reasonable to expect that the homogeneity of 

irradiation intensity of a single-mode laser is higher than that for a multimode laser. Taking into 

consideration the increasing beam divergence with increasing the distance between laser and 

sample in cases where no collimation is applied, it is also expected that multimodal lasers will lose 

more laser intensity.  

The results of the experiments showed that, for experiments 1 and 2 in which the beam was not 

collimated, huge differences were found between the results when using a single-mode (23.2 ± 

1.4) and a multimode laser (9.9 ± 1.1), but such differences are not significant when the beam is 

collimated, obtaining temperature increments of (10.1 ± 0.3) and (9.2 ± 0.1), for single-mode and 

multimode lasers, respectively. 
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5.3.2 Importance of a correct calibration 

As in all quantitative techniques, a correct 

calibration is crucial to achieve precise results. 

Often, the importance of the distance 

between laser and sample is taken for 

granted, or poorly characterized.  However, 

considering that the power and modal profile 

reaching a sample is directly related to the 

spot size, it is understandable that a correct 

comparison between samples requires 

mainteining the exact same laser-sample 

distance. Additionally, not only for different 

samples but also for different sample and 

calibration measurement setups, should the 

laser-sample distance remain the same. A standard power meter configuration in shown in Figure 

5.4. Of note, the detector itself is slightly offset from the outer casing, lying at a distance of ca. 5 

mm inside the casing. Thus, we chose to repeat the initial experimental conditions (single vs. 

multimode without collimation) but to factor in this a difference of 5 mm between calibration and 

experimental setups. The experimental set-up is the same as in Figure 5.3 but changing the 

distance from 4 to 4.5 cm in the calibration. 

The results showed a temperature increment of 19.9 ± 2.3 ºC for the single-mode laser 

(experiment 5) and 26.5 ± 1.1 ºC for the multimode laser (experiment 6). To see the effect of a 

wrong calibration, we compared these results with those obtained in experiment 1 (23.2 ± 1.4 ºC) 

and experiment 2 (9.9 ± 1.1 ºC). It can be noticed that, for a non-collimated beam, the effect of a 

5 mm error in the calibration position remarkably affects the temperature increment when using 

a multimode laser, in which a difference of 16.6 ºC was recorded. By contrast, this effect was not 

appreciated when using a single mode laser. 

5.3.3 Importance of the use of a multimode or a single mode laser  

The mode of the beam has been found to be a factor that could affect the results when measuring 

colloidal NPs. The essential difference between a single mode and a multimode laser is related to 

changes in the spatial distribution of energy. Single mode lasers display a Gaussian distribution, 

whereas multimode lasers present a flat-type distribution which energy is averaged. Thus, the 

energy of a single mode laser is relatively concentrated, the core is thin, and the 3D map is 

represented by a circle. By contrast, the multimode laser core is thicker, the energy distribution is 

wider than in the single mode laser, and the 3D map corresponds to an inverted cup26. A schematic 

representation of laser types and their energie distributions can be seen in Figure 5.5. 

In general terms, the choice of single-mode or multimode laser mainly depends on the user needs. 

Thus, it is not known a priori, which kind of laser is better for each particular application. However, 

Figure 5.4. Design of a conventional power 

meter, in which the detector is located inside the 

case at a different level. 
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the differences when using a single-mode or a multimode laser must be considered when 

measuring NPs for PTH.  

 

 

Figure 5.5. Scheme of the energy distributions for a single-mode laser (upper panel) and a 

multimode laser (lower panel). 

Two additional experiments were performed using the single-mode and the multimode lasers, to 

study the influence of the type of laser on photothermal measurements. Thus, samples were 

irradiated using a collimated beam with a spot size matching the irradiation area (D = 4 mm), both 

with a single-mode laser (experiment 7) and a multimode laser (experiment 8). A schematic 

representation of the set-up is shown in Figure 5.6. 

 

Figure 5.6. Schematic representation of the laser configuration when calibrating and measuring 

using a collimator with a beam spot size of equal area as the irradiation area. 

The results showed that, when collimating the beam and adjusting the spot size to the irradiation 

area, the results are similar for single-mode (8.6 ± 0.3 ºC) and multimode (8.3 ± 0.5 ºC) laser. 
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Besides, when comparing the results with experiment 3 (10.1 ± 0.3 ºC) and experiment 4 (9.2 ± 

0.1 ºC), in which we have used a collimator without adjusting the spot size, the results are slightly 

higher but still similar. The single-mode and multimode lasers work similarly when using a 

collimator but when the beam is not collimated significant differences are registered between 

them as shown in the two first experiments (23.2 ± 1.4 ºC) vs (9.9 ± 1.1 ºC). 

5.4 Results  

The results demonstrated that the details of the set-up and the experimental conditions are crucial 

for a reliable data output. The average temperature increments are shown as heating curves for 

all the experiments in Figure 5.7. The plots represent the temperature increase during 5 minutes 

of heating at 1 W/cm2 and 2 min of cooling for all the experiments, in triplicate. 

 

Figure 5.7. Temperature increment curves (ΔT, in °C) during 5 min of irradiation at 1 W/cm2 using 

AuNSs colloidal dispersion (50μL, 0.1mM). 

A summary of the experimental conditions for all the experiments is shown in Table 5.2. Summary 

of the experimental conditions for the irradiation experiments 1-8.the results is represented in 

Figure 5.8.  

Table 5.2. Summary of the experimental conditions for the irradiation experiments 1-8. 
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Figure 5.8. PTH results representing the experimental increase of temperature. A real image 

acquired with the thermal camera upon irradiation of one of the samples is shown in the left panel. 

5.5 Conclusion 

We have demonstrated that giving precise information about the specific photothermal heating 

set-up and operation conditions is crucial for the reproducibility of PTH results and therefore 

should be mandatory in related scientific reports. The combination of a wide variety of factors 

may easily yield different results, which should be considered not only from the point of view of 

stablishing guidelines for measuring the PTH efficiency of NP sensitizers and obtaining a reliable 

benchmarking, but also because it provides valuable information toward selecting the most 

suitable set-up for a desired application. For example, when a higher temperature increment is 

needed, the use of a single-mode laser without collimator should be considered. We have also 

proven that a lower variability in the results is obtained when using a collimator of the beam 

because, even when changing the laser spot size, consistent results were obtained.  

Besides, the importance of a proper calibration has been also demonstrated. In particular, special 

care should be taken when using a multimode without collimator of the beam because even slight 

mistakes may lead to wrong results.  

Additionally, to prove that PTH results can be reproduced when all the details of the set-up are 

provided, we have reproduced the PTH measurements of AuNSs that were previously reported 

by our group10. The temperature increase was the same as in the published article, as shown in 

Figure 5.9. 
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Figure 5.9. Average temperature increment in over time for 150 µL of AuNSs solution 

([Au]=0.75mM) irradiated for (A) 1 min at 1 W/cm2 and (B) 5 min at 0.3 W/cm2. 

The reported configuration was employed for the measurements10. Thus, 150 μL of 85 nm AuNSs 

at [Au] = 0.75mM were placed in a 0.5mL Eppendorf tube. A single-mode laser working at 1 

W/cm2 was used without collimator. The spot size was bigger than the irradiation area (D = 5.5 

mm, area = 23.7 mm2), a mask of 5.5 mm was used for the calibration, to adjust the output power 

to 1 W/cm2 at 4 cm distance. Since the volume of the irradiated sample was increased, the size 

of the hole in the mask was accordingly adjusted, in this case to the irradiation area. When 50 μL 

of the dispersion were introduced inside an Eppendorf tube, the diameter at the height of the 

solution was 4 mm, which changes to 5.5mm when 150 μL are introduced in the same Eppendorf 

tube (see Figure 5.10). As reported in the publication, the irradiation laser was placed at the same 

distance to the sample and the temperature was registered during 1 min. Then, the power density 

was lowered to 0.3 W/cm2 and the samples were irradiated for 5 min to see the increase in the 

temperature profile. The previously reported results showed the same results as those acquired 

in these experiments, with a temperature increase of 17 ºC for 1 W/cm2 and 10 ºC for 0.3 W/cm2. 

 

Figure 5.10. Schematic representation of the height of different volumes in an Eppendorf. 

Taking all this information into account, we have demonstrated that clear differences can be 

appreciated between experiments carried out with different set-ups, evidencing an effect of the 

studied parameters on the results. We can thus conclude that the set-up conditions must be 

accurately described to avoid reporting incomplete and unreliable data from the point of view of 

reproducibility and efficiency of nanoheaters.  
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5.6 Experimental Section 

5.6.1 Materials 

Hydrogen tetrachloroaurate trihydrate (HAuCl4 ∙ 3 H2O, ≥ 99.9%), sodium citrate tribasic 

dihydrate (≥ 98%), silver nitrate (AgNO3, ≥ 99.0%), hydrochloric acid (HCl, 37%), L-ascorbic acid 

(AA, ≥ 99%) and O-[2-(3-mercaptopropionylamino) ethyl]-O’−methylpolyethylene glycol (PEG, 

Mw 5.000 Da) were purchased from Sigma-Aldrich. Milli-Q water was used for all experiments. 

All glassware was washed with aqua regia before use. 

5.6.2 Nanoparticle synthesis 

Synthesis of 15 nm Au seeds. 95 mL of 0.5 mM HAuCl4 was mixed under vigorous stirring 

and heated until boiling under vigorous stirring. Then 5 mL of 34 mM citrate solution was added. 

After 15 min of boiling, the solution was cooled down and stored at 4 °C. The formation of Au 

seeds is evidenced by a change in the solution colour, form pale yellow to red. 

Synthesis of AuNSss25. 50 μL of 15 nm Au seeds [Au] = 0.5 mM were added to 10 mL of water 

containing 50 μL HAuCl4 (50 mM) and 10 μL of HCl 1 M followed by a simultaneous and fast 

addition of 30 μL of AgNO3 10 mM and 50 μL AA 100 mM. After 30 seconds, 100 μL of PEG-

SH 0.1 mM was added as a stabilizer for the AuNSss. The sample was centrifuged twice (3500 

rpm, 30 min) and dispersed in water. The resulting average tip-to-tip diameter (117.3 ± 10.3 nm) 

was measured from TEM images. 

5.6.3 Nanoparticle characterization 

NPs standard characterization. The synthesized AuNSss were characterized using TEM and 

UV-Vis. UV−vis optical extinction spectra were recorded using an Agilent 8453 UV−Vis diode 

array spectrophotometer, normalizing spectra at the LSPR maximum (813 nm). TEM images were 

collected with a JEOL JEM-1400PLUS transmission electron microscope operating at 120 kV, 

using carbon-coated 400 square mesh Cu grids. 
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6. Conclusions 
This thesis has introduced new methods for synthesizing multifunctional hybrid nanoparticles 

based on iron oxide and gold for their use as contrast agents for multimodal bioimaging and their 

potential application as nanoheaters for photothermal heating. 

A first approach was introduced in Chapter II.  Therein, iron oxide NPs were synthesized and 

covered by AuNPs, which subsequently act as nucleation points for overgrowth into a spiky gold 

coating shell. We named these NPs as iron oxide-gold nanostars (IOAuNSs). We demonstrated 

that the total particle size can be tailored by adjusting two synthetic parameters 1) the 

concentration of gold spheres employed as nucleation sites and 2) the concentration of additional 

gold precursor for the spiky gold shell formation reaction. Thus, particles with different 

morphologies and sizes, as well as different optical characteristics can be obtained by varying 

these factors. Additionally, we demonstrated that these IOAuNSs can be functionalized with 

molecular or polymeric ligands, to obtain additional characteristics for the desired bioimaging 

applications. The use of the IOAuNSs as contrast agents for MRI, SERS and fluorescence imaging 

has been proven in 2D, 3D cell models and an ex-vivo animal tissue model. In this regard, SERS 

signal enhancement was discovered to be largely dependent on the absorbance and density of 

hotspots (spikes) of the IOAuNSs, while MRI measurements revealed that all particles, regardless 

of their functionalization for SERS or fluorescence, generated T2 contrast due to the IONP cores. 

In summary, hybrid IOAuNSs were shown to act as efficient contrast agents for multimodal 

bioimaging in complex biological models. Therefore, the synthesised IOAuNSs can be exploited as 

an attractive alternative to standard contrast agents, providing multifunctionality with the goal of 

improving the accuracy of current diagnostic procedures. 

In Chapter III it has been demonstrated that the size of IOAuNSs can be further decreased by 

optimization of the protocol presented in Chapter II. The decrease of the overall particle size was 

achieved by two alternative approaches: 1) lowering the concentration of AuNPs used as 

nucleation sites for gold overgrowth (strategy developed in Chapter II) and 2) by reducing the 

diameter of the iron oxide cores through addition of increased amounts of water to the synthesis. 

Thus, smaller IOAuNSs with optimized photothermal characteristics were obtained for their use 

as nanoheaters for photothermal heating. Controls consisting of IONPs, AuNSs, and PS-beads 

covered by a spiky gold shell, were developed to determine the relevance of the metal shell and 

the dielectric core in the heating properties. The results showed that heating provided by IONPs 

upon laser irradiation at low concentrations was negligible. Besides, AuNSs and PSAuNSs showed 

a heating performance similar to that of IOAuNPs, thus indicating that PTH is a surface/tip effect, 

whereas the core of the NPs does not contribute, regardless of its material composition. In 

addition, the synthesis of PSAuNSs by the same method developed for IOAuNSs proved the 

versatility of this method to grow spiky shells around a material with arbitrary composition. 

Regarding the use of the IOAuNSs for photothermal heating in cell models (2D and 3D), it was 

demonstrated the biocompatibility of the NPs and the capability of the NPs to heat and 

successfully induce cell death by achieving hyperthermia conditions in both cell cultures. 
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Additionally, it was demonstrated that the concentration of NPs or the applied power density can 

be lowered when the complexity of the model is increase, i.e., the efficiency is higher in 3D models 

than in 2D models. 

In Chapter IV a second approach was presented for the synthesis of hybrid NPs with better 

capacity for PTH and improved magnetic susceptibility for their potential use in magnetic 

separation. We demonstrated the ability to grow IONPs on top of AuNRs covered by a 

mesoporous silica shell. Additionally, by carrying out several IONP growth cycles, the density and 

size of the obtained IONPs could be increased. The NPs revealed remarkable photothermal 

heating performance, with high temperature increments achieved, even with relatively low Au 

concentrations. However, the high concentration of Fe in the final hybrid NPs was found to 

contribute to the overall heating. We demonstrated the ability of these hybrid NPs to act as 

nanoheaters in 2D and 3D cell models, killing cells with low concentrations and power densities. 

Furthermore, it was proven, as previously concluded in Chapter III, that the heating capacity of 

NPs was increased when internalised by cells and the effect is even amplified when cells aggregate 

to form spheroids. The lower concentrations of Au used for these experiments confirmed that 

AuNRs@SiO2@IONPs were more efficient nanoheaters than IOAuNSs. Additionally, EDC/NHS 

chemistry was successfully used to effectively conjugate AuNRs@SiO2@IONPs with antibodies. 

The ability of the NPs to bind targeted cells expressing the CD44 antigen was demonstrated by 

using MDA cells as a positive control and MCF7 cells as a negative control. Thus, we proved that 

MCF7 cells could be specifically targeted by antibody-labelled hybrid NPs. 

In Chapter V we showed it is essential to provide detailed information of the heating set-up, 

toward the reproducibility of PTH measurements. In this chapter, we have studied different 

parameters having a high impact on heating, such as the effect of beam collimation, the use of 

multi- or single-mode lasers, and a proper calibration on the measurements. We concluded that, 

establishing guidelines for measuring the PTH efficiency of NPs as nanoheaters and making 

reliable comparisons, a wide range of factors are to be taken into consideration. We demonstrated 

that using a collimator leads to lesser variability when the laser spot size is changed, and that 

special care should be taken during the calibration of a multimode, non-collimated laser. In 

addition, we have demonstrated that PTH results are reproducible when all the set-up and laser 

beam specifications are known. In conclusion, we showed that different parameters influence the 

PTH results, and that the setup must be precisely specified to prevent reporting incorrect data. 

Despite of these results, more parameters and detailed information about the laser are required 

and further experiments should be carried out to fully understand the variability of heating results. 

Overall, we presented in this thesis two novel hybrid systems based on iron oxide and gold NPs 

that revealed remarkable properties as contrast agents for multimodal bioimaging and as 

nanoheaters for PTH. The synthetic methods and functionalization of hybrid NPs presented are 

useful for the synthesis of nanohybrids with desired properties for specific applications and they 

represent a step forward towards the development of novel theranostic platforms. 
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a b s t r a c t

Multicompartment nanoparticles have raised great interest for different biomedical applications, thanks
to the combined properties of different materials within a single entity. These hybrid systems have
opened new avenues toward diagnosis and combination therapies, thus becoming preferred theranostic
agents. When hybrid nanoparticles comprise magnetic and plasmonic components, both magnetic and
optical properties can be achieved, which are potentially useful for multimodal bioimaging, hyperthermal
therapies and magnetically driven selective delivery. Nanostructures comprising iron oxide and gold are
usually selected for biomedical applications, as they display size-dependent properties, biocompatibility,
and unique physical and chemical characteristics that can be tuned through highly precise synthetic pro-
tocols. We provide herein an overview of the most recent synthetic protocols to prepare magnetic-
plasmonic nanostructures made of iron oxide and gold, to then highlight the progress made on multifunc-
tional magnetic-plasmonic bioimaging and heating-based therapies. We discuss the advantages and lim-
itations of the various systems in these directions.

� 2022 Elsevier B.V. All rights reserved.
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1. Introduction

Early diagnosis and effective therapies are undoubtedly of
major concern when aiming to improve global health, as they
can efficiently prevent patient worsening while increasing the
chances for successful treatment and survival [1]. The develop-
ment of advanced methodologies that provide fast and accurate
readouts is thus required, including minimally-invasive imaging
techniques [2]. Unfortunately, a single imaging technique often
does not provide the information needed for a precise diagnosis.
Therefore, multimodal imaging techniques based on the combina-
tion of different imaging modalities provide advantages over the
limitations of the individual techniques [3]. However, such a com-
bination of techniques also requires contrast agents that can
enhance the imaging resolution of the various techniques involved.
In addition, multimodal bioimaging can be combined with novel
hyperthermia treatments. Hyperthermia, from hyper-‘beyond’ +
thermē ‘heat’, consists of heating a lesion site above 45 �C to induce
cell death and has been shown to provide high efficacy in cancer
treatment [4,5].

Nanomaterials are especially suited to play an important role
toward these challenges. In particular, nanoparticles (NPs) based
on different metals or metal oxides can act as dual contrast agents,
thanks to the specific properties of each component, thus render-
ing them excellent candidates for application in multimodal
bioimaging [6,7]. One of the most popular materials combinations
comprises gold and iron oxide, resulting in so-called plasmonic-
magnetic nanostructures [8]. On one hand, plasmonic NPs – mainly
gold and silver but also other metals – have been shown to excel in
various biomedical applications, such as sensing, diagnosis and
therapy [9-11], on account of their characteristic optical properties,
which can be readily tuned by adjusting synthetic parameters to
obtain the desired size, shape and composition [12]. In brief, plas-
monic nanoparticles are characterized by so-called localized sur-
face plasmon resonances (LSPR) [13,14], occurring when
conductive electrons undergo collective oscillations in resonance
with an external electromagnetic field (incident light in the visible
or near-IR). As a result, plasmonic NPs can efficiently absorb and
scatter light of a specific wavelength, as light is confined at nanos-
cale dimensions. Such a light confinement leads to surface-
localized electric field enhancements, which can largely affect the
spectroscopy of nearby molecules. A characteristic example is the
enhancement of Raman scattering by molecules, which is known
as surface-enhanced Raman spectroscopy (SERS) and has been
demonstrated as a powerful analytical technique for ultrasensitive
(bio)sensing [15]. In addition to biosensing, SERS bioimaging has
also been implemented, by means of contrast agents (SERS tags)
comprising AuNPs that carry a molecular label (Raman reporter,
RaR) typically featuring a high Raman cross section and an easily
recognizable vibrational fingerprint [16]. SERS tags present long-
term stability, biocompatibility and negligible photobleaching,
which are essential features for long-term in vivo imaging of 3D
complex cellular structures [17,18]. Apart from the amplification
of spectroscopic events, plasmonic NPs additionally release part
of the absorbed light in the form of heat, which is efficiently trans-
mitted to the local environment upon irradiation with resonant
light. This phenomenon, usually known as the photothermal effect
or plasmonic heating, is related to a relaxation by electron-electron
scattering when electrons have been promoted to an excited

energy state by resonant photons, in turn translating into an
increase of surface temperature [19,20]. The subsequent dissipa-
tion of thermal energy into the surrounding medium has been
exploited in therapeutic approaches causing local thermal damage,
for example, of malignant cells, toward cancer therapy and tumor
depletion [21].

On the other hand, magnetic NPs have also been extensively
studied, in the form of metals such as iron, cobalt, and nickel, or
metal oxides such as ferrites, cobaltites, or mixed oxides. Iron
oxide NPs (IONPs) can act by shortening the longitudinal and
transverse relaxation times of nearby water protons. Thus, IONPs
have been highly regarded as contrast agents for MRI and can be
classified as T1 (positive) or T2 (negative) contrast agents, depend-
ing on the relaxation process that is more significantly altered [22].
In general, IONPs have been extensively utilized as T2 contrast
agents, but more recently they have also been exploited as T1 con-
trast agents [23], which requires small IONPs (<5 nm) with med-
ium size coatings (hydrodynamic sizes of 10–20 nm) [24].
Importantly, IONPs have been approved by the U.S. Food and Drug
Administration (FDA) [25] for bioapplications such as iron replace-
ment therapies or tumor ablation therapies through local hyper-
thermia [26,27]. The grand advances in the preparation of IONPs
have resulted in a rigorous control over their size and shape, which
in turn affect the resulting magnetic response [28–30]. In addition,
since their movement can be manipulated using external magnetic
fields, they have a high potential for magnetic targeting of cells or
tissue [30] and have also been used to mechanically stimulate stem
cell differentiation [31].

Despite the excellent performance of single-component NPs,
the presence of different materials within a single NP offers further
opportunities by combining the physical and chemical characteris-
tics of both components. For example, whereas AuNPs are excel-
lent plasmonic materials and IONPs are exemplary magnetic
materials, by combining them into the same NP (AuIONPs) their
respective properties, e.g. as contrast agents in SERS and MRI,
can be retained, which is known as multimodal imaging [32]. Addi-
tionally, the use of plasmonic and magnetic NPs as nanoheaters has
become attractive toward combined therapies, together with con-
ventional cancer treatments such as chemotherapy and radiother-
apy [33]. Gold and iron oxide moieties can be used to release heat
upon appropriate stimulation, i.e. magnetic (hyperthermia) and
photothermal heating [34], and the combination of both heating
modalities can be applied when both materials are used in con-
junction [35].

These novel cancer treatments can be further improved, in
terms of specificity and selectivity, by using the magnetic domain
for light driven delivery and magnetically targeted drug delivery.
For these techniques, an external magnetic field is used to drag
the nanoparticles, which have been pre-loaded with specific drugs,
to a desired site where drug release is triggered by the photother-
mal response of the gold component [36] or by the magnetic com-
ponent, thus combining hyperthermia and targeted chemotherapy
[37-39].

In this review, we highlight recent advances in the design of
AuIONPs and focus on their applications, specifically in the fields
of multimodal imaging for diagnosis and hyperthermia as thera-
peutic agents. In the following sections we thus summarize
recently reported results, aiming at providing an overview of the
advantages and limitations of these hybrid systems.
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2. Plasmonic and magnetic NPs: synthesis and characterization
of hybrid nanostructures

2.1. Synthesis of hybrid nanoparticles

Synthesis of plasmonic NPs has been achieved by means of a
wide variety of chemical [40], physical [41] and biological [42]
methods. After several decades of research on spherical Au
nanoparticles (AuNPs) [43], the colloidal synthesis of anisotropic
NPs has gained huge interest, mainly driven by their finely tunable
optical properties. Anisotropic nanoparticles can accommodate
multiple plasmon modes, related to the nanoparticle morphology
and its orientation with respect to the polarization of incident
light. Additionally, elongated nanoparticles can display LSPRs at
lower energies, down to the near-IR (NIR). Such an optical tunabil-
ity is particularly relevant for biological applications [44,45]
because maximum light transmission through tissue and mini-
mized autofluorescence are obtained in the NIR [46]. Nanorods
(AuNRs), nanostars (AuNSs), or nanotriangles (AuNTs) are some
examples of AuNPs that can reach high anisotropy and tunable
LSPR properties [47]. The most widely applied approach for the
fabrication of anisotropic NPs is based on seed-mediated growth,
comprising an initial step in which metal ions are reduced to form
small metal nuclei, which are subsequently used as seeds for the
growth of larger NPs with morphologies determined by the seed
structure, surfactant (and other additives), and reaction kinetics.
Selected AuNP morphologies for application in imaging and hyper-
thermia are summarized in Fig. 1.

Regarding magnetic NPs, IONPs in particular, colloidal synthesis
has also been studied extensively [53]. Methods for IONP fabrica-
tion can be selected to ensure control over size, shape and compo-
sition [54]. Co-precipitation, thermal decomposition and
hydrothermal processes are the most common synthesis methods
[55]. Co-precipitation comprises the simultaneous precipitation
of Fe2+ and Fe3+ ions in a highly basic solution, usually under inert
atmosphere (N2 or Ar), either at room temperature or at higher
temperatures (above 70 �C); particles with sizes ranging from 5
to 20 nm are usually obtained with this method [56]. In the

hydrothermal procedure, IONPs are obtained by treating iron salt
precursors at high temperature (130–250 �C) in an autoclave, at
pressures ranging from 0.3 to 4 MPa [57-59]. By contrast, using
the thermal decomposition method, IONPs are obtained through
the decomposition of organometallic iron precursors, followed by
oxidation in a high boiling point organic solvent containing surfac-
tants. Monodisperse particles can be obtained with high repro-
ducibility by using this method, but its main drawback is that
biological applications require a post-synthesis phase transfer into
a polar solvent [60]. Dadfar et al.[61] have classified the synthetic
methods for IONPs and coatings needed for different applications
in diagnosis and therapy, on the basis of their stability and non-
toxic nature. Magnetite (Fe3O4) and its oxidized form maghemite
(c-Fe2O3) are the most widely used IONPs for biomedical applica-
tions [62]. Both iron oxides present structural similarity compris-
ing a cubic inverse spinel, the main difference being that
magnetite is made of both Fe(II) and Fe(III) whereas maghemite
contains ferric Fe(III) ions only, and shows higher thermal and
chemical stability. Both materials are metastable oxides, show
size-dependent magnetic properties, [63] and are easily magne-
tized, thus showing a magnetic response in the presence of an
external magnetic field (see Fig. 2).

The magnetic properties of IONPs are directly related to their
size and morphology. Particle size determines the paramagnetic
or superparamagnetic response of the nanostructures, in connec-
tion to the size-dependent spin exchange effect. On the other hand,
the morphology of the particles is involved through shape-induced
magnetic anisotropy [64]. Thus, the development of anisotropic
and faceted IONPs, such as iron oxide nanocubes (IONCs) or
nanoflowers (IONFs), have been studied in connection with their
use for both magnetic resonance imaging (MRI) and magnetic
hyperthermia [65].

The effect of particle size and shape on the relaxivity has also
been reported. Several studies have demonstrated that faceted
nanoparticles provide improved magnetism and relaxivity, as com-
pared to spherical nanoparticles of similar size, with an increase in
the relaxation rates when increasing particle size [66]. It has also
been stablished that, the shape of the hysteresis loops for IONPs

Fig. 1. Most common morphologies obtained by seed mediated growth of gold NPs, for imaging and hyperthermia applications. Scale bars correspond to 100 nm. Modified
and reproduced from [16,48-52]. Copyright (2010) (2014) (2016) (2017) (2019) American Chemical Society.
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is regulated by their magnetic anisotropy. Therefore, IONCs with a
low magnetic anisotropy show improved heating efficiency, which
is preferred for hyperthermia treatments, compared to spheres
[67]. Additionally, multicore systems show an improved magnetic
response in comparison to single-core NPs of similar size. While
dipole-dipole interactions arise in single-core particles, exchange
coupling occurs among individual grains in multi-core systems
due to the short distance between them, thus leading to strong
magnetic interactions [68]. These assemblies represent a situation
where aggregation of IONPs is controlled, so that no changes occur
in the number of cores per particle. This system is advantageous for
biomedical applications such as MRI and MHT, because of high sat-
uration magnetization values and colloidal stability [69].

Considering the above introduced synthesis methods for both
AuNPs and IONPs, novel approaches for the fabrication of hybrid
NPs that combine both magnetic and plasmonic nanostructures
have been reported (Fig. 3). Aqueous syntheses have naturally
become most valuable when nanomaterials are considered for
bioapplications. Most of the plasmonic-magnetic NPs reported in
literature are made of an iron oxide core surrounded by an outer
plasmonic gold layer (AuIONPs). The coating shell is meant to
enhance the stability of the IONPs and allow more diverse func-
tionalization [73]. The synthetic process comprises the reduction
of Au precursors in the presence of IONPs, which act as seeds
and become inner cores upon gold shell formation. For this pur-
pose, two principal strategies have been used. On the one hand,

Fig. 3. Schematic illustration and TEM images of common combinations of iron oxide and gold into hybrid NPs. Scale bars correspond to 50 nm. Adapted from refs.[32,81-86].
Copyright (2009) (2016) (2017) American Chemical Society, (2017) Royal Society of Chemistry, (2013) John Wiley and Sons, (2018) Springer Nature.

Fig. 2. Most common morphologies of IONPs made of magnetite or maghemite, for imaging and hyperthermia applications. Scale bars correspond to 50 nm. Modified and
reproduced from [67,70-72]. Copyright (2012) (2018) (2021) American Chemical Society, (2008) John Wiley and Sons.
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the direct synthesis of the gold layer can be performed by adding
gold precursors and a reducing agent to the dispersion of IONPs
[74,75]. This process is however hindered by a complicated control
over the thickness and geometry of the gold shell. On the other
hand, hybrid particles can also be achieved by first depositing an
intermediate layer, which provides a suitable surface charge, facil-
itating the decoration with gold seeds. The density of seeds can
subsequently determine the thickness and geometry of the gold
shell, obtained upon reduction of gold ions [76]. The intermediate
layer usually comprises either silica [77] or polymers such as
polyvinylpyrrolidone (PVP) [78] or polyethyleneimine (PEI) [79].
A different approach to obtain plasmonic-magnetic NPs is the fab-
rication of Janus NPs, with two distinct surface regions, made of Au
and IONPs [80]. Examples of common AuIONPs are summarized in
Fig. 3.

One important concern during the synthesis of hybrid
plasmonic-magnetic particles is the potential influence of the gold
layer on the magnetic cores, thus, a meticulous characterization of
their properties is crucial. In this respect, it has been shown with
wide generality, that magnetic properties remain unchanged after
growing Au around IONPs [32,85,87]. However, any coatings or
shells can affect their performance as contrast agents for bioimag-
ing. Coatings may reduce, for example, the accessibility of water
protons to IONPs cores, which can be detrimental to their effect
on the relaxation times and thus compromise the application of
hybrid NPs for MRI [88]. The various synthetic protocols for the
fabrication of plasmonic-magnetic NPs and functionalization
strategies have been reported in detail [89-92] as well as the
biomedical application of these hybrid nanostructures [93,94],
even though, we found insufficient description of the relevant
characterization techniques, and their connection with bioapplica-
tions. Therefore, we restrict ourselves in this review to describing
characterization methods for AuIONPs, and their use as contrast
agents for multimodal imaging, as specific heaters for hyperther-
mia and controlled drug delivery treatments.

2.2. Characterization of hybrid systems

From both the synthetic and applied points of view, appropriate
analysis of the prepared nanostructures is essential. Characteriza-
tion of plasmonic NPs necessarily requires UV–visible-NIR spec-
troscopy, which provides information about the plasmon modes
excited upon irradiation of the NPs, such that the extinction bands
can usually be correlated to their size, shape, or aspect ratio [95].
Transmission electron microscopy (TEM) and scanning electron
microscopy (SEM) are widely used to retrieve NP morphological
and structural characterization, with precise information regarding
size distribution, morphology, crystalline phase, elemental compo-
sition, etc. Dynamic light scattering (DLS) is typically used to mea-
sure the hydrodynamic diameter and polydispersity of NPs in a
colloidal dispersion. Whereas characterization of anisotropic NPs
requires a more complex analysis [59], reliable results are often
obtained when working with spherical NPs [96,97].

Regarding the characterization of magnetic NPs, apart from the
above-mentioned techniques for morphological characterization,
spectroscopic methods are used to collect information on their
chemical composition for a correct identification of metal oxide
phases. For this purpose, X-ray diffraction (XRD), Mössbauer spec-
troscopy [98], or X-ray photoelectron spectroscopy (XPS) can be
used to identify crystalline structures and composition. Under-
standing the magnetic response of IONPs requires more specific
characterization. Superconducting quantum interference device
(SQUID) is used as a magnetometer, to measure the response of
IONPs under external magnetic fields, from which information
can also be obtained regarding size distribution and blocking tem-
perature, TB (below TB magnetic ordering occurs; above TB thermal

energy dominates the NPs response to the applied magnetic field).
Magnetic hysteresis loops at room temperature can be obtained by
vibrating sample magnetometry (VSM), from which the saturation
magnetization, MS, can be determined. For IONPs, MS values typi-
cally range from 45 to 80 emu/g-Fe and give information about
their magnetic response [99,100]. Additionally, magnetic relaxivity
(r) and relaxation time shortening values (T1 and T2) can be deter-
mined using a contrast agent analyzer or an MRI scanner [32].

Characterization of hybrid AuIONPs should be possible by using
the same methods as for the single components. However, it may
be complicated to distinguish both metals within the same nanos-
tructure. Thus, more sophisticated methods should be applied for a
complete characterization of hybrid NPs. For example, in core-shell
type AuIONPs it is usually difficult to distinguish the core from the
shell using conventional electron microscopy techniques such as
SEM or TEM. In this respect, identification of the presence of both
domains in single NPs can be made by using energy dispersive X-
ray spectroscopy (EDXS). When the electron beam hits the sample,
it produces electron transitions from a high-energy (outer) shell to
a lower-energy (inner) shell of the atom, the energy difference pro-
duced by the electron displacement is released as X-rays and is
characteristic for each element [101], so different metals within
the same nanostructure can be identified [102]. Another useful tool
is electron energy loss spectroscopy (EELS) coupled to TEM. In
EELS, one measures the distribution of electron energies that have
been inelastically scattered while passing through the sample, due
to interactions of primary beam electrons with the electrons in the
sample. Thus, information about electronic structures, bonding
states or coordination number can be acquired by looking at the
characteristic energy loss spectra [103]. Differentiation of metals
can also be achieved by high-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM), as the contrast
of the images depends on the atomic mass of the elements [104].
Electron diffraction techniques are also readily available on any
TEM, by which the interaction between electrons and crystalline
materials produces patterns that allow characterization of the
crystalline structure. For example, specific information related to
structural determination or determination of the growth direction
can be acquired by using selected area electron diffraction (SAED),
while symmetry, thickness and unit-cell parameters can be studied
using convergent beam electron diffraction (CBED) [105]. High-
resolution TEM (HRTEM) can also provide precise information,
even about atomic distribution in complex systems.

Although the previously described techniques can only provide
information in 2D, electron tomography can be used to achieve
quantitative three-dimensional (3D) information of nanostruc-
tures[106]. In electron tomography, multiple images are acquired
at different angles and, by applying mathematical algorithms, 3D
volumetric reconstructions of the NPs can be retrieved. This versa-
tile tool, with resolution from the nanometer to the atomic level,
provides a better understanding of the structure and composition
of NPs, even allowing the distinction between different elements
at different depths when combined with EDXS or EELS analysis
[107].

3. Biomedical applications

3.1. AuNPs and IONPs for bioimaging

Non-invasive imaging techniques are of high importance in
medicine for fast disease diagnosis and continuous evaluation
and follow-up of the therapeutic effects after treatment, while
keeping an eye on undesired side-effects. Even though, in most
cases, different techniques are complementary to each other, there
are important differences in terms of sensitivity, resolution, as well
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as acquisition time and cost [108]. Bioimaging techniques typically
require the use of contrast agents to enhance the signal from
selected structures or fluids within the body. In this line, both
AuNPs [17] and IONPs [99,109] have been used as contrast agents
for the different clinical imaging techniques. Having the character-
istics of both components in a single NP would obviously allow
their use as multimodal contrast agents for correlative imaging.
Before analyzing the use of plasmonic-magnetic NPs in bioimaging
and their multimodality potential, we briefly describe below the
most relevant imaging techniques in which either plasmonic or
magnetic NPs individually play an important role.

3.1.1. AuNPs for computed tomography
Computed tomography (CT), is a non-invasive technique that

features high spatial resolution and tissue penetration depth. In
this technique an ionizing radiation, specifically X-ray radiation,
is used to obtain cross-sectional images of the internal organs,
bones, soft tissues, vessels, etc., by differences in the absorption
and attenuation of the radiation when passing through the differ-
ent tissues. X-ray images are recorded while the detector moves
around and a reconstruction of the individual images into cross-
sectional images or ‘‘slices” is performed. A drawback of the tech-
nique is the high radiation dose required to reconstruct the images
from those individual X-ray projections.

Iodinated contrast media are commonly used in CT due to its
high X-ray absorption coefficient, which enhances the quality of
the images [110]. In this regard, the use of AuNPs as contrast
agents has been proposed as an interesting possibility, since it
allows to reduce the overall radiation exposure thanks to their sig-
nificantly improved contrast efficiency and accumulation time in
tissues, as compared to conventional iodine contrast agents,
thereby reducing the imaging time and, as a result, the risk of acute
kidney injury [111]. Several examples have been reported on the
use of AuNPs as contrast agents for CT [112]. Although in principle
one may think that the contrast properties may vary depending on
the NP properties, a study by Dong et al. on the CT contrast capac-
ity of AuNPs with different sizes, from 4 to 152 nm, did not show
meaningful differences in terms of signal contrast [113].

3.1.2. AuNPs for photoacoustic imaging
Photoacoustic imaging (PAI) is an emerging hybrid imaging

technique, which combines optical imaging and ultrasound detec-
tion with a relatively deep tissue imaging capability [114]. In PAI,
tissues are irradiated with non-ionizing laser pulses, light is
absorbed by chromophores and converted into heat, producing a
time variant thermoelastic expansion. This expansion process gen-
erates pressure changes in the tissues that result in the emission of
acoustic waves. By using laser pulses for irradiation, this process is
repeated with each pulse, thereby generating multiple waves that
constitute the PA signals that are recorded by an ultrasound trans-
ducer. The signal is then measured and amplified to reconstruct a
sonogram image [115]. When using plasmonic AuNPs, which can
effectively absorb and scatter light, a difference in the PA signal
is registered allowing the acquisition of images with improved
contrast. Thus, anisotropic AuNPs are excellent contrast agents
for PAI, which allows obtaining information in real time, with high
spatial resolution and deep penetration when using NIR wave-
lengths. Therefore, for the optimal amplification of the photoacous-
tic signal, it is important to control the morphological and optical
properties of the NPs [116]. Another important feature of AuNPs
is the absence of photobleaching, which may readily occur when
using other molecules as contrast agents, e.g. fluorescent dyes
[117]. AuNPs with different geometries, including nanoprisms
[118], nanocages [119], nanospheres [120], nanovesicles [121]
and nanostars [122] have been studied, but AuNRs are still the pre-
ferred geometry for use as contrast agents in PAI [123]. A theoret-

ical study on the optimal geometry and size for AuNRs and AuNSs
proposed AuNSs with small cores (30 nm) and relatively long tips
(17 nm) as the optimum NP geometry toward the development of
biocompatible PAI contrast agents [124].

3.1.3. AuNPs for surface-enhanced Raman scattering imaging
Surface-enhanced Raman scattering (SERS) is an emerging

imaging tool, which relies on the enhancement of the Raman signal
of molecules attached to the surface of plasmonic NPs [15]. Apart
from the high sensitivity provided by the plasmonic enhancement,
down to single molecule detection, the narrow bandwidth of the
detected spectral peaks (vibrational molecular fingerprint) largely
facilitates multiplexing, which is highly attractive for bioimaging
[16]. The contrast agents in SERS bioimaging are encoded plas-
monic NPs, typically AuNPs labeled with Raman-active molecules,
known as Raman reporters (RaR). Such encoded AuNPs are com-
monly known as SERS tags [18,125,126], and different designs have
demonstrated the possibility of creating large libraries of SERS bar-
codes [127]. Another key advantage of SERS tags is their stability
against photobleaching [19,20], which renders them excellent can-
didates for long-term bioimaging experiments. SERS imaging has
been used for live imaging of in vitro complex cell systems [17],
as well as in vivo imaging, e.g. for visualization of the boundaries
between tumor and normal tissues in mice [128], or the detection
of gastrointestinal tumors in rats [129]. In a further development,
the use of SERS tags for image-guided surgery is gaining interest,
for example toward improving intraoperative tumor-resection pro-
cedures, in which SERS tags have been used to detect residual
tumors at the margins of freshly resected tissue [130].

3.1.4. IONPs for magnetic resonance imaging
Magnetic resonance imaging (MRI) is a non-invasive and non-

ionizing imaging technique with relatively high spatial resolution
[131]. In MRI, an external magnetic field is used to align atomic
nuclei, i.e. water protons (1H), which are the most abundant mag-
netic nuclei in our body. Such an alignment creates a magnetiza-
tion vector that is parallel to the applied magnetic field. To
generate images, radiofrequency energy pulses at the resonance
frequency are applied and energy is absorbed by the protons,
which then change their orientation by rotating toward the trans-
verse plane. When the pulse ends, the protons return to their equi-
librium state and the accumulated energy is delivered as an
alternating current that will be different depending on the molec-
ular environment of the protons. This current will be measured in a
receiver coil and used for image construction. The time that the
proton needs to return to its initial state is called relaxation time
and can be divided into T1, which depends on the interaction
between atoms and their environment, and T2, related to the inter-
action of atoms with each other. MRI relies on the differences in
tissue proton density and relaxation times to generate contrast.
T1 is given by the time required for the excited 1H to return to their
original position, causing some energy loss into surrounding nuclei
(spin-lattice relaxation). On the other hand, T2, also known as spin-
spin relaxation, is the exchange of energy between high and low
energy nuclei, without loss of energy to surrounding nuclei [132].
That said, discrimination of certain tissues gets complicated when
the relaxation differences do not generate enough contrast. To
improve that, Gd-contrast agents have been most commonly used
to enhance the contrast in the regions of interest. The majority of
clinically available T1 contrast agents are paramagnetic metallo-
chelates comprising Gd, which acts by shortening the relaxation
time of protons, producing a bright contrast that improves the
quality of the images. Unfortunately, it has been demonstrated that
Gd3+ complexes may cause renal toxicity [133], hence the develop-
ment of efficient and safer contrast agents for MRI is essential.
Magnetic NPs are great candidates as contrast agents for MRI, as
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they produce a magnetic field that alter the relaxation time of
water protons resulting in an enhancement of the contrast
between the background and the region of interest where the
NPs are incorporated [134,135]. In particular, IONPs have been
widely used as negative (T2) contrast agents in magnetic reso-
nance imaging. IONPs reduce magnetic relaxation times, thereby
inducing a hyperintense change of the resonance signal in MRI
and providing a so-called negative contrast. Magnetic mono-
domains at the nanometer scale in the appropriate iron oxide
phase, together with appropriate saturation magnetization values,
provide IONPs with excellent T2 contrast. Additionally, superpara-
magnetic IONPs present strong magnetic response under external
magnetic fields, turning back to zero when the magnetic field is
off. IONPs can thus act as ‘‘magnets” and yield signal suppression
during MRI, appearing as dark spots (negative contrast) [109].
Notwithstanding, due to the limitations of T2-driven diagnosis,
research nowadays focuses mainly on the development of T1 con-
trast agents based on small IONPs (<5 nm) with medium size coat-
ings (hydrodynamic sizes of 10–20 nm), which display high water
exchange rate, so they may eventually replace the current Gd-
based contrast agents and provide positive contrast (brighter
images) while avoiding kidney toxicity [136]. Coatings on NPs play
an important role, as bulkier coatings (i.e., hydrodynamic
diameter > 30–40 nm) restrict water access to the nanoparticle
core, increasing the outer-sphere contribution to the relaxation
mechanism and limiting the T1 effect. Coatings leading to small
hydrodynamic diameters (<7 nm) do not provide enough stability
to the particles, resulting in aggregates that may increase the T2
effect [24].

3.1.5. IONPs for magnetic particle imaging
Magnetic particle imaging (MPI) is an emerging pre-clinical

imaging system that was developed in the early 2000s. [137].
MPI is a quantitative 3D imaging technique that enables real-
time imaging with high sensitivity and spatial resolution. Static
and oscillating magnetic fields combined with particles, as the
name indicates, are applied in this technique. Thus, MPI measures
changes produced due to the magnetization of IONPs, resulting in
an image that can be reconstructed considering the spatial distri-
bution of the NPs. Hence, there is no background, and as the NPs
are the only source of signal, this will be proportional to their con-
centration [138]. IONPs have been optimized for their use as trac-
ers for MPI [139] and have provided promising results for vascular
imaging, oncology, inflammation and cell tracking [140,141].

3.2. Multimodal bioimaging

Having discussed the various techniques where AuNPs and
IONPS can be used as highly efficient contrast agents, we review
in what follows the application of magnetic-plasmonic NPs for
combined analysis based on multiple bioimaging techniques. Mul-
timodal imaging has indeed emerged as a suitable approach to
overcome the limitations of individual imaging modalities. We
summarize in the following section recent examples of the use of
hybrid NPs as versatile contrast agents for combined imaging
techniques.

3.2.1. Hybrid plasmonic-magnetic nanoparticles for multimodal
bioimaging

The development of NPs that can provide contrast simultane-
ously for different techniques has largely advanced, hand-by-
hand with the general progress on colloidal synthesis methods.
The potential of such plasmonic-magnetic NPs as multimodal
imaging probes has now been sufficiently demonstrated
[142,143], as well as the resulting imaging combinations. As shown
in Fig. 3 above, the most common application of hybrid AuNPs and

IONPs is for their use as contrast agent for multimodal imaging.
Examples include hydrophilic and biocompatible Au-Fe2O3 hetero-
dimers for MRI, CT and PAI [144], plasmonic AuIONPs obtained by
laser ablation of a bulk Au-Fe alloy for MRI, CT, and SERS [145], Au-
IO Janus NPs for MRI, CT, SERS, and PAI [32], IONPs and AuNRs as
contrast agents for dual MRI/CT [146], and hybrid star-shape NPs
for MPI, MRI and PAI [36]. In Fig. 4, we collected selected images
that illustrate the use of plasmonic-magnetic NPs in different
imaging modalities. PAI, SERS and CT imaging modalities can be
applied thanks to the gold component, whereas MPI and MRI rely
on the iron oxide part.

In addition to these examples, an extensive literature search of
the most relevant plasmonic-magnetic NPs for multimodal imag-
ing is summarized in Table 1, highlighting the morphology, the
imaging modalities, the target disease and the harmless maximum
concentration that was used for each system.

In general, it can be observed that core-shell NPs are the most
frequently used structures, in which the magnetic core is com-
monly synthesized by co-precipitation and subsequently covered
with a gold layer by seeded-growth. This choice is likely due to
the availability of simple synthesis methods for IONPs, as well as
optimized methods for gold encapsulation, which then also enable
surface biofunctionalization. In terms of imaging, the most
extended combination is MRI + CT, using the magnetic and plas-
monic domains, respectively, to obtain high spatial resolution
images of soft tissue using MRI and real-time 3D images of hard
tissues by CT [160] or PAI [161,162]. However, the thickness of
the gold shell may affect the properties of the IONPs for MRI, hin-
dering their contrast efficiency due to the decrease on the accessi-
bility of water protons to the iron cores. Therefore, thin shells are
usually preferred for this specific technique [163]. In addition, it
can be observed that studies reported for various hybrid NPs have
focused on different types of cancer and other diseases, such as HIV
and neurological disorders, for which both in vitro and in vivomod-
els have been tested. We indicate the maximum concentrations
that were identified in each study as non-toxic for the correspond-
ing in vitro or in vivo model.

3.3. Plasmonic-magnetic nanoparticles for hyperthermia

Plasmonic-magnetic nanoparticles can also be used as thera-
peutic agents. Hyperthermia refers to a condition in which the
temperature is abnormally increased, causing cell damage. In bio-
logical environments the hyperthermia temperature threshold is
set at 42 �C. Above this temperature, various processes including
protein denaturation, cytoskeleton disruption, or changes in the
signal transduction, are triggered in the cells and promote the acti-
vation of cell death mechanisms [164]. In this context, a recent
study showed that cell death patterns depend on the specific tem-
perature reached, so that apoptosis prevails at temperatures
between 43 and 49 �C, whereas necrosis dominates above 49 �C
[165]. However, application of hyperthermia as a therapeutic tech-
nique has the drawback that it can affect both diseased and healthy
cells, thereby resulting in unwanted side-effects. Therefore, local-
ized hyperthermia, including photothermal therapy (PPT) and
magnetic hyperthermia (MHT), has emerged as an innovative and
selective treatment, for which plasmonic-magnetic nanoparticles
would be used as the therapeutic agents [166]. In the following
section, magnetic hyperthermia and photothermia produced by
AuNPS and IONPs will be discussed, highlighting the advantages
and disadvantages of using hybrid NPs to enhance such effects.

3.3.1. Plasmonic nanoparticles for photothermal therapy
PTT is based on the photothermal conversion of absorbed light

into heat, i.e. dissipation of an electromagnetic radiation absorbed
at a certain location, in the form of heat to the surrounding
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environment. This process requires the presence of light absorbing
‘‘sensitizers”, such as molecular dyes or small NPs (in larger parti-
cles light scattering would be the preferred mechanism, so heating
efficiency would be hindered). Among the advantages of this tech-
nique, we can mention low cost (no major equipment needed),
minimum invasiveness (extremely small amounts of sensitizers
are needed and the light stimulus can be applied remotely), and
high specificity (heating is confined to the irradiated area where
the sensitizers are located). These properties render PTT highly
suitable to selectively kill diseased cells, with negligible harm to

the healthy ones, which is of particular interest in cancer therapy
[167]. The applied local heat causes irreversible damage to cell
membranes, thereby leading to necrosis. The heating efficiency of
AuNPs is directly related to their plasmonic response, i.e. to their
specific LSPR modes [168]. The selection of the preferred AuNPs
in terms of size and shape will thus depend on the desired optical
properties, which should match with the laser wavelength to be
applied, usually within the near-infrared (NIR) range, from 650 to
1359 nm. In this range the so-called biological transparency win-
dow is located, where deeper light penetration is achieved due to

Fig. 4. (A) Hybrid NPs as contrast agents for PAI, CT and SERS. Core-shell, spherical Janus NPs and star-like Janus NPs are used respectively for each technique. The gold
component is involved in the capacity of the hybrid NPs to act as contrast agents for these techniques. (B) Core-shell NPs containing either smaller iron oxide cores or a
unique big core, have been used as contrast agents for MPI and MRI due to the magnetic component. (C) CT, MRI and PAI of a HeLa tumour in a mouse model, at different
points after injection of 200 lL, 40 nM of star-like hybrid NPs. Both components are exploited for multimodal imaging. Graphical representations and representative TEM
images are shown for the various NPs, next to corresponding images generated from the different techniques. Increasing contrast can be observed when increasing the dose
concentration of gold or iron oxide in each case. Adapted from [7,32,36,144,147,148]. Copyright (2019) (2020) American Chemical Society, (2017) Royal Society of Chemistry,
(2020) Springer Nature, (2018) John Wiley and Sons.
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minimum scattering by tissue and light absorption by hemoglobin
(<650 nm) and water (>900 nm). Therefore, anisotropic AuNPs turn
out to be the ideal candidates as nanoheaters for photothermal
therapy, as LSPR in the NIR can be obtained for large enough aspect
ratios. Given the wide variety of available AuNP shapes, different
possibilities have been explored for this purpose. Gold nanoshells
(AuNSHs) have been studied for both in vitro and in vivo PTT
achieving irreversible photothermal ablation of tumor tissue
[169], and this was the first AuNP shape that found application
in clinical trials [170]. AuNRs have also been used for in vitro PTT
[171]. Experimental demonstration was subsequently reported
using smaller AuNRs (D = 10 nm), with LSPR around 800 nm, for
in vivo treatment [172]. Another preferred morphology is that of
spiky nanostars; AuNSs with sizes of 30 and 60 nm proved effective
for tumor ablation upon PTT, the smaller ones reaching a deeper
penetration depth into the tumor interstitial space [173]. Gold
nanocages (AuNCs) should also be mentioned, e.g. AuNCs with
45 nm edge-length and LSPR at 810 nm led to in vitro photothermal
destruction of targeted breast cancer cells [174]. The efficacy of
AuNCs for in vivo photothermal treatment of a bilateral tumor
was subsequently demonstrated by the same authors [175]. More
recently, a nanoprobe based on a silica core covered by a gold shell
has been applied for localized photothermal ablation of prostate
tumors in a clinical trial, demonstrating the potential of Au nanop-
robes for clinical treatment. In this novel therapy, the nanoprobes
were accumulated in the tumor and irradiated with NIR light.
Hence, hyperthermia conditions were reached, inducing selective
cell death. [170].

3.3.2. Magnetic nanoparticles for magnetic hyperthermia
MHT is a different hyperthermia modality, which exploits heat

generated by magnetic NPs, usually for oncology treatments. Upon
excitation with an alternating current (AC) magnetic field, tumor-

localized magnetic NPs generate localized heat that strongly
depends on the concentration, but also on the size, composition,
shape and anisotropy of the magnetic NPs [176,177]. The main
drawback of MHT is that most magnetic NPs have a rather poor
heating efficiency, so large amounts of NPs should be directly
injected for effective therapeutic performance, which may in turn
induce cytotoxicity issues. Additionally, the NPs often lose some
of their heating efficiency in cell environments, as a consequence
of aggregation and decrease of interparticle distance [178]. For this
reason, an increased NP heating efficiency is still highly desired,
which could be obtained by modifying the degree of mutual inter-
action between magnetic NPs in close contact, such as in multicore
IONPs [179]. More recently, the heating properties of IONFs have
been analyzed for application in MHT, concluding that a larger
number or cores favors MHT performance [180]. On the other
hand, a greater heating performance has been demonstrated for
IONCs under MHT, in comparison with various other shapes [34].
Both IONCs and IONFs with larger volume and high concentration
of defects, have also been shown to display suitable properties, not
only for their use in MHT but also as PTT heaters (they efficiently
absorb laser light when irradiated at 808 and 1064 nm wave-
lengths respectively) [180,181].

3.3.3. Plasmonic-magnetic nanoparticles for magnetic and
photothermal therapy

As discussed above, external stimuli such as light or magnetic
fields, are required to generate heat using AuNPs or IONPs as sen-
sitizers [34]. Magnetic NPs present a low molar absorption coeffi-
cient in the NIR region, consequently they have poor
photothermal effects. On the other hand, plasmonic NPs do not
possess magnetic properties, and thus cannot be applied in MHT.
Thus, by combining IONPs and AuNPs into hybrid nanostructures

Table 1
Summary of plasmonic-magnetic nanoparticles for multimodal bioimaging.

Nanostructure Type Synthesis of the
magnetic NP

Imaging
modalities

Target disease Model Harmless
(up to)

Ref

M � Fe3O4

(M = Au, Ag,
and Pd)

Hetero-
dymers

Laser-pyrolisis MRI, CT, PAI Lung cancer in vivo 0.5 lg/mL [144]

Au-Fe NPs Alloy Laser ablation MRI, CT, SERS Breast, prostate cancer and
hystiocytic lymphoma

in vivo 290 lg/mLAu
10 lg/mLFe

[145]

Fe3O4@Au Core-shell Co-precipitation MRI, CT Brain diseases

Lung cancer

in vitro

in vivo
100 lg/mL

[149,150]

Fe3O4@AuNPs Janus Co-precipitation MRI, CT, PAI,
SERS

Adenocarcinoma in vitro [Au] = 50 lM [32]

Fe3O4@Au Core-shell Co-precipitation MPI Glioblastoma in vitro 50 lg/mL [151]
Fe3O4-AuNSs Core-shell Co precipitation MRI, MPI, PAI HIV in vitro 50 lg/mL [36]
Fe3O4@SiO2@Au Core-shell Thermal

decomposition
MRI, CT Liver cancer in vitro 200 lg/mL [148]

spiky Fe3O4@Au Core-shell Co-precipitation MRI, PAI, CT Cervical carcinoma in vivo 200 lg/mL [7]
Fe3O4@ SiO2@Au Core-shell Thermal

decomposition
MRI, CT, FI Cervical carcinoma in vitro 350 lg/mL [152]

Fe3O4@AuNPs Janus Thermal
decomposition

MRI, CT Liver cancer in vivo [Fe]
3.2 mM

[153]

Fe3O4@AuNPs Core-satellite Co-precipitation MRI, CT Liver cancer in vivo 1 mg/mL [154]
Fe3O4@AuNPs Core-satellite Hydrothermal MRI, CT Epithelial carcinoma in vivo 100 lg/mL [155]
Fe3O4@Au Core-shell Co-precipitation MRI, PAI Glioblastoma and breast cancer in vitro [Fe]

2.5–20 mM
[156]

Fe3O4@AuNPs Dummbell Thermal
decomposition

MRI, CT Liver cancer in vivo Au
48 mg kg�1

Fe
36 mg kg�1

[111]

Fe3O4@BCP@AuNPs Janus Vesicle Thermal
decomposition

MRI, PAI Glioblastoma in vivo [Fe]
0.125 mM

[157]

Fe3O4@AuNPs Core-shell Co-precipitation MRI, CT, SPECT – NPs in
solution

– [158]

Fe3O4@AuNSs Core-shell Hydrothermal MRI, CT Cervical canrcinoma and
glioblastoma

in vitro [Au] = 2 mM [159]

C. de la Encarnación, D. Jimenez de Aberasturi and L.M. Liz-Marzán Advanced Drug Delivery Reviews 189 (2022) 114484

9



as schematically represented in Fig. 5, we should be on track to
develop efficient hybrid nanoheaters [182].

Such dual-nanoheaters have shown improved hyperthermal
performance, as the temperature increment reached by PTT is sup-
plemented by that induced by MHT [183]. Hybrid NPs have been
successfully demonstrated to detain tumor growth in cancer cells,
both using in vitro and in vivo models, thanks to combined PTT and
MHT treatments [35]. However, even though the combination of

PTT and MHT appears as an interesting approach for novel and
effective cancer treatments, such a combination is still rare and
only a few examples are found in literature where hybrid NPs were
used [184-186] (see Fig. 6). This slow development may be related
to the concentration differences required for each heating
technique.

As can be observed in Table 2, the reported data on the applica-
tion of PTT and MHT treatments are far from following a standard
protocol. Different conditions are reported for each system, in
terms of laser power, irradiation time, magnetic field frequency,
and NP concentrations. Therefore, benchmarking of the efficiency
of different particles remains largely challenging and unclear. In
many cases, even key parameters such as the temperature
increase, irradiation time of NP concentrations are missing or
unclear. Concentrations of hybrid NPs expressed as mg/mL are
not informative enough, specific information about the concentra-
tion of each metal component, i.e. Au for PTT or Fe for MHT, should
be provided for a fair comparison to be made. Additionally, the
achieved temperature increment (DT), irradiation time (min), as
well as information of the power density of the laser used for the
PTT experiments (expressed in W/cm2) and of the frequency (Hz)
and intensity (kA/m) of the magnetic field for MHT, are key aspects
when trying to compare and reproduce reported experiments.

3.4. Plasmonic-magnetic nanoparticles for combined imaging and
hyperthermia

Even if multitherapy combining PTT and MHT remains largely
unexplored, the use of hybrid NPs for image-guided hyperthermia
is increasing rapidly and has been described by a number of
authors [187,189,190,193,194]. Since PTT is easier to implement
and more efficient than MHT [195], recent studies have reported
the use of the plasmonic domain of hybrid NPs for PTT while the
magnetic domain was employed for imaging, so that a single
nanostructure becomes an interesting tool for image-guided pho-
totherapy [36,162,163]. This combination has shown interesting
results in both in vitro and in vivo experiments, achieving complete

Fig. 6. PTT, MHT and dual PTT + MHT experiments using colloidal dispersions of Janus NPs in water, at different concentrations. The measurements were carried out in
Eppendorf tubes, using a volume of 150 lL and a 680 nm laser working at 0.5 W/cm2 during 5 min for PTT and 470 kHz and 18 mT for MHT (upper panel). In the lower panel,
PTT, MHT and dual PTT + MHT in vivo experiments are illustrated. A volume of 100 lL of core-satellite NP solution at [Fe] = 150 mM was directly injected into tumors
produced from human prostate adenocarcinoma cells (PC3), in a mouse animal model. Irradiation conditions were: 680 nm, 0.3 W/cm2 for PTT; AC magnetic field at 110 kHz,
25 mT, for MHT. Reproduced from [35,183]. Copyright (2020) John Wiley and Sons, (2017) Royal Society of Chemistry. In addition to these examples, a literature search of the
most relevant hybrid NPs for PTT and MHT and dual treatment is summarized in Table 2, highlighting the morphology, treatment, if the model is in vitro or in vivo and the
specific conditions for PTT and MHT on each system. Besides, efficiency of the treatment is given by the increase of temperature.

Fig. 5. Sketch of PTT and MHT experiments using hybrid NPs. The difference
between the techniques is mainly related to the power source: For PTT a NIR laser is
used, whereas for MHT an alternating magnetic field is required. Hybrid nanopar-
ticles can absorb the energy from both laser light and magnetic fields, and
subsequently release it as heat. The lower panel illustrates the conditions required
for hyperthermia to be achieved, i.e. heating above 45 �C with a typical profile of
temperature increase over time.
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tumor ablation and cell death. Interestingly, the use of magnets
during the incubation of NPs with cells has also been used to
enhance internalization, again leading to more effective therapies
[34].

One of the most common combinations involves the use of
hybrid NPs as contrast agents for MRI/CT, followed by PTT after
tumor localization [148]. Notwithstanding, NP systems that com-
bine multimodal imaging such as SERS, MRI and PAI [188], or
MRI, CT and PAI [7], with PTT treatment have also been reported.
Hybrid c-Fe2O3@Au magnetic gold nanoflowers were described
for cancer theranostics, using MRI to first localize the tumor, then
PAI for deep tumor localization, and SERS allowing the detection of
tumor margins, overall resulting in a precise localization of the
tumor. Having specific information regarding the position of the
tumor, efficient ablation under NIR irradiation can be achieved
using the photothermal effect of the Au component [188].

Moreover, magnetic targeting can improve the therapeutic
response of PTT by enhancing thermal damage. In a recent study,
hybrid NPs were injected intravenously and magnets were used
for accumulation of the NPs. The results showed that the temper-
ature increment in the tumor was 16.7 �C, as compared to 8.5 �C
in the absence of the guiding magnets. This result confirmed that
intravenous injection followed by magnetic accumulation is more
efficient than even intratumoral injection, which reported a tem-
perature increment of 12 �C [187].

3.5. Light and magnetically driven drug delivery

One of the main concerns about chemotherapy and radiother-
apy treatments is that they are unspecific treatments and thus
cause damage to the surrounding healthy tissue. Thus, another
promising therapeutic application of plasmonic-magnetic NPs is
the magnetically targeted, selective light-driven drug delivery.
The basis of this method is the release of a drug loaded on anisotro-
pic AuNPs, when triggered by application of NIR light. This phe-
nomenon can be achieved through the incorporation of photo-
labile molecules [196] or thermoresponsive molecules, which will

undergo molecular changes or dissociation when irradiated. The
main advantage of using hybrid NPs for such an application is that
selective drug delivery can be achieved upon illumination, after the
particles have been directed to the desired site under the effect of
magnets [197]. Once successful magnetic accumulation or guid-
ance has been achieved, selective drug delivery can be activated
by irradiating the site with an appropriate light source [198]. An
example comprises the use of IONPs and AuNSHs to combine
MRI, magnetic-targeted drug delivery, light-triggered drug release
and PTT, thereby providing a multifunctional system for effective
cancer diagnosis and therapy [199]. On a different configuration,
oval hybrid NPs loaded with an anticancer drug were imaged by
MRI and subsequently drug release was triggered using hyperther-
mia [200]. A multifunctional system based on AuNPs and IONPs
embedded in porous silica was preloaded with a fluorescent anti-
cancer drug and then encapsulated with a temperature- and pH-
sensitive polymer, so the release of the drug inside cells was con-
trolled by applying heat and a magnetic field, as demonstrated
using in vitro models for human cells and neurons.

Such novel therapies highlight the potential clinical application
of hybrid NPs in targeted drug delivery and on-demand drug
release, while representing a significant development toward per-
sonalized medicine [201].

4. Conclusions and outlook

Hybrid NPs provide important advantages in biomedicine due
to their multifunctionality. In particular, a great interest has been
shown toward the use of different types of NPs within a single plat-
form for theranostics. Magnetic NPs combined with gold plasmonic
NPs are a paradigmatic example of such emerging hybrids. Thus,
much effort has been made on the development of plasmonic-
magnetic NPs with different size, shape, composition, and arrange-
ment of the magnetic and the plasmonic domains, so as to obtain
the ideal next-generation contrast agents for multimodal bioimag-
ing and nanoheaters for hyperthermia and photothermia treat-
ments at early disease stages. However, for their use as a clinical

Table 2
Summary of hybrid nanoparticles for PTT and MHT.

Hybrid NP Concentration Treatment Laser k (nm) Power density
(W/cm2)

Magnetic field
Frequency
Intensity
(kHz) (kA/m)

Time (min) DT
(�C)

Ref.

Core-shell [Au] 1 mM
[Fe] 2 mM

PTT
in vivo

808 1.4 - - 15 16.7 [187]

Core-shell [Fe]
160 lg/mL

PTT
in vitro

808 2 – – 10 40 [148]

Core-shell [Au] 1.25 mM PTT
in vitro

808 1.5 – – 5 49 [188]

Nano-
domes

[Fe]
100 lg/mL

PTT
in vitro

808 5 – – 0.5 – [189]

Core-shell [Fe]
40 lmol/L

PTT
in vitro

808 1 – – 10 30 [190]

Spiky core–shell [Fe] 4 nM PTT
in vivo

808 0.5 – – 6 65.7 [7]

Nano
popcorns

[NPs]
4 lg/mL

PTT
in vitro

808 0.55 – – 10 21.4 [191]

Core-satellite [Fe]
1.66 mg/mL

MHT
in vitro

– – 571 19.9–23.9 – – [192]

Janus [Fe] 6 mM PPT
+
MHT
in vitro

680 0.5 470 14.32 5 32.3 PTT
1.1 MHT

[35]

Core-satellite [Fe] 150 mM PTT
+
MHT
in vivo

680 0.3 110 19.89 5 20
PTT
+
MHT

[183]
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tool, the dose of NPs administered needs to be low enough to avoid
toxicity problems and side-effects, while maintaining the desired
contrast and thermal effects. One concern in this regard is the
long-term cytotoxicity, which may be caused by the bioaccumula-
tion of NPs after injection in the body. Several studies have shown
the harmless nature of most NPs and the different pathways of
elimination, depending on particle size. It has been proven that
small NPs (<10 nm) are effectively removed by the kidneys [202],
while larger particles tend to accumulate in the liver and the
spleen [203,204].

Due to their easy synthesis and functionalization, magnetic NPs
fully coated with a gold shell are the most extended conformation
of hybrid NPs. These core–shell systems display the magnetic prop-
erties of the iron oxide core, which is protected from oxidation and
aggregation by the gold shell, which additionally provides them
with plasmonic properties, to be exploited in bioimaging or pho-
tothermal treatments.

Regarding the stability and degradation of NPs in biological
environments, most studies focus on the biological effects caused
by NPs [205]. However, information about how NPs behave inside
the organism, including reshaping of the nanostructures poten-
tially inducing changes in their properties, NPs distribution and
accumulation, biotransformation, or degradation, is still scarce.
Understanding the behaviour of NPs and how the organism may
transform them from initial exposure to complete removal, is cru-
cial to evaluate their efficacy for biological applications. In this
regard, it has been demonstrated that AuNPs are considered bio-
inert and resistant to degradation in cellular media, a property that
is further improved for increasing particle sizes [206]. In contrast,
IONPs tend to degrade faster and their biodegradation depends on
the clustering state and the nature of the capping agent, the degra-
dation process is thus especially noticeable when the coating is
missing or less dense [207,208]. IONPs can be processed and assim-
ilated by the organism due to the iron metabolism. The degrada-
tion of IONPs in acidic biological media may induce the loss of
the required magnetic properties, thereby compromising long-
term application. Therefore, the development of coating gold shells
is meant to protect the iron oxide cores from oxidation and degra-
dation in cellular media, thereby improving their long-term stabil-
ity. This protective effect depends strongly on the morphology and
thickness of the gold shell, being most efficient when a continuous
(hole-free) shell is formed [209].

Other metals, such as silver, have also been studied as plas-
monic shells covering magnetic cores. Unfortunately, fast degrada-
tion and quick alteration of the iron oxide cores inside cellular
endosomes has been identified [210]. Thus, the development of
nanohybrids containing a magnetic core protected by a gold shell
becomes particularly interesting, not only for their potential use
as a combined diagnostic and therapeutic tool, but also for the
improvement of chemical stability and performance in biological
environments, which is crucial for applications requiring long-
term activity.

Related to bioimaging, core-shell AuIONPs are also commonly
used hybrid NPs as contrast agents, most often for application in
combined MRI/CT imaging. The use of such NPs with alternative
techniques such as SERS, which is gradually being demonstrated
to have excellent features for bioimaging, surgical guidance
[211], or detection of metabolites, is still its infancy but presents
a great potential.

By contrast, the optimal shapes for PPT are AuNRs, AuNSHs,
AuNSs and AuNCs, which aspect-ratio can be optimized to obtain
a suitable LSPR matching the incident laser wavelength. The reason
why Au nanospheres are not used for PTT is related to their LSPR
ranging from 520 to 550 nm, thus falling outside of the biological
transparency windows [212]. Magnetic NPs with cubic (IONCs)
and flower-like (IONFs) shapes were demonstrated to be optimum

heaters for MHT, but also with activity in PTT. The mechanism of
heating by IONPs, as well as the relationship between structure
and properties for PPT and MHT of IONPs, have been recently
reported. IONFs with a total size of 24 nm, each multicore assem-
bly being composed of 15 grains but with a low density of crys-
talline defects, were identified as the most efficient
characteristics for the efficient design of nanoheaters [180].

It should be noted that, only IONPs are commercially available
and have found their way into clinical routine so far. Sinerem�,
Clariscan�, Endorem�, Resovist�, Abdoscan�, Feridex�, and Lumi-
rem� are commercially available IONPs to be used as contrast
agents for MRI, with sizes ranging from 4 nm to 3 lm [213]. The
company Magforce (1997, Berlin, Germany) developed
NanoTherm�, an IONP solution to be injected in brain tumors to
destroy cancer cells using MHT [214]. Since November 2021, Nan-
otherm� is in the recruiting phase of a second clinical trial for the
application in focal ablation of prostate cancer [215]. Even if some
NPs are already being used for clinical applications, some chal-
lenges are still unresolved regarding efficient translation of hybrid
nanoparticles to the clinic. Most currently existing procedures for
the fabrication of hybrid NPs are still complex and therefore efforts
are being made toward developing large-scale, low-cost produc-
tion of IONPs [216] and hybrid NPs [217]. Co-precipitation is
known as one of the methods for mass production of IONPs, but
it yields rather polydisperse NPs within a restricted size range.
Other synthetic approaches, including polyol methods assisted by
microwave and thermal decomposition of iron oleates, are thus
considered for the large-scale, inexpensive production of monodis-
perse metal NPs [218]. It should be noted that, some of the pro-
posed NP structures are even more complex and expensive than
conventional drugs, which poses additional difficulties toward
their incorporation in the pharmaceutical industry, from the
cost-effectiveness point of view [219]. In this context, flow reactors
and microfluidic devices have emerged as a promising alternative
to address the challenges for mass production and cost reduction
in conventional synthetic methods [220,221] The production of
NPs at high temperature in continuous flow reactors has been
demonstrated to reduce production costs and improve the repro-
ducibility of the obtained products [222]. Still, the issues listed
above should be taken into consideration and carefully resolved
from a clinical perspective. In this context, appropriate drug testing
models in vitro and/or in vivo are needed, which properly mimic
the targeted diseases. Specific accumulation at the target tissue is
highly desirable and the protocols and dosage for administration
of NPs to humans should be clarified, prior to translation of hybrid
NPs into the clinic.

Even if promising results for photothermal experiments are
shown in most studies, the efficiency of NPs for heating is difficult
to evaluate. Different concentrations of metals are used, power
densities range from 0.1 to 6 W/cm2, irradiation times vary from
a few seconds to minutes and, in many cases, the heating capacity
is not given by a temperature increase but in terms of cell death or
tumor depletion. Besides, one of the most challenging problems is
still the measurement of local temperature at the surface of NPs
and the associated heat transfer. Hence, almost all hybrid NPs
appear to be convenient as nanoheaters for a given application,
but is impossible to reliably compare different hybrid NPs due to
measurement difficulties, variability of parameters and different
set-ups being used [223]. Standardization of the protocols for the
measurement of the heating capacity of NPs is thus urgently
needed. A better understanding of the behavior of NPs during
MHT measurements is also required. As in PPT, standardization
of the method to understand and compare hyperthermia efficien-
cies is mandatory, as well as establishing the most suitable mag-
netic field excitation conditions, in accordance with clinical
aspects and patients’ safety. One additional problem of MHT is that
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high concentrations of IONPs are needed, which may be toxic for
biological systems. A concentration of 25 mM is considered as a
low Fe dose for MHT, whereas 0.1–1.0 mM AuNPs is used for sim-
ilar temperature increments in PTT [34].

Finally, new applications are emerging to exploit the potential
of hybrid NPs, such as magnetically amplified PTT by which the
concentration of hybrid NPs is increased by using external mag-
netic fields, to enhance the localized PTT effect [191]. Finally, the
combination of thermal therapies with conventional cancer thera-
pies such as radiotherapy and chemotherapy is proposed as a
promising approach for cancer multitherapy [224].
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ABSTRACT: Multimodal contrast agents, which take advantage of different
imaging modalities, have emerged as an interesting approach to overcome the
technical limitations of individual techniques. We developed hybrid nanoparticles
comprising an iron oxide core and an outer gold spiky layer, stabilized by a
biocompatible polymeric shell. The combined magnetic and optical properties of
the different components provide the required functionalities for magnetic
resonance imaging (MRI), surface-enhanced Raman scattering (SERS), and
fluorescence imaging. The fabrication of such hybrid nanoprobes comprised the
adsorption of small gold nanoparticles onto premade iron oxide cores, followed by
controlled growth of spiky gold shells. The gold layer thickness and branching
degree (tip sharpness) can be controlled by modifying both the density of Au
nanoparticle seeds on the iron oxide cores and the subsequent nanostar growth conditions. We additionally demonstrated the
performance of these hybrid multifunctional nanoparticles as multimodal contrast agents for correlative imaging of in vitro cell
models and ex vivo tissues.

■ INTRODUCTION
Early disease diagnosis is essential to increasing the chances of
successful treatment. In this regard, advances in minimally
invasive imaging techniques, from the single cell to the whole-
body level, are essential in biomedicine.1 However, one
realistic concern is that a single imaging technique does not
provide sufficient information for a precise diagnosis, and thus
multimodal imaging techniques should provide advantages
over each individual modality on its own.2,3

Most bioimaging techniques require the use of molecular or
nanoparticulate contrast agents to improve the visualization of
detailed features in tissues4 or to selectively recognize a specific
component of particular relevance to the final diagnosis, for
example, regions with inflammation or cancerous cells.5 In
particular, gold nanoparticles (AuNPs) have shown great
potential in the detection, diagnosis, and/or treatment of
diseases.6−8 AuNPs feature excellent plasmonic properties
related to the interaction of their conduction electrons with
incident light, yielding localized surface plasmon resonances
(LSPRs). Therefore, AuNPs act as antennas for light, driving
the amplification of the Raman signal of molecules in close
proximity to their surface, a phenomenon known as surface-
enhanced Raman scattering (SERS).9 The anisotropic and
pointed nature of Au nanostars (AuNSs) has been shown to
render them excellent Raman enhancers because of the

particularly efficient electromagnetic field enhancement at
their tips, which results in intrinsic hot spots. Consequently,
AuNSs combined with Raman reporters (RaRs, i.e., molecules
of high Raman cross section with well-defined characteristic
vibrational fingerprints) have been extensively explored as
labels for SERS bioimaging, both in vitro and in vivo.10,11 In
terms of clinically relevant imaging techniques, AuNSs have
found application in photoacoustic, SERS, and computed
tomography (CT) imaging,12 but the diamagnetic nature of
gold does not make it useful for more common nuclear
magnetic resonance (NMR)-based techniques, most often
used for whole-body imaging in clinical settings. In particular,
magnetic resonance imaging (MRI) plays an important role in
the clinical diagnosis of many diseases because of its
noninvasive nature and excellent safety profile.13 Therefore,
many attempts have been made toward combining Au with
magnetic NPs, namely iron oxide NPs (IONPs), to conduct
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simultaneous imaging by MRI, CT, and SERS, among other
modalities.14−16

For example, the combination of MRI and SERS offers the
fast operation and deep-tissue penetration of MRI to obtain a
global picture of the tissue,17 combined with the high
sensitivity of SERS that allows more detailed structures to be
resolved.18 This multimodal imaging, however, requires the use
of multifunctional NPs, which must be synthesized with
accurate control over the various synthesis parameters. Most of
the studies found in the literature focus on the fabrication of
core−shell hybrid NPs comprising a magnetic core encapsu-
lated by an Au-based plasmonic shell. This is partly due to the
availability of simple and reliable synthesis methods for IONPs,
such as coprecipitation or thermal decomposition,19 as well as
optimized protocols for gold encapsulation.20−22 However,
anisotropic NPs featuring spikes or edges that can act as hot
spots for SERS are preferred for signal enhancement, especially
in biological samples where high background values require
strong SERS intensities. One such example is the synthesis of
magnetic−plasmonic Janus NPs comprising a single magnetic
core and a spiky gold region.12 However, this system is
restricted to magnetic cores of ∼10−20 nm in diameter and is
only partially covered by Au. In this study, we prepared
magnetic−plasmonic NPs by growing a spiky gold shell on
premade multicore iron oxide nanoflowers. Magnetic iron
oxide nanoflowers comprise multiple crystallites and therefore
show an improved magnetic response as compared to single-
core NPs of similar size. The reason is exchange coupling
occurring among individual crystallites in multicore systems
due to the short distances between them, thus leading to
strong magnetic interaction.23 The Au surface of the spiky
outer shell additionally enables surface functionalization
(through thiol chemistry) and acts as an efficient SERS
substrate. Additionally, the formation of a complete gold shell
around the iron oxide core prevents oxidation and degradation
of IONPs in biological environments, which has been shown in
previous studies.24,25 In this configuration, the magnetic iron
oxide core acts as an effective T2 negative contrast agent,
whereas the outer gold shell is functionalized with RaRs for
SERS and can be subsequently wrapped with biocompatible
polymers, labeled (or not) with fluorescent dyes. The
plasmonic (SERS) response of these hybrid NPs, which we
herein denote IOAuNS, is defined by the morphology of the
spiky gold shell, with tip-localized plasmon modes within the
first biological transparency window (NIR-I; 650−950 nm),
thereby maximizing light penetration depth. We illustrate the
multimodal nature of this nanoparticle system through
correlative imaging based on the magnetic, plasmonic, and
fluorescent properties of IOAuNS in various biological models
(2D cell cultures, 3D spheroid models, and ex situ brain
tissue), thereby highlighting the challenges involved in the
characterization of biological models with varying complexity.

■ METHODS
Materials. Ferric chloride hexahydrate (FeCl3·6H2O,

≥98%, Sigma-Aldrich), poly(vinylpyrrolidone) (PVP360;
Sigma-Aldrich), sodium acetate anhydrous (ReagentPlus,
≥99.0%, Sigma-Aldrich), ethylene glycol (ReagentPlus,
≥99%, Sigma-Aldrich), absolute ethanol (CH3CH2OH,
Sigma-Aldrich), hydrogen tetrachloroaurate trihydrate
(HAuCl4·3H2O, ≥99.9%, Sigma-Aldrich), sodium citrate
tribasic dihydrate (≥98%, Sigma-Aldrich), sodium borohydride
(NaBH4, ReagentPlus, 99%, Sigma-Aldrich), silver nitrate

(AgNO3, ≥99%, Sigma-Aldrich), L-ascorbic acid (AA, ≥99%,
Sigma-Aldrich), hydrochloric acid solution (HCl, 37 wt%,
Panreac), 2-naphthalenethiol (2-NAT, 99%, Sigma-Aldrich), 4-
biphenylthiol (4-BPT, 97%, Sigma-Aldrich), chloroform
(CHCl3, ≥99.8%, Sigma-Aldrich), HS-PEG-COOH (MW
3000 Da, Iris Biotech), DY633 (λex = 637 nm, λem = 657
nm, Dyomics), and TAMRA (Molecular Probes, Life
Technologies, #A1318, λex = 544 nm, λem = 571 nm, Fisher
Scientific) were prepared and used without further treatment.
Milli-Q water was used for all the experiments.
NP Synthesis Methods. Multicore IONP Synthesis. For

the preparation of multicore IONPs, a previously reported
synthetic procedure was followed.26 Briefly, 0.21 mmol of iron
chloride hexahydrate was dissolved in 36.3 mL of ethylene
glycol under stirring. Then, 516.6 μmol of PVP360 was slowly
added to the solution under vigorous stirring, and the solution
was heated (<100 °C). When the reactants were completely
dissolved, 5.2 mmol of sodium acetate was added to the
solution. The mixture was placed in a Teflon autoclave and
heated in a drying oven for 4 h at 200 °C. Finally, the solution
was cooled, and the particles were washed twice by
centrifugation (9000 rpm, 20 min) with ethanol and one
additional wash with Milli-Q water.
AuNP Synthesis (4 nm). For the synthesis of 4 nm Au seeds,

a previously reported method was used.27 In brief, 0.6 mL of
freshly prepared 0.1 M NaBH4 solution was quickly added
under vigorous stirring to a 20 mL of solution containing 2.5 ×
10−4 M HAuCl4 and 2.5 × 10−4 M sodium citrate. The
formation of Au NPs was immediately observed by a color
change. The colloidal dispersion was stored at 4 °C and used
as seeds within 2−5 h.
AuNP Synthesis (15 nm). For the synthesis of 15 nm Au

seeds, 95 mL of 0.5 mM HAuCl4 was heated under vigorous
stirring until boiling and then 5 mL of 34 mM citrate solution
was added. After 15 min of boiling, the solution was cooled
down and stored at 4 °C.
IOAuNP Synthesis. For the decoration of IONPs with 4 nm

AuNPs,28 5 mL of iron oxide nanoparticles [Fe] = 14 mM (Z-
potential: −2 mV) was placed in a 40 mL glass vial and
separated using a magnet, followed by removal of the solution
and addition of 25 mL of gold nanospheres at the desired
concentration (Table S1). The mixture was left under
sonication for 30 min and stirred in a vortex mixer for 1.5 h.
The product was washed several times with the help of a
magnet to ensure complete removal of the gold nanospheres
that were not attached to IONPs. The final gold concentration
of IOAuNP was analyzed by ICP-MS.
IOAuNS Synthesis. Typically, 10 mL of HAuCl4 at different

concentrations was placed in a 20 mL glass vial. Then HCl was
added, and immediately after, a solution containing the
IOAuNSs was incorporated as seeds, the concentration of
gold being varied as shown in Table S2. Then, AgNO3 and
ascorbic acid were simultaneously and quickly added to the
solution. A fast change from brown to blue indicates gold
nanostar formation. Subsequently, HS-PEG-COOH was added
to stabilize the final particles. The different amounts and
concentrations of the reactants used for the fabrication of
IOAuNSs are summarized in Table S2. The solution was
stored at 4 °C until further use. Because of the magnetic nature
of the IOAuNSs, for all the reactions a specially designed
stirrer made of poly(lactic acid) (PLA) was 3D-printed and
connected to a mechanical stirrer to ensure effective mixing of
the reactants (Figure S1).

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.2c06299
J. Phys. Chem. C 2022, 126, 19519−19531

19520

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c06299/suppl_file/jp2c06299_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c06299/suppl_file/jp2c06299_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c06299/suppl_file/jp2c06299_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c06299/suppl_file/jp2c06299_si_001.pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c06299?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


SERS Encoding of IOAuNSs. The probes were encoded
using different Raman-active molecules, following an estab-
lished protocol based on successive phase transfer.10 Briefly, 5
mL of IOAuNPs (total concentration of metals [Au + Fe] =
1.5 mM]) was placed in a test tube. 2 mL of 4-BPT (10 mM)
in chloroform and 16 μL of HCl were added, and the mixture
was stirred for 2 h to enable phase transfer. Finally, the
particles located in the organic phase (bottom phase) were
recovered and washed twice with chloroform by centrifugation
(9000 rpm, 5 min).
PMA Functionalization of IOAuNSs. The dispersion of

IOAuNS@4-BPT or IOAuNS@2-NAT was placed in a round-
bottom flask, and 100 μL of 0.05 M dodecylamine-modified
polyisobutylene-alt-maleic anhydride amphiphilic polymer
(PMA) was added and stirred. The solvent was evaporated
in a rotary evaporator, and the particles were redispersed in 5
mL of water and 1 mL of NaOH (pH = 12). The particles
were washed 3-fold by centrifugation (9000 rpm, 5 min) or
until neutralization. The PMA used to wrap the Raman-
encoded IOAuNS was prepared following previous reports.10,29

PMA comprises polyisobutylene-alt-maleic anhydride (hydro-
philic backbone) on which 75% of the anhydride rings have
been reacted with dodecylamine (hydrophobic chain). The
polymer structure is represented in Figure S2.
PMA Functionalization with Fluorescent Dyes. Labeling of

NPs with fluorophores was performed on PMA functionalized
with TAMRA dye and DY633 dye (see Figure S3). The
procedure was conducted as previously reported.30 The
excitation and emission spectra of the particles coated with
the dye-modified polymer are shown in Figure S4.
NP Characterization. Standard Characterization. All

NPs were characterized using TEM, ICP-MS, and UV−vis−
NIR. UV−vis−NIR extinction spectra were recorded using an
Agilent 8453 UV−vis diode array spectrophotometer, normal-
izing spectra at 400 nm. ICP-MS analysis was conducted using
an ICP-MS Agilent 7500ce to determine the concentration of
Au and Fe. Samples containing biological material (cells or
spheroids) were digested in aqua regia for 48 h, followed by
addition of H2O2 and continued heating until a clear and
transparent solution was observed. The samples were cooled to
RT and subsequently measured. TEM images were collected
with a JEOL JEM-1400PLUS transmission electron micro-
scope operating at 120 kV using carbon-coated 400 square
mesh Cu grids.
Z-Sizer Measurements. A Malvern Zetasizer 3000 HS

particle size analyzer (Malvern Instruments, UK) was used to
measure zeta-potential and dynamic light scattering (DLS),
from which hydrodynamic diameter distributions were
obtained. Samples were placed in disposable cuvettes of 1
cm optical path length using a diluted (1:100) NP solution,
using distilled water as solvent. The width of the DLS
hydrodynamic diameter distribution is characterized by the
polydispersity index (PdI). In the case of a monomodal
distribution (Gaussian) calculated by means of cumulant
analysis, PdI = (σ/Zavg)2, where σ is the width of the
distribution and Zavg the average diameter of the particle’s
population.
Electron Tomography. IOAuNSs were diluted in water to a

final concentration of 0.05 mM and drop-cast on a carbon-
coated 400 square mesh Cu grid. The samples were then left to
dry at ambient temperature. TEM images were acquired using
an aberration-corrected “cubed” Thermo Fisher Scientific-
Titan electron microscope operated at an acceleration voltage

of 300 kV, with a camera length of 58−105 mm. Atomic
resolution scanning TEM (STEM) and high angular annular
dark field (HAADF) images were acquired using a
convergence angle of 20 mrad. Tomography tilt series were
acquired using a Fischione 2020 tomography holder over ±76°
with tilt increments of 2°. Typically, each angle consisted of a
1k × 1k STEM HAADF image using 12 ms dwell time. The
images acquired manually at each angle were aligned with
respect to each other, and the tomogram’s rotation axis was
determined with mathematical precision through phase
correlation. Finally, the 3D reconstruction was achieved
using 25 SIRT cycles. A bandwidth limit was also applied to
the SIRT reconstruction in real and Fourier space to achieve a
high-quality reconstruction with minimized missing wedge
artifacts.
STEM EELS Imaging. The Fe oxidation state was

determined by electron energy loss spectroscopy (EELS)
using an aberration-corrected “cubed” FEI-Titan electron
microscope operated at an acceleration voltage of 200 kV.
Lower acceleration voltages were tried; however, this led to
significant cupping artifacts. The energy resolution provided by
the electron monochromator as measured from the full width
at half-maximum of acquired zero-loss peaks was 0.2 eV, the
dispersion of the spectrometer was set to 0.01 eV/channel, and
2000 channels are used to cover an energy range from 704 to
724 eV, being the entire Fe L2,3 edge. The pixel size equals 1.8
nm (65 × 65 pixels) for higher magnification single-particle
EELS mapping, which is sufficient to distinguish any variation
in oxidation state throughout the nanoflower’s substructure.
Lower magnification EELS maps with a pixel size of 20 nm2

was used to determine oxidation state variation within different
nanoflowers from both samples.
Surface Area Measurement. To extract the accessible and

external Au surface area relevant for further functionalization,
Fe and Au phases were identified by a manual segmentation
process using Amira software. As the Au surface contained
voids and areas of exposed Fe2O3 core, the total Fe surface
could not be directly subtracted from the total surface (internal
and external Au surface) of Au. Rather, the Fe surface in
contact with Au must be calculated first, so that accurate
accessible Au surface areas could be derived. Using a surface
generation module, boundary surfaces can be extracted and
later removed for a final Au surface area.
SERS. Characterization of the SERS signal of IOAuNS@4-

BPT and IOAuNS@2-NAT was performed with a Raman
microscope (inVia Reflex, Renishaw, Wotton-under-Edge,
U.K.) equipped with a −60 °C Peltier-cooled front-illuminated
CCD detector (1024 × 512 pixel2 chip), using a 785 nm laser
excitation source (maximum output 270 mW) and a 1200
lines/mm diffraction grating. For the experiments 300 μL of
each aqueous solutions was placed in a glass vial. SERS spectra
were collected using a 10× objective (NA = 0.25; Leica
Microsystems, Wetzlar, Germany) in expanded scan mode,
with an integration time of 10 s and at a laser power of 52.5
mW. All the spectra were analyzed using the WiRE4.4 software
(Renishaw, Wotton-under Edge, U.K.) to eliminate cosmic
rays, and the correction of the baseline in the spectra was
performed on Matlab, using the Beads function.
Magnetism. ZFC/FC measurements were performed at 100

Oe and within a temperature range of 5−300 K, using a
Quantum Design MPMS3 VSM-SQUID magnetometer with a
sensitivity of 10−8 emu up to a maximum field of 7 T. The
hysteresis loops were measured in a vibrating sample
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magnetometer (VSM) with a sensitivity of 5 × 10−6 emu, up to
a maximum field of 18 kOe working at room temperature.
Cell Culture. MCF7 cells were purchased from the ATCC.

Human dermal fibroblasts (HDF), fetal bovine serum (FBS),
penicillin−streptomycin (PS), DMEM, lactate dehydrogenase
(LDH) assay, and NucBlue were purchased from Invitrogen.
Propidium iodide (PI) was purchased from Sigma. MCF7 and
HDF cells were grown in DMEM supplemented with 10% FBS
and 1% PS (herein termed complete DMEM, cDMEM).
IOAuNS Cytotoxicity Tests. The cytotoxicity of IOAuNSs in

MCF7 cells was evaluated using the LDH assay and PI
staining. Cells were seeded at 1.6 × 105 cells/cm2 in 96-well
plates to analyze the cytotoxicity by LDH assay and at 9 × 104

cells/cm2 in 96-well imaging plates (Ibidi) for characterization
by microscopy. The following day, IOAuNS were added at
concentrations ranging from 0.25 to 0.031 mM (total metal ion
concentration). After 24 h, the NP solution was removed and
rinsed with media. The media was renewed again 6 h later to
remove IOAuNSs in suspension and on the bottom of the
plate. The presence of aggregated NPs was monitored daily by
optical microscopy. The LDH test was performed using the
standard protocol 48 h post addition of IOAuNSs. For analysis
via imaging, PI was added to a final concentration of 500 nM,
and nuclei were stained using NucBlue. Images of 1 × 1.3 mm2

were acquired with a Cell Observer microscope (Axio
Observer, Zeiss) 48 h after the addition of IOAuNSs.
Postprocessing and quantification of cells were conducted
with ImageJ, and data were represented as a percentage of dead
cells.
Spheroids Formation. Spheroids were formed from cells,

with and without preincubation steps with IOAuNSs. In the
case of spheroids that were exposed to IOAuNS post
formation, MCF7 and HDF cells were mixed in a 1:1 ratio
using a final cell number of 1.7 × 104 cells/spheroid (μ-shaped
plate growth method) and left for 3 days to form the spheroid.
A 25 μL dispersion of IOAuNSs (1:1 mixture of IOAuNS@4-
BPT@TAMRA and IOAuNS@2-NAT@DY633, final ion
concentration 0.05 mM) in cDMEM was made in a 500 μL
Eppendorf and ca. 5 spheroids added. Using a rotisserie rotator
placed in an incubator at 37 °C, 5% CO2, spheroids were
rotated during 24 h to help achieve an even distribution of
IOAuNSs around spheroids. Spheroids were subsequently
retrieved and used for imaging studies or fixed using 4%
formaldehyde for later imaging and embedding in OCT
freezing media.

For spheroids exposed to IOAuNSs pre-formation, MCF7
and HDF cells were seeded in 12-well plates (8 × 104 MCF
and 6 × 104 HDF cells/mL) and once adhered, IOAuNS@4-
BPT@TAMRA and IOAuNS@2-NAT@DY633 were added to
MCF7 and HDF cells, respectively, at a final concentration of
0.05 mM. After 24 h, non-endocytosed IOAuNSs were
removed via washing, and cells detached using trypsin-
EDTA. Cells were readjusted to 8.6 × 104 cells/mL and
mixed in a 1:1 ratio. Cells (1.7 × 104 cells, 200 μL) were added
to μ-shaped 96-well plates and incubated at 37 °C, 5% CO2 for
3 days for spheroid formation to occur. Spheroids were
subsequently retrieved and used for imaging studies or fixed
using 4% formaldehyde for later imaging and embedding in
OCT freezing media.
Multimodal Imaging. Cell Preparation. 2D SERS

mapping was conducted using MCF7 cells preincubated with
IOAuNSs from series a, b, and c. In brief, MCF7 cells were
seeded at 2.8 × 104 cells/cm2 in 12-well plates and allowed to

adhere. The following day, IOAuNSs diluted in cDMEM were
added (0.05 mM final total ion concentration), and after 24 h,
non-endocytosed IOAuNSs were removed and cells detached
using trypsin−EDTA. For SERS imaging, cells were seeded in
35 mm glass-bottomed dishes (5 × 104 cells/dish), and after
2−3 h of incubation, SERS mapping was undertaken using the
settings described below. For MRI, a volume containing 2 ×
105 cells was centrifuged and resuspended to 400 μL of PBS.
Subsequently, 100 μL (containing 5 × 104 cells) was dispersed
into each well of the phantom for MRI imaging. For ICP
measurements, a volume of cell solution containing 5 × 104

cells was centrifuged, concentrated in 50 μL of PBS, and frozen
at −20 °C. To promote cell lysis, three freeze−thaw cycles
were performed. The samples were subsequently digested
using aqua regia, aided by microwave digestion (Table S3). For
fluorescence confocal imaging, 1.3 × 104 cells (1:1 mixture of
HDF and MCF7 cells previously exposed to IOAuNS@4-
BPT@TAMRA and IOAuNS@2-NAT@DY633, respectively)
were seeded in 35 mm glass-bottomed dishes with a 500 μm
etched grid (Ibidi) and allowed to adhere. The following day
media was removed, and samples were fixed and permeabilized
using 4% formaldehyde and Triton X-100. Immunostaining to
identify MCF7 and HDF cells was performed using antibodies
against E-cadherin and TE7 (both Novusbio), respectively.
Appropriate matching secondary antibodies with AlexaFluor
405 and 633 fluorescent labels were used at a 1/400 dilution.
Samples were stored in PBS at 4 °C until imaged.
SERS Imaging of Cells. SERS measurements were

performed with a Raman microscope (inVia Reflex, Renishaw,
Wotton-under-Edge, U.K.) equipped with a −60 °C Peltier-
cooled front-illuminated CCD detector (1024 × 512 pixel2),
using a 785 nm laser excitation source (maximum output 270
mW) and a 1200 lines/mm diffraction grating. SERS maps
were recorded in static mode (centered of scattered wave-
number 1450 cm−1) using a 40× dip-in water immersion
objective (numerical aperture, NA = 0.8; Nikon Corporation,
Tokyo, Japan). For single cell measurements, areas of ca. 30 ×
30 μm2 containing one single cell, were imaged with 0.5 s
integration time, at 12.08 mW laser power at the surface and a
step size of 2 μm. All spectra were first analyzed using the
WiRE 4.4 software (Renishaw, Wotton-under Edge, U.K.) to
correct the baseline in the spectra (intelligent 11th polynomial
order) and eliminate cosmic rays. Then, the maps were
analyzed with a MLRA-based supervised algorithm developed
in a previous work,32 to represent in the cellular images only
the spectra similar to the SERS signal of the corresponding
nanoparticles.
SERS Imaging of Spheroids. SERS mapping of spheroids

involved placing individual spheroids inside a homemade
holder31 on top of a small drop of dental glue to fix the
spheroid position.

SERS mapping along xz was performed in a Renishaw
Raman microscope (inVia Reflex, Renishaw, Wotton-under-
Edge, U.K.). An area of 800 × 430 μm2 was imaged with 0.7 s
integration time, 12.08 mW laser power at the surface, and a
step size of 6 and 10 μm in x and z directions, respectively.

Additional SERS measurements of the spheroids were
performed with a WITec confocal Raman microscope
(Alpha300R, WITec GmbH, Ulm, Germany) equipped with
a −60 °C Peltier-cooled CCD detector (1024 × 128 pixel2
chip), using a 785 nm laser excitation source (maximum
output 83 mW) and a 300 lines/mm diffraction grating. The
center of scattered wavenumber was set to 1450 cm−1, and the
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signal was recorded using a N-achroplan 20× dip-in water
immersion objective (NA = 0.5; Zeiss, Jena, Germany). For
the measurement of the outer edge of a live spheroid, a volume
of 84 × 84 × 70 μm3 was imaged with a 5 mW laser power,
0.01 s integration time, and step sizes of 2 μm in xy and 5 μm
in z directions. For the transversal cut, an area of 360 × 560
μm2 was imaged with a 10 mW laser power, 0.1 s integration
time, and a step size of 5 μm. For postincubated spheroids a
volume of 400 × 380 × 150 μm3 containing a quarter of the
spheroid was imaged with a 10 mW laser power, 0.1 s
integration time, and step sizes of 5 μm in xy and 10 μm in z.
For the measurement of the spheroid slice, an area of 635 ×
875 μm2 was imaged with a 10 mW laser power, 0.1 s
integration time, and a step size of 5 μm. Prior to data analysis,
SERS spectra were pretreated by cosmic ray removal and
background subtraction (Shape 100), both implemented in the
Project FIVE plus software (WITec, Um, Germany). To
identify the known Raman reporter spectrum, the TrueCom-

ponent tool, also embedded in the same software package, was
applied.
Ex Vivo Sample Preparation. A mouse brain was extracted

from a cadaveric specimen provided by our animal facility (no
animals were expressly used for this study) and casted in a
Falcon tube with 15 mL of agarose solution (1.6% w/v). Then,
5 μL of IOAuNS@2-NAT@DY633, cells incubated with
IOAuNS@2-NAT@DY633, and PBS were injected in the
tissue with the help of a stereotaxic frame and a Hamilton
syringe. After MRI imaging studies, the brain was extracted
from the agarose, and then it was immersed in 10% formalin
overnight and subsequently in sucrose (30% in PBS solution)
for 2 days for fixation and cryopreservation of the tissue.
Finally, the brain was frozen and kept at −80 °C until posterior
use.
SERS Imaging of Brain Slices. SERS imaging of brain

histology slices was performed on top of a quartz slide. SERS
measurements were performed with a confocal Raman

Figure 1. (A) Scheme of the various steps involved in the synthesis of IOAuNS, comprising the addition of varying amounts of AuNPs onto IONPs
and subsequent reduction of HAuCl4 to obtain different spiky shell structures. (B) TEM images of IOAuNS obtained from series a−c (increasing
AuNP coverage) and I−IV (increasing added HAuCl4). Series II (highlighted in a green box) was selected for further experiments. All the images
are at the same magnification. Additional low-magnification TEM images are provided in Figure S9. The [Au]/[Fe] molar ratios, measured by ICP-
MS, are aI = 3.6, aII = 2.7, aIII = 2.6, aIV = 0.97, bI = 1.7, bII = 1.2, bIII = 1.0, bIV = 0.2, cI = 0.58, cII = 0.35, cIII = 0.25, and cIV = 0.13.
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microscope (Alpha300R, WITec GmbH, Ulm, Germany)
equipped with a −60 °C Peltier-cooled CCD detector (1024
× 128 pixel2 chip), using a 785 nm laser excitation source
(maximum output 83 mW) and a 300 lines/mm diffraction
grating. The center of scattered wavenumber was set to 1450
cm−1, and the signal was recorded using a 20× objective (NA =
0.4; Nikon Corporation, Tokyo, Japan). For SERS measure-
ments of brain samples, two areas of 680 × 250 and 350 × 350
μm2 were imaged with a 5 mW laser power, 0.05 s integration
time, and step size of 3 μm. Prior to data analysis, SERS
spectra were pretreated by cosmic ray removal and background
subtraction (Shape 100), both implemented in the Project
FIVE plus software (WITec, Um, Germany). To identify the
known Raman reporter spectrum, the TrueComponent tool,
also embedded in the same software package, was applied.
Confocal Fluorescence Microscopy. Fluorescence images

of biological samples were obtained with a Zeiss 880 confocal
microscope. To image whole spheroids, the sample was
immobilized in a 0.5 cm silicon well printed on a coverslip
(total volume ca. 50 μL), with a 1 cm circular glass coverslip
placed on top to avoid evaporation. TAMRA- and Dy633-
containing IOAuNSs were imaged using 561 and 633 nm laser
sources, with detectors set to ca. 595 ± 25 and 680 ± 25 nm,
respectively. A Plan-apochromat ×10 objective (NA = 0.45,
Zeiss) was used to obtain z-stacks of ca. 200 μm. A 3-pixel
mean filter was applied prior to obtaining maximum intensity
projections (MIP). 2D images of cocultured HDF and MCF7
cells, preincubated with IOAuNS@4-BPT@TAMRA and
IOAuNS@2-NAT@DY633, respectively, were also obtained
using a Plan-apochromat ×20 objective (NA = 0.8, Zeiss) and
405, 488, 561, and 633 nm laser excitation sources. For brain
imaging, slices were cut using a cryotome and collected on
quartz slides. A Plan-apochromat ×10 objective (NA = 0.45,
Zeiss) was used with 633 nm excitation. The tile feature of the
ZEN software was used to produce an overview of the whole
brain slice.
MRI Phantom Imaging. Agar was dissolved in hot water

(15 mL, 1.6% w/v), placed in a plastic mold, and left to solidify
at room temperature. Once hardened, 32 wells of 2 mm
diameter were drilled in the gel. To have a perfectly flat bottom
in each well, 20 μL of 0.4% agar solution was pipetted into the
base of each well and left to solidify. Then, 50 μL of the
desired sample was deposited in each well and completely
covered with 0.9% agar solution. A scheme of the phantoms
containing the distribution of the holes and the concentrations
of the samples is shown for cells in Figure S5A and for
spheroids in Figure S5B.
MRI Imaging of Brain Slices. The brain images were

performed in a 11.7 T horizontal bore Bruker Biospec 117/16
USR scanner (Bruker Biospin, Ettlingen, Germany).
Biological TEM. Cells and spheroids were prepared for

TEM imaging by first fixing the sample with 2% formaldehyde/
2.5% glutaraldehyde in Sorensen’s buffer, followed by OsO4
fixation/staining and dehydration in an ethanol series. Finally,
samples were embedded in Spurrś resin, followed by cutting
100 nm thick slices using an ultramicrotome.

■ RESULTS AND DISCUSSION
Synthesis of Magnetic−Plasmonic Nanoparticles.

Multicore iron oxide nanoparticles (IONPs) were prepared
by means of a polyol-mediated solvothermal synthesis
approach,26 with slight modifications. Briefly, iron(III) chloride
was dissolved in ethylene glycol, a short-chain polyol, followed

by addition of poly(vinylpyrrolidone) (PVP; MW 360 kDa) as
a capping agent. Next, sodium acetate (NaAc) was
incorporated to the reaction mixture to promote the hydrolysis
of Fe3+ ions, thereby controlling both nucleation and the final
particle morphology. As can be observed in Figure S6A, this
process results in the formation of maghemite (γ-Fe2O3)
IONPs, composed of multiple 5 nm crystallites adding up to a
final average diameter of 119 ± 25 nm, as measured by
transmission electron microscopy (TEM). From prior
literature, we expect the synthesized IONPs to provide our
system with the appropriate magnetic properties for use as T2
contrast agents.32

The coating of IONPs with a spiky Au shell comprised two
synthetic steps. IONPs were first decorated by addition of
premade AuNP seeds, which spontaneously adsorb on the
IONP surface and subsequently act as nucleation points for
growth and branching into the final Au shell. A scheme of the
synthetic process of each step is shown in Figure 1A. We
investigated the use of AuNPs with diameters of 4 and 15 nm
as seeds (Figure S6B), synthesized using previously described
methods.27,33 Whereas uniform surface adsorption was
observed for both NP types (Figure S6C), a higher density
of adsorbed NPs was achieved using 4 nm AuNPs, leading to a
better control over shell growth. We thus proceeded with this
sample to optimize the density of AuNPs on the IONP surface
for subsequent spike growth. By increasing the relative
concentration of AuNPs with respect to that of IONPs,
surface coverage was gradually increased (Figure S7).
However, conventional 2D TEM imaging is insufficient to
accurately determine the density of AuNPs at the IONPs
surface, and therefore electron tomography was applied
(Figure S8A,B). In the final step, the growth of sharp tips
was promoted by seeded growth on the iron oxide-supported
Au seeds by adapting a reported procedure for surfactant-free
AuNS.30 Electron tomography was used to reveal the 3D
configuration of the shell and the sharp tips therein (Figure
S8C). The branching degree of the resulting IOAuNSs could
be finely tuned by gradually varying the amount of HAuCl4
added in the final growth step (Figures 1 and S9). To
summarize, IOAuNSs with smaller overall diameters were
obtained from iron oxide cores with a lower density of AuNPs
(series a−c in Figure 1B). Additionally, longer spikes and
hence overall larger IOAuNSs were grown when increasing the
amount of HAuCl4 added in the growth step (sequence I−IV
in Figure 1B). The inorganic core−shell size of IOAuNS was
carefully evaluated from TEM images (Table S4 and Figure
S10).
Electron Microscopy Analysis. To obtain quantitative

information about the thickness and structure of gold shells
(e.g., number of spikes) covering the iron oxide cores, a
detailed characterization by electron microscopy and electron
tomography was carried out. Such an analysis is important to
evaluate the surface area for each IOAuNS sample, which is in
turn needed toward optimization of further coating and
functionalization steps. For all experiments, IOAuNS series II
was chosen because it yields smaller IOAuNS, while
maintaining the presence of well-defined spikes (Table S4).
Additionally, electron tomography experiments are facilitated
by minimizing artifacts that may appear at relatively large
thickness. As shown in Figure 1B, for a fixed amount of added
HAuCl4, thicker gold shells are obtained when increasing the
initial coverage of IONP cores with AuNPs. Representative 3D
visualizations of the structures retrieved by high-angle annular
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dark field (HAADF) electron tomography are shown in Figure
2. Our results showed complete gold shell formation for
samples aII and bII, but defects were observed for cII (Figure
2A). Careful inspection of orthoslices through 3D recon-
structed data sets yielded the average gold shell thickness for
samples aII (75 ± 15 nm), bII (66 ± 12 nm), and cII (24 ± 5
nm), as illustrated in Figure 2B.

Electron tomography results additionally provide reliable
values of the IOAuNS surface area, which are required for
further surface functionalization. Using a manual segmentation
process and a surface generation module, boundary surfaces
were extracted for Au surface area determination (see details in
the Methods section and surface area values in Figure S11).
Interestingly, the experimental values were in agreement with a
geometrical model, based on a hexagonal arrangement of
spikes with randomly assigned lengths (see more details on the
model in the Supporting Information).
Magnetic Properties. We recorded zero-field cooled

(ZFC) and field cooled (FC) magnetization curves, as well
as magnetic hysteresis loops, to characterize the magnetic
response from the iron oxide cores.34 The Fe2O3 composition
of the cores was first confirmed by electron energy loss
spectroscopy (EELS), using IOAuNS bII as a representative
sample (Figure S12A,B). To test for potential further oxidation
over time, which would affect the magnetic properties,
hysteresis loops were recorded for both freshly prepared and
aged (6 months postsynthesis) IONPs. A saturation magnet-
ization of 50 A·m2/kg was measured in both cases (Figure
S12C), which is slightly lower than the saturation magnet-
ization of bulk maghemite (74 A·m2/kg),35 likely due to
surface disorder effects on Fe2O3 nanoflowers.36 Additionally,
comparison of ZFC/FC curves for IONP and IOAuNSs
indicated no significant changes in the magnetic properties at
constant magnetic field (Figure S12D), suggesting that the
presence of the Au shell has not effect on the magnetic
properties of the iron oxide cores, in agreement with previous
reports.12 Taken together, these results confirm a maghemite
phase of IONPs with only negligible traces of the Verwey
transition37 and a near-superparamagnetic behavior charac-
terized by low remanence and coercivity.

SERS Encoding. It is well-known that AuNPs can be
readily functionalized with thiolated molecules due to the
stability of thiol−metal bonding. We therefore selected two
standard thiolated Raman-active reporter molecules, namely 4-
biphenylthiol (4-BPT) and 2-naphthalenethiol (2-NAT), for
surface functionalization and encoding of IOAuNS, required
for subsequent SERS imaging. RaR adsorption onto IOAuNSs
was promoted by using a previously reported phase-transfer
method,38 in which the nanoparticles are transferred into an
organic solvent containing the Raman reporter and sub-
sequently coated with PMA, thereby resulting in the SERS-
encoded IOAuNS versions: IOAuNS@4-BPT and IOAuNS@
2-NAT. The addition of an external PMA layer renders
IOAuNSs hydrophilic, thus allowing their redispersion in water
for further use in biological environments. Raman shifts for the
most prominent vibrations in 4-BPT and 2-NAT are listed in
Table S5. A complete analysis of the average hydrodynamic
diameter of the encoded IOAuNSs is shown in Table S4 and
Figure S10.

All IOAuNS samples were successfully encoded with Raman
reporter molecules; UV−vis−NIR and SERS spectra for the
complete series (a−c and I−IV) are shown in Figure S13.
Taking into account morphology considerations (see above),
IOAuNS@4-BPT series II were studied in detail. SERS
measurements were performed by fixing the NP concen-
trations, based on iron content ([Fe] = 0.1 mM), as opposed
to gold, so that we could study the role of the gold shell
thickness and morphology on SERS intensity. Considering that
biological tissues are particularly transparent at wavelengths
between 650 and 950 nm (first biological window, BW-I) and
that IOAuNS were selected to display LSPR within the NIR
range, a 785 nm laser was used for all SERS measurements. All
of the studied IOAuNSs display a significant absorbance within
the BW-I, as shown in Figure 2C. At the excitation laser
wavelength of 785 nm, a higher SERS intensity was recorded
for 4-BPT in IOAuNS bII (Figure 2D). It has been widely
reported that the presence of well-defined spikes within the
structure of Au NPs can strongly contribute to the enhance-
ment of the Raman signal of adsorbed molecules, acting as
intrinsic hot spots. In this regard, the significantly lower SERS

Figure 2. (A) Representative 3D visualizations of electron tomography reconstructions corresponding to particles aII, bII, and cII. (B) Orthoslices
through the 3D electron tomography reconstructions shown in (A). The double-head arrows indicate the thickness of the gold shells. (C)
Normalized (at 400 nm) UV−vis−NIR spectra for the different samples in IOAuNS@4-BPT series II. (D) SERS spectra from IOAuNS@4-BPT
series II. Spectra were measured in aqueous dispersion at the same iron concentration, [Fe] = 0.1 mM.
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intensity recorded for particles cII is likely due to the less
defined and more polydisperse spikes, as reflected by a broader
LSPR band.39

Multimodal Cell Imaging. The use of nanoparticles as
contrast agents in any biological application requires
biocompatibility, stability, and, in most cases, efficient cellular
uptake. We verified the uptake of IOAuNS by conducting
SERS mapping of MCF7 cells after incubation with IOAuNS@
4-BPT. The results are summarized in Figures 3A and S14,
confirming the colocalization of IOAuNS with MCF7 cells.
Additional high-resolution 3D SERS maps of MCF7 cells
incubated with IOAuNS@4-BPT-bII were also conducted to
better determine their spatial distribution within a single cell
(Figure S15). As the 2D image and the 3D reconstruction from
confocal Raman microscopy indicate, IOAuNS@4-BPT seems
to be organized inside vesicles, suggestive of endosomes,
throughout the volume of the cell. Similar conclusions could be
made from TEM imaging of resin-embedded MCF7 cells
(Figures 3B and S16). Importantly, no sign of cytotoxicity was
observed, which was confirmed by exposing MCF7 cells to
different concentrations of IOAuNS@4-BPT-bII for 24 h,
followed by cytotoxicity analysis using the commercial lactate
dehydrogenase (LDH) assay and membrane permeability
staining (Figure S17). These results suggest successful cellular
uptake and confirm the biocompatible nature of IOAuNS,
which are thus suitable contrast agents for SERS imaging.
Additionally, NPs coated with PMA have been proven to be
compatible with a wide variety of cell lines.10

We proceeded next to analyze the use of the same hybrid
NPs as T2 contrast agents for MRI. As the iron oxide core size
plays a major role in these experiments, IOAuNS concen-
trations were adjusted based on the total (Fe + Au) metal
concentration. Compared to SERS imaging, a lower IOAuNS

concentration was chosen (0.05 mM) because of the increased
sensitivity of the technique at these settings. Phantoms were
prepared by using an agarose block (40 mm diameter), in
which holes (2 mm diameter) were carefully drilled, wherein
cells preincubated with IOAuNSs were subsequently placed.
Each agarose phantom contained a sufficient number of holes
to accommodate also appropriate controls, including cell
media, water, IONP, and IOAuNS. As can be observed in
Figure 3C, dark contrast (typical for T2 contrast agents)
appeared only in those samples containing IONP and
IOAuNS, with or without cells. As expected, higher
concentrations of Fe in IOAuNS (c > b > a) resulted in
higher contrast (see also Figure S18). It should however be
considered that differences in contrast may also be related to
thinner or incomplete gold shells, as observed along the
various series (see Figure 2B), which may allow water to come
into closer contact with the iron oxide core.40 More
concentrated and darker contrast was observed in the MRI
images of MCF7 cells with internalized IOAuNSs, most likely
due to NP aggregation within endosomes.41,42 MRI images of
the respective samples from the IOAuNS series I−IV are
shown in Figure S18.
Multimodal Imaging in Cell Spheroids. We next tested

the activity of IOAuNS as contrast agents for multimodal
imaging in a 3D spheroid cell model. Spheroids constitute an
excellent and accessible alternative model to more traditional
2D cell culture studies, as they better represent the complex
3D environment occurring in vivo, often incorporating mixed
cell types and gradients in nutrients and waste products.43

Furthermore, the complications involved in NP delivery due to
the presence of an extracellular matrix (ECM) or poor NP
penetration are better mimicked in spheroids compared to 2D
cell experiments.44 We thus explored the use of spheroids

Figure 3. (A) Bright-field images, with overlaid SERS maps, of MCF7 cells preloaded with IOAuNS@4-BPT from series II. (B) Representative
TEM images of IOAuNS@4-BPT bII internalized inside cells. Additional images are provided in Figures S12 and S13. (C) MRI images of agarose
phantoms containing series II IOAuNS, both alone and incubated with cells, as labeled.
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comprising MCF7 cancer cells and fibroblasts (HDF) as a 3D
model for multimodal imaging with IOAuNS. We initially
prelabeled the separate cell populations with two different
RaR-labeled IOAuNS (from here on, we used IOAuNS-bII for
further characterization), which were also fluorescently labeled
to allow correlative confocal fluorescence microscopy. To do
so, the PMA used to encapsulate IOAuNSs was chemically
modified with TAMRA and DY633 fluorescent dyes (see
structures in Figure S3 and optical characterization in Figure
S4). 4-BPT and 2-NAT were used as Raman reporters, no
significant changes in the intensity and the fingerprint of their
SERS spectra were detected in the presence of the fluorescent
dyes (Figure S19).

We selected 4-BPT and 2-NAT because they offer clearly
distinguishable fingerprints and can be analyzed using
multivariate methods (see Table S5 and Methods section for
details) to differentiate more precisely cell populations in a
coculture system. Thus, MCF7 cells were labeled with
IOAuNS@4-BPT@TAMRA, and HDF cells with IOAuNS@
2-NAT@DY633 (Figure S20). Spheroids were formed using

round-bottomed wells, using an initial seeding concentration of
1.7 × 104 cells/spheroid (total combined cells, mixed at a 1:1
ratio; see scheme in Figure 4A). Live SERS imaging of the
whole spheroid was first performed to probe the overall
location of the multimodal NPs. As shown in Figure 4B,C,
whereas both RaRs can be clearly identified in the SERS maps,
and 3D reconstructions can be obtained, IOAuNSs appear to
be located only at the outer layer of the spheroid. Considering
that spheroid-containing cells were prelabeled with IOAuNSs,
this result was unexpected�IOAuNSs should have been
distributed throughout the entire spheroid volume. We thus
examined a slice of the spheroid after fixation and microtome
cutting by conducting SERS mapping and fluorescence
confocal imaging on the central part of the spheroid. As can
be observed in Figure 4D,E, this measurement confirmed the
presence of both types of SERS-encoded NPs throughout the
xy plane, suggesting that the lack of SERS signal in the center
of the spheroid in live samples stemmed from limitations in the
penetration depth of the incident laser, loss of laser focus, and
backscattered signal to the spectrometer, principally due to the

Figure 4. (A) Schematic illustration of spheroid preparation. MCF-7 and HDF cells were preincubated with IOAuNS@4-BPT@TAMRA and
IOAuNS@2-NAT@DY633, respectively, prior to coculture into the spheroid. (B) SERS mapping along the xz plane of live spheroids showing
pixels corresponding to 4-BPT (green) and 2-NAT (red). A total area of 800 × 430 μm2 was imaged, with a resolution of 5 × 10 μm2. Data were
analyzed by multiple linear regression analysis (MLRA). The white dotted line highlights the edge of the spheroid. (C) SERS mapping and 3D
reconstruction of a selected volume at the outer edge of a live spheroid (bright-field image also shown). A total volume of 84 × 84 × 70 μm3 (xyz)
was probed, with a resolution of 2 × 2 × 5 μm3 (xyz). Data were analyzed by TCA. (D) SERS map of a transversal cut (area 360 × 560 μm2, 50 μm
in thickness) of a fixed and embedded spheroid, showing the presence of 4-BPT and 2-NAT positive pixels throughout the xy plane. Data were
analyzed by MLRA. (E) Orthogonal projection collected by confocal fluorescence imaging of a transversal cut (50 μm in thickness) through a fixed
and embedded spheroid. (F) MRI images from spheroids, with (right-hand-side circles) and without (left-hand-side circles) IOAuNS, planted in a
phantom.
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large amount of IOAuNS in the sample, which cause
absorption and diffuse multiple scattering of light. We
subsequently examined the spheroids using MRI, by placing
five spheroids per hole in the agarose phantoms. Contrast was
clearly observed for the spheroids containing IOAuNS, with
intense dark areas corresponding to the spheroids (Figure 4F).

To mimic a more realistic situation, a second model of
IOAuNS−spheroid interaction was developed. When NPs are
administered in vivo for imaging purposes, NP penetration into
the site of interest is determined by various factors, including
the enhanced permeation and retention (EPR) effect, the
tumor microvasculature, and potential spatial inhomogeneities
in the NP delivery. We thus formed the spheroids first (again
comprising MCF7 and HDF cells) and subsequently exposed
them to a mixture of IOAuNS@BPT@TAMRA and
IOAuNS@2NAT@DY633 (Figure S21A). Because of the
size of IOAuNS, some sedimentation was observed during the
studied period. To avoid this issue, we incubated IOAuNS with
spheroids inside Eppendorf tubes in a rotisserie rotator stored
in an incubator at 37 °C overnight. We first conducted
confocal and SERS imaging of the whole live spheroid, again to
determine IOAuNS distribution (Figure S21B,C). Similar
results were observed as in the previous experiment, with
limited capacity to determine the distribution of the NPs in
deeper buried layers. Although it appeared that NPs were only
located at the outer edge of the spheroids, this could only be
confirmed by fixing and making a transversal cut along the xy
plane. Indeed, SERS imaging clearly showed the presence of
IOAuNS at the outer 100 μm layer of the spheroid, with no
signal recorded from the inner core (Figure S21D). Thus, we
proved that IOAuNSs are suitable contrast agents for spheroid
imaging, and although they do penetrate the complex 3D
model, a certain limitation was found in the light penetration
depth that can be achieved.
Correlative Imaging in an Ex VivoModel. In our pursuit

of increasing complexity of the biological model, the next step
comprised implementing the NP contrast agents for multi-
modal imaging in ex vivo models. For this purpose, we chose to
conduct intracerebral injections into an excised mouse brain.
The brain is an organ that provides a tissue with homogeneous
low-level background contrast in MRI and which is sufficiently
large to apply multiple injections of different materials for
comparison. Considering that we aimed at conducting SERS
and fluorescence imaging on sliced tissue measuring a few tens
of micrometers in thickness, MCF7 cells were chosen as the
carriers of IOAuNS (using IOAuNS functionalized with 2-
NAT and DY633 for SERS and fluorescence microscopy,
respectively) because the injection of free IOAuNSs posed the
problem of NPs diffusing into the tissue, inducing a significant
reduction in SERS and fluorescence signals. First, MCF-7 cells
were incubated overnight with IOAuNS@2-NAT@DY633, at
a final total (Fe + Au) metal concentration of 0.05 mM,
previously shown to be suitable for MRI imaging. Cells were
trypsinized and concentrated to 2 × 106 cells/mL before
injecting 5 μL into the right brain hemisphere. A second
injection of IOAuNS@2-NAT@DY633, at the same estimated
concentration in the cell-containing sample, was injected into
the left hemisphere as a NP control. PBS buffer was also
injected in the upper part of the brain as a media control. A
schematic view of the layout is shown in Figure 5A. For MRI
measurements, the entire brain was placed in the MRI scanner
for imaging, whereas SERS and fluorescence images were
obtained a posteriori, using the same brain tissue cut with a

microtome. As can be clearly observed in Figure 5B, MRI
imaging shows dark contrast where the injections were
performed. Both free IOAuNS and IOAuNS-endocytosed
MCF7 cells were visible in multiple slices (see Figure S22).
Subsequently, SERS and fluorescence imaging of brain tissue
cuts demonstrated the suitability of these techniques for
IOAuNS detection and mapping (Figure 5C,D). Whereas
sample processing was arguably more complicated and
laborious due to the numerous cuts to be made and sequential
verification of positive signal, both techniques proved suitable
for imaging of multimodal NPs at different spatial resolutions
and concentrations.

■ CONCLUSIONS
We have developed a colloidal system comprising hybrid NPs
with magnetic and plasmonic components, which can act as
contrast agents for multimodal imaging, combining SERS,
MRI, and fluorescence imaging. The NPs showed high
versatility for imaging biological samples, ranging from 2D
cell cultures to ex vivo models. We demonstrated that the
overall particle size can be tuned by varying two key synthesis
parameters, namely, the concentration of gold spheres used as
the nucleation points upon adsorption on iron oxide cores and
the added gold precursor for spike seeded growth. Through
variation of these parameters, we achieved the fabrication of
particles with different morphologies and sizes, which therefore
display different optical properties. Whereas a low density of
gold spheres on the surface of IONP cores leads to smaller
final particles with incomplete gold shells and short tips, a
higher Au NP density and higher concentration of HAuCl4 in
the seeded-growth reaction resulted in complete shell
formation with well-defined spikes. The morphology of
IOAuNS can thus be tuned accordingly and was optimized
to obtain NPs with suitable properties for application in
bioimaging. Whereas most published studies calculate the
surface area of complex NPs for subsequent functionalization
by assuming the volume of a sphere while using stars, we
showed here a simple geometry model for realistic estimation
of the surface area, which is more accurate toward efficient NP

Figure 5. (A) Schematic illustration of different injections into a
mouse brain, both with (right hemisphere; blue boxes in panels B−D)
and without cells (left hemisphere; red boxes in panels B−D), as well
as a PBS buffer control (top part of both left and right hemispheres).
(B−D) Summary of results from MRI (B), SERS (C), and
fluorescence (D) imaging.
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functionalization, while a better description of the surface
morphology can be reached when complemented with 3D
tomography data. We applied the results of this model to the
surface functionalization of IOAuNS with Raman-active
molecules and fluorescent dyes and then demonstrated their
noncytotoxic nature in MCF7 breast cancer and fibroblast
cells. With regards to the multimodal imaging properties of the
IOAuNSs, SERS signal enhancement was found to be largely
dependent on their absorbance and the density of hot spots
(tips), so that the best candidates for SERS were smaller NPs
with complete gold shells and well-defined spikes (IOAuNS
bII). MRI experiments demonstrated that all particles provided
T2 contrast due to the γ-Fe2O3 magnetic cores, regardless of
the presence of any further SERS or fluorescence functional-
ization. Furthermore, magnetic characterization of the NPs
showed that the gold shell thickness did not affect the
magnetic properties of the iron oxide cores. Both these aspects
are particularly important for multimodal contrast agents,
where the addition of one extra imaging component may
hinder the efficacy of another. In summary, iron oxide−gold
hybrid nanoparticles with controlled sizes were employed for
SERS, MRI, and fluorescence imaging within complex
biological models. The synthesized IOAuNSs can thus be
used as an interesting alternative to conventional contrast
agents, achieving valuable information from each imaging
technique that could improve the accuracy of the actual
diagnostic methods. These findings open up the possibility of
expanding the use of multimodal NPs for combination of
imaging with photothermal therapy and magnetic targeting of
cells and tissues, thus achieving theranostic and imaging with
the same NPs.
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